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Abstract

A significant portion of concrete infrastructure in North America is deterioramaigwill
requirerepairor rehabilitation actionn the near futureAn effective repaican be jeopardized by
a bond which is unable teithstand the subjected loading andahility conditions Fatigue loads
are a cause of structural concrete deterioration and cracking with respect to service load conditions
such as vehicular trafficsavel ashigh amplituddoadingeventssuch as earthquakes and starms
Currently the response afementitiousrepair interfaces t#ed under fatigue loadings not
comprehensively examined in existing literature. s 8tudy, themodified slant sheacylinder
test with different bond plane inclinatiomss used to experimentally determine the bond strength
of composite substratepair specimens subjected to monotonic and fatigue loading prstocol
The effect obothroughened andearsmooth interfacial profiles is considered well as the use
of steel fiber reinforcement in the repair matefifle asociated bond parameters are derived from
experimental test results using previously identifseeldictive models ahfailure envelopes for
concrete interfaces. 2D Digital Ima@®orrelation(DIC) is additionally used to examine strain
distributions on the surface of slant shear specimens prior to failure. A discussion on the
degradation of the adhesive bonding mechanspresentednd the resulting implications on
bond strengthand bond parametersare examined. The interfacial bond investigation is
complemented with a discussion on the limitations of the employed predictive models as well as a
review of relevant code npvisions and research guidelines pertaining to interfabieérsbond

subject to cyclic and fatigue loads.



Lay Summary

A study on the effectiveness and durability of repairsuisently presentedfounded on
the critical state ofleteriorating concretinfrastructure worldwideThe bond plane between an
existing concrete structure and a repair materighésgoverning component of a repair system,
however, this interface igenerally the weakestomponent, subject to durability, and strength
challengs. Although concrete continues to be studied under faagdeyclic loading, further
investigation is required on the response of congegiair interfaces torable the designof
effective repairs which can accommoda#digue and cyclic deterioratiolAn experimental
investigation is presented on the bond gjterandbondparameters obtained through slant shear
testing undestatic loadingand fatigue loadingnvolving the application of 1000 load cycles at a
0.5 Hz frequencyA discussion on the degplation ofbond strength for roughened and smooth

interfaceds presentedas well as the implications of stddder reinforcement.
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Chapter 1: Introduction

1.1 Background

Concrete infrastructure in North America is deteriorating raxglireseffecive repairand
rehabilitation application. The 2019 Canadn Infrastructure Report Card suggests that a
significant portion of public infrastructure is currently categorized as in poor or very poor
condition, requiring rehabilitation or replacement of asge the next 8.0 yeard1l]. An even
larger proportion has beerategorized as n A f ai r 0 ¢ ondiasdetenoratiors ugges
continuss, if strength and durability implications aret addessed, this infrastructure will fall into
the poor and verypoor conditions. An examination of bridges and tunnel infrastrudture
particularsuggests that2.4% ofinspectedassets fall into the poor or very poategoryand
26.3% fall intothe fair cagégory[1].

The quality of arepairrelies on thestrengthand durabilityof its interfacewith the pre
existing substrateAn effective repair requires a bormbtween the existing substrate aad
compatiblenew material which can withstand the subjected loading and durability conditions.
Beyond static failure loadsatigueis a cause of structural concrete dietextion and cracking with
respect to service loambnditions such as vehicular traffas well ashigh amplitudeeventssuch
as earthquakes and storf@ Although the behaour of concrete and cementitious materials in
monolithic form has been examined subject to fatigue and cyclic kadasively the current
literature does not comprehensively investigate theponse ofepair interfaces tested under
fatigue loading.Notwithstanding,he interface of a substratepair system is typically the weakest
and most vulnerable componeiitierefore, m order toenable thedevelopmentand desigrof
effective concreteepairsunder a variety of irsitu conditionsit is appropriée to investigate

interfacial bondn the context of fatigue and cyet.



Repair interfaces exist under different stress conditions in thetfisddgh applications
such as jacketing or retfdting [3]. Although the consistency among different interfacial and
bond tests is continuously being examif@ld individual test procedures can be used to examine
interfacial behaviour for an isolated loading conditiofhe slant shear test is used to
experimentally determintnebond strengtlof acompositespecimen subjected to combined shear
and caonpression and is generally representativearhestress conditions in the fieldvolving
shear with external confinemeititially developed to test the strength of epoxy coatings, this test
has been adapted to examine the bond strength between cemgemtiaterials, such as substrate
concretes and mortar repaifsmodified version of this test procedure, adapted to include several
slant orientations, allows for the formulation of a normal/shear stress failure enf&lopata
from various bond tests can be included to populate the tension and pure shear postihs of
envelopein place of extapolations based entirely in slant shear dilanetheless,hie stress
criteria obtained via the simple slant shear &dghecan providesignificantinsight into bond

behaviour

1.2 Objective & Outline

The objective of th@resent investigation t® deternme the effects of fatigue loading on
interfacial concrete bond in combined shear and compression using the slant shdze testent
works will examinethe effectsof a fatigue loading protocadn bond strengthsawell asthe
associated bonparametes. The impact of interfacial roughness, imparted by surface treatment,
and the use of fiber reinforcement in the repair/overlay material will be considered. Furthermore,
usingDigital Image CorrelatiorfDIC), the prevalent patterns in strain distitionssurrounding

the interface will be identifiedThe author willalso examine whether the empirical design

2



approximations for shear bond subject to fagigyclicloading proposed by previous researchers
and code provisions are representative oettperimenally demonstrated bond capacityo date,

the substrateepair bond has not been comprehensively discussed with respect to fatigue loading
under a slant shear testing protof&j!

The herein presented thesisomprises fivetotal chapers Chaper 1, Introduction
describes the backgrourahd objectives othe research workChapter 2 Literature Review
providesan overview of the relevant literature pertaining to interfacial shear bond, parameters
affecting bond, and testing protocGhapter 3Experimental Prograndescrbesthe methodology
adopted in the current investigatifor specimen preparation, roughaegiantification, and slant
shear testingChapter 4Results & Discussigmpresents the results of experimental investigations
and mebanical tests, examines applicalgeedictive models, and describes existing trends
identified with DIC. Finally, Chapters, Conclusion presents thesummarized finding®f the

investigationandprovides recommendations for futusdatedworks.



Chapter 2: Literat ure Review

2.1 Concrete Interfacial ShearBond

Interfacial shear bond between concretes cast at different times has been investigated
extensively to allow empirical estimation of interfacial strength through design codes and
guidelines. In 1966, Birkeland arRirkeland proposed a linear expression valeate the shear
strength of concrete interfaces, basedtlmn interfacereinforcement ratio and internal friction
angle[7]. The expression was adopted in reinforced concrete design andés recognized
worldwide asthe original shearfriction theory[7]. Typically described using a singgawtooth
model, the theory is based purely on frictional resistance of an interface involving compressive
clampingforcesgenerated by interfacial reinforcement anduced bydilation of the joint[6],
[7]. Through the years, the shear friction theory has betamded to include an explicit parameter
f or A c orheapslateachodifiedshear frictiontheory by Mattock & Hawkins and subsequent
extended shear frictiotheor, developed by Randl fdfib Model Code 2010identify three
primary bonding mechanismsohesion, friction, and dowel action requiring steel reinforcement
or connectors across the interf§6p

Cohesion can be accepted as a interfacial material property consisting of mechanical
interlock as well as adhesive bond[B [6]. For the purpose of macomnsiderations and design
expressions it is convenient to examine cohesion and adhesiosinggeabond mechanism, an
overstrength beyond frictional capacity. However, some research exdmonéadhesive and
bondcohesive as two distinct interfacial mechanisms. Espeche & Leon suggest that where bond
adhesive depends on the soundness, cleanlmedsoughness of the substrate, cohebmad is
related to the porosity and structure of the interfacial transition zone in an overlay c{Bicrete

Sadowskidefines adhesion specifically as the force of energy necessary to separate two bodies
4



and outlines three principle adhesive snéchanismsinterlocking by friction and dovetailing,
physical bonding ofan derwaalsforces and chemical bding through ionic bondinfg].

Randl 6s description of c¢ oh drstiomtmeory, examinesh c | u d ¢
the parametethroughboth an adhesiorcomponentwhich is a function of chemical/physical
bonding at the interfaceas well as a mechanical interlocking componi@t Chemical and
physical bonding capacity, related itderfacial van derwaals forces, is supported by material
composition and porosity, but is moreover highly dependent on the effective contact area of an
interface. The surface contact area, descri be
surfa@ weting behaviour and the relationship between interfacial roughness and hydrophobicity
[6]. In the second componemhicro-mechanical factors such as localized fracturing, interlocking,
overturning, are also engaged by interfacial roughf@sf9]. Zanotti and Randl have suggested
that interlocking andverridingare activeonly in roughenednterfaced4], [6], [9]. For the current
worksthe definition of cohesion discussed herein, and adopted by Randl & Zanotti, will apply.

Frictional bond resistance is related to interfacial roughness and requires compression or
confinement of the interfac€ompiessve forces perpendicular to the interface may be applied
externaly or through a restdnt clamping mechanisngenerated bynterfacial reinforcement
connectors or shear studsThe frictional resistance developed is proportional to the applied
compressve force. Generally, a rougher interface is associated with a higher frictional force due
to increased aggregate interldék. The use of reinforcing steel bars or connectors at an interface
is a common strengthening application for gete nterfaces and often induces a more ductile
failurealongthe interfaceThe use of reinforcement engages clamping forces through joint dilation
for additional normaktressesnd activates alowel actionmechanismNonetheless, the use of

steel reinbrcemat across the interface it is not examined in the prestadty. As sucha brittle
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behaviour or rigid bond slip is anticipated, which can accommodatenginlynal shear slipsat
the interfaceorior to bond failurg6].

Although the abovementiodebonding mechanisms are distimttnature with individual
impacts on interfacial behaviquresearchers suggest that there is indeed interaction of bond
resistance mechanisnand that these mechanisms can workumison[4], [6]. The degree of
activity of each mechanism and extent of interactimndependent on the composition tbe

interfacial system and will bexaminel further in the current investigation.

2.2 Parameters affecting Shear Bond
2.2.1 Interfacial Roughness

Interfacial roughness, typically imparted by surface treatment of the concrete substrate, is
related to both the adhesi¢ohesive capacity of the interface vasdl as an increased frictional
capacity. As identified previously, a deciding parameter of the adhesive bonding mechanism is the
real surface contact area along the bond plane. As interface roughness incregagessitae
surface area of the profile expds, thereby increasing the contact area capacity for surface wetting
[6]. In a study on roughness and friction angle, Mohamad and Ibrahim similarly suggest that the
surface roughness affects both thelaraf internal friction as well as the leesion value due to
the increase in surface area for cohesion bonding to occur along the intE@ja&econdly, the
impact of localized mechanical effects attributed to adhesion, such as fracturing, interlocking, and
crushing, are also highly dependent on roughness and interfacial tort{#jsit], [9]. As noted,
some of these micrmechanisms are only active in roughened interfaces, engaged by asperities

along the surface profile.



Regarding frictional capagit an increase in interfacial roughness is generally associated
with an increase in the frictional coefficient derived for a bond pJahdt would follow, then,
that an increase in roughness is also associated with an increase the extrapolated internal angle of
friction. In Espeche & Leon an increase in friction angle was observed with increasing substrate
roughness butitis mport ant to note that all sp3gcThemens ¢
literature does not extensively discuss differences in extraddiattion angles when related to
smooth interface (low roughness value) and rough interfaces (high roughness value), although
suggested values for internal friction angles are recommend@&pdand[11].

The roughness of an interface also basn shown to impact othbond properties. In
Zanotti et al, the use of steel fibers in the overlay was examineashjmnction with smooth and
roughened interfaces tested under a slant sheapg8i. Although smooth interfaces did not
result in significant enefits from fibers, roughened interface exhibited strength increases as well
as increases in extrapolated cohesion values. The investigation suggested that with enough
engaged substrate roughness, a mitoo w e |  cedurfeeatthe interface, assocéat with the
stiffness of the steel fibersThe study suggested, that, on account of profile roughening
encouraging deviation of the fracture plane into the repair matibiais were able to cross the
shifted plane and more efftively connect the repdo the substrate. Overall, roughness increased
steel fiber efficacy, thereby increasing the associated cohesion parameter of the bond. Similar
strength and cohesion increases were presented by Zanotti & RdndRrevious research
therefore suggests that interfacial roughness, through profile tortuosity, engageasdiiced

benefits which are not necessarily active in acimgrofile.



2.2.1.1 Roughness Quatification

Different quantification systems can be used to quantify the surface profile roughness for
use in empirical expressions evaluating interfacial bond strength. A common method for profile
guantification used in the field the Sand Patch Testmaer ASTM E965 which pro
Textur al Deptho (MTD) guanti fier. This procec
depth of a pavement surface macrotexture and involves the application of a known quantity of
consisently graded sand to therface, which is compacted and spread using a smooth disc tool,
followed by a measurement of the diameter of the resulting[42hdVITD is calculated using a
volumetric calculati on, based onaldnythe sarfacec e pt
profile. This method has been used in previous research on concrete bond to quantify roughness
[4]. The main limitation of this metid is that only one roughsg parameter can be derived for a
tested profile.

As an alternative to a physical, contactented quantification method, n@ontact laser
profilometry may also be used to measure the exact topography and depth of a suifacamio
has been demonated previously at the University of British ColumHi&], [14]. Based on the
acquired profile, different mebds can subsequently beedgo quantify surface roughness. As an
extension of the contact Sand Patch Test, ASTM E1845 provides guidelines to calculate the
AEsti mated Text ur e -dneepstortalosurface praifds].fAtransfornaation w o
equation is required to transform the atddted Mean Profile DeptiMPD) to the three
dimensional surfaceontactorientedmethod of ETD, which is compared to the MTD obtained
through the Sand Patch Test methbde MSD can be evaluated from laser profilometry data and

subsequently converted anETD value.



Thefollowing proceduras adapted from [15&nd appliesd a segment along a surface profile of

approximately 100mm length

Mean Segment Dep{MSD) =

Peak Level 1 4J Uf or x<G®mm

Peak Level 2 =U Uf or <000 @m

Mean Profile Depth (MPD)=B - 3 $

ETD =0.2 + 0.8 MPD

out | iAveeade Roughn&s b sMaddkdli n@

Finally, a quantifier

as the average deviation of the surface profile from a meamtid can be aallated based on the

following formula for thedatapoints obtained with laser profilometf¥3]:

Average Roughness{R -0 U@ WA G -B LUd W

-0
C

U ?o Vg A &

| = the assessment length

y(x) = profile height at position x
Average roughnes®R,, isone ofthe most commonquantifiess of interfacial roughnesaccording
to Espeche & Leoif].

2.2.2 Fiber Reinforcement
The useof fiber reinforcement in concrete and ceftitgous materialshas demonstrated

improvements in crack growth impact and fatigue resistance. The research of Mindess and Banthia



et al attributed these enhancements to the ductility of some types of fibérasssteel, and their
ability to maintain sess transfer capability across a crddg], [17]. In the catext of a fiber
reinforced repair material, Zanotti et al suggested that the strength and durability of the bond is
improved in the following waygb]:

A Decrease iwoncrete/mortableeding

A Reduced prelamage due to handling and shrinkage

A Greater energy and load required for cohesive failure

A Frictional falure at smaller crack separation and danrageiring higher energy and

load compared to plain

However, Anotti & Randlsuggest thathe impact of fiber reinforcement on bond strength can
depend on different factors, such as interfacial roughness, matenrties, stress conditions
and fiber prperties[4]. As previously outlined, in roughened interfaces, the use of steel fibers in
the repair mortaresulted in an increase in the cohesion p@tar extrapolated from the deduced
failure envelope. Notable bond strength improvements were exhibited primarily in specimens with
a lower applied compressive stress and therefore less engaged frictionalagepl}ta

Regarding a fracture mechanics approach, the use of fiaeriseen suggesteditarease
the fracture resistance of the repair matetiaaeby improving the fracture properties okth
overall interfacd9]. Zanotti et al suggest that the use of fibers may encourage deviation of the
Afracture pl aneo ftowards ambrecolesive type bf frdctara. ds spch, éha e
extrapolated frictional values may be slightly reduf@d Although slight changes havween
reported with steel fibers, they are considered a second order effect and may be caused by a change

in the cohesion valug].
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2.3 Slant Shear Test

A slant shear test is often recommended by standards to assess the strength of a repair bond
in place of more challenging tensile bond t¢S{s A compressive load is applied to a composite
cylinder in which the overlay and substrate material are bonded together on an inclined plane.
Interfacial $iear and normal stresses can be evaluated fromréeses at failure based on the

inclination orientation of the specimen. With referencEigure 1

(1)

wo oW L QE 2
» 0is the applied axial stredsdt produced failure along the bond plane
» ¢ 1S the normal stress acting perpendicular to the bond plane
t: is the shear stress acting parallel to the bond plane

| is the inclination angle of the bond plangh the vertical axis

rﬂ |
I
/. [y

2a|

Figure 1: SlantShearTestConfiguration andstressePeveloped at thinterface

(V)
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The original Slant Shear test according to ASTM C882, originally developed for the
evaluation of bond strength between concrete and egstys, recommends a singiedrfacial
inclination of 30° to the vertical[18]. However, Austinet aldiscuss thdimitations of using a
single slant shear orientatiom [11]. Based on the investigation of a critical bond angtehe
bondangle at which the load required to produce a bond failure is at the minimum, it was suggested
that the development of a bond failure in a slant stsggatimenis dependent on bond plane
inclination as well interfacial roughnefkl]. Thelikelihood of obtaining a bond failure with the
standard specimen inclination of 30° is redudead to the stress distribution alorg tinterface.

This limitation is further emphasized in specimenth rougher interfaces whiclere showrto
have dower critical bond angle and are predominantly urggteaterapplied normal stresses and
therefore engage substantial frictional resistdidé It was concluded tha single interfacial
inclination is representative ofly a single proportin of sheato normal stressalong the bond
plane( i st r e sas suchtha horddnformatipnoduceddoes noprovide the full picture.

Basedon these limitations, Zanotti et al developed a variable bond angle approach for slant
shear testing anty/lindrical specimens with three different geometries were ad@pftethe same
testing protocol will be adopted in the current works. In addition to the standard bond plane
inclinationof 30°, angles of 25and 20 to the vertical are usdd provide information on different
interfacial stress statds. order to maintain a consistent bond contact area amongst the three types
of orientations, the diameters of the cylinders were modified. Additionally, the height of the overall
cylindrical specimeswas modified to include a diamededistance between tHeadingedge of
the cylinder and the start of the intelitdglane This height modification was adopted to ensure
uniform stress transfer from the loading platethe bond plane, and awvoidfrictional effects of

loading plates resulting in amdesirabldri-axial stress distributiofb]. The dimensions adopted

12



by Zanotti et al, and used in the current investigatoa presented in Figure tandard testing
protocol involves the substrate portion of the specimen to be oriented on the bottom and the

repair/overlay layer isriented ontie top.

75

-
-—|"52--

T
130
280

295

133
257

Figure 2: Geometry ofCylinders forSlant ShearTests (a,b,c) [All dimensions in mm]

Adoption of three slant shear inclinations allows for investigation of several stress states
along the bond plane. Invagtion of dfferent stress states can provide insight into bonding
features which are otherwise not evident in other stress.skategsxamplethe 30 orientation
results in the largest compressisimear ratio at the interfaocgenerating a large degreéfriction
and interlockinghoweverthe 20 orientation has the least frictional contributorn d | ar ge st
shear o or adhesi v durtbeontor,stheverperimentaltdata dam bei used to
characterize shear bond strength as a functioomhal intefacial stresses through the application
of several failure envelopes via regression (line fitting). Through development of failure

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

Using aminimum of three slant shear inclinationgadure envelop@utlining shear stress
in terms of applied normal stress can be applied via line fitting and can be extended to examine
the intefacial repairsubstratebond behaviouin tension ad pure sheabeyond the combined
shearcompression information provided via experimental investigation. Compression is assumed
to be positive in the following discussion and preseptedictive models
2.4.1 Linear Mohr -Coulomb

The MohrCoulomb (MC) failure envelope, ad#pd to concrete shear bonffom
traditional rock mechanics, describes a linear relationship between normal stress and shear stress
at a cementitious interface. Fitting of experimental data can provide a linear approxitination
allows extrapolation of theohesion of the interface fptercept) and the friction angle of the
interface (slope)

Qo ® O ED, (3)

Tz is the evaluated shear stress acting parallel to the bond plane
» £ IS the normal stiss acting perpendiculéw the bond plane

@ is the interfacial cohesion

‘ is the frictional coefficientand 0 ¢

n is the internal angle of friction

Previous researchghave commented that, through the study of rock mechanisms, ¢éaeMiC
envelope tends toverestimate shear strength in the tensile refidh Espeche & Leon also

suggested that the tensile strength obtained througtsMImost always overestimat&].
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2.4.2 Carol Plasticity Envelope (Modified Mohr-Coulomb)

Using Carol 6s Theory opfoposet anadifiedahitCpulolns p e ¢ h e
envelope by incorporating a hyperbolic curve at the end dirtbar approximatio3].Car ol & s
paper is an extension of a frictional/dilatant model for normal/shear cracking inhboiithesi
materialsadaptedo be implemergd as a constitutive law for interfatelementg19]. Extending
from Carol 6s fractur e menvdiopenincpmates g rppreseatative, t he
cracking envelopei nvol vi ng evol uti on dedonthertrdditional M@ cr ac k
criterion [3]. The authorsuggest that this modified envelope more accurately describes tensile
behavior in order to provide a marealistic representation of bond strength at the inter{&e

The Carol Plasticity Envelope sesented below assuming compression to be pasitive

t @ , O ® "QM (e (4)

Tz is the evaluated shear stress acting parallel to the bond plane
» ¢ 1S the normal stress acting perpendicular to the bond plane
@ is the interfacial cohesion

n is the internal agle of friction

"Q is the tensile bond strength of the interface

The Carol envelope camcorporate experimentally determine@lues for tensile strength.
Nonethelesshiplace of experimentallyerived strengthZanotti & Randl suggested a retatship
between tension and cohesionifderfaces roughened using sandbragssurface preparatidd]:
w0 cRIQ
Austinetaldescri be a relation for smooth | fliljer f ace .

@ ¢810Q
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The current investigation will apply the Carol plasticity envelope by incorporating takedions

in place of expementally derived tensile bond strength data:

& (4a)
th O, DM H —d e
e

(4b)
D wE

N1 Sa

th @ , D %)

243 AustinbésalPolLiymemkitting & Griffithés Fract
Austin et al examined experental slant shear results with béstsecond order

polynomial curve$l1]. As a function of the normal stress, thmiercept value of the patpmial

curve allows extrapol ati on plahe. Holever, fa driotbrals i on o

coefficient is not definedn the same studgn approach involving Griff

brittle materialsvas examined in orde¢o provide a mee accurate representation of the tensile

portion of the envelope. Thierm of this envelope is more consistent wile Carolmodel

however, it also does not provide a parameter for frictional coefficiét

t 1J3Y, Y (5)

Tz is the evaluated shear stress acting parallel to the bond plane
» £ 1S the normal stress acting perpendicular to the bond plane

“Y is uniaxial tensile strengtip(ire shear strength = 2¢]

It is important to note that the authors describe purerssteangth in terms of uniaxial
tensile strength. Pure shear strength is inte
parameter described by the other models. Furthermore, the asiiggessthat although Griffith

fracture criteria is not ggbicable to soil and rocks, tHeacture mechanicapproach may be more
16



suitable for concrete and cementitious matefidlg Nonetheless, the limitation bbth theAustin
and Griffith modelsfor the curent experimental investigation is thatfrictiond coefficient or
friction angle is not defined in either equatidimerefore only the cohesion can lextrapolated
Based on themodels adoptedoy previous researchers and consistency of derived parameters

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

via linear and nonlinear regressionfor the current investigation.

2.5 Fatigue & Cyclic Testing of Interfaces
2.5.1 Experimental Investigations

Fatigue and cyclic loading ahonolithic plain concretes, reinforced coetes, and fiber
reinforced concretes have been studied previously and in detail. These studies will not be discussed
herein for the purpose of brevity, but relevant to the current investigation, it has beestiat@dn
that he interfacial bond betweeibérs and cementitious matrix in FRC is subject to fatigue bond
degradation as is the interfacial bond between reinforcing bars and the cementitiou$2®jatrix
[21]. Cao & Chung studied the degradation of the bond between concrete and rebar and suggested
that a higher applied stress range caused significant bond degmaatadi resulted in bond failure
at a lowemumber of cycle$20]. Furthermore, Li & Matsumoto, who examined fatigue damage
at the fibermatrix interface in flexural specimens in a crack growth and fracture mechanics
context,suggest that the use of fibers can leadat@ue crack arrest, and that fibers may be
effective in extending the fatigue life of concrete struct{2&§

Tassi® and Vintzeleou examined concrébeconcete friction along cracked interfaces
(no adhesion) subject to cyclic pusfi tests. Shear stiffness of the interface under cyclic loading

was found to degrade significantly in rough interfaces but not noticeadigooth interfaces, and
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was attributedd repeating deterioration of interfacial asperities due to cutting off of aggregate
peaks in the rough surfa¢22]. Hu, Li, and Liu examined &t shear specimens subjected to
guastistatic and dynamic loading whilonsidering strain rate effects, the slant angle, surface
roughness, and age of interfaces on bond beha\@8lThe researchers suggestedt where the

strain rate and slant angle had significant influence on the failure modes, the effects of surface
roughness and interface age were not significant. The experimental results suggested that although
the strain rate had a great effect on tla@tsshear bond strength, an increase in strain rate was not
necessarily proportional to greater dam@f$. Finally, Figueira et al examined the effects of
cyclic loading on steel reinforced interfaces subjecttshear pusbff test to reproduce an
interfacial conditiondetween precast beamand a casin-place slab[24]. Different cyclic stress

range protocols in the form of low, medium, and high amplitude tests were conducted until
specimen failee or one million load cycles. The researchers suggested that as the applied stress
amplitude decreases there is an increase in the number of resisting load cycles. Although the
interfaces examined in the study are of a more ductile nateréodhe intdiacial reinforcement,
significant insight was provided into the preparation of aicyeid fatigue loading protocol.

Additional studies on fatigue loading of concrete and cementitious interfaces have been
conductedwhich are relevant to theurrent invesgation The relevant methodologies and
observations are presented:

A Cyclic loading of beams overlaid with fiber reinforced mortar to represent wdaatihg
stresses. Loads were cycled between a minimtiinkN and a maximum of 465% of

thestatic flexurastrength at a frequency of 5 Hz (100,000 cyd@s).
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A Cyclic loading of FRC repaired corroded RC beams suggesting that fafegisadirectly
related to load raye and at5% of thestatic strendt the rate of loading strongly influences
the fatigue strength through creep effd26y.

A Walravenet al examinedcyclic pushoff tests with a repeatinginusoidalwaveat 1 Hz
frequency alternatindgpetween 4% and 66% of ultimate loadotconfirm whetheran
expression for monotonically derived testapplicable for specimens subjected to icycl
loading The resultsuggested that cyclic loading did not influence shear cagadity

Regarding the specific loading regimes presented in the literature for cyclic and fatigue testing of
interfadal concrete, minimum ahmaximum load limits are typically based on a percentage of the
static load strength. Fatigue testing is typically performed using a sinusoidal wave function at a
frequencyof 1 Hzor greater untispecimen failure or a predefinegcle limit. Details orprevious

cyclic and fatiguenvestigations are as follows:

A Ongapplied aminimum of 1 kN cycled to 45%, 55%, and 65% of ultimate static load at 5
Hz frequency ta limit of 100,000 cyclef25]

A Andersomapplied fatigue loads at frequency of 2 Hz up to 1 million cy{@6k

A Naderiapplied aminimum of 10% and maximusof 40%,60%, and 80%f the static
load undem 0.5 Hzfrequencysinusoidal wavéo a limit of 50,000 cycles or failurg28]

A Daudapplied aninimum load ofL5%to maximum load 070% and 80%he static strength
at afrequency of 1 H29]

2.5.2 Code Guidelines & Provisions
Although specific protocols fofatigue and cyclic loading afementbasedslant shear
specimens r@ not explicitly described in codes, discussions on cyclic and fatigue loading are

presented and can be adapted to suit the current experimental investig&la213R for the
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design of cacrete structures subjected to fatigue loadiegcribesow-cyclefatigueprotocols as
consisting of less than 100 cyclasd fatigueprotocols as consisting of greater tHZ00 cycles

[2]. Similarly, ACI 408.2R for the Bond of Steel Réorcing Bars under Cyclic Loads suggests
two types of loding regimesLow cycle, high stress is representative of earthquake loads and
requires high loads with a low number of cycles ctally less than 10Q30]. This ACI report
alsosuggestghat stress reversafrom tension to compressiarerequired for true earthquake
conditions.However, &tigue loading involves unidirectiahloading at a low load with a higher
number of cycles (n > 10030]. Additional guidelines and from relevarmports and associations
are as follows:

A ACI 215R 74 suggestghat variations of frequency of loading betweg® Hz i 15 Hz
have littleeffect on fatigue strengtiprovided that the maximum applied stress is less than
75% of the static strength of a specimen/strudiire

A ACI 437RandACI 47.1Rrequire a minimunof six loading/unloading cyclefr cyclic
strength evaluation of existing concrete buildiagsiconcrete structurd81], [32].

A ACI 544.9R17 the Report on Measuring Mechanical propert® Hardened Fiber
Reinforced Concrete, suggests applying a higher maxisttgasvith a small number of
cycles and at bower loading rateSimilarly, a lower maximum stress for a large number
of cycles should be applied at a higher loading rate. Tégert outlines the possibilityf
concretestrength gain wittime whenperforming longduration cyclic test§33].

A ASTM E2126for Cyclic Testing of Vertical Elements of the Lateral Force Resisting
Systems for Buildings suggests a loading rat@.®fto 0.5 K [34].

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

been investigated comprehensivgB], researchers have presented simplified design
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approaches to acuont for these conditions. According to Raratihesve bond should be
reduced to 50% under cyclic loading for rigid bdé§t Mattock suggests that the shear
strength of a concreti®-concrete interface under cyclic loading should be taken égual

0.9 of the shear strength under monotonic logdor monolithic specimens and rough
interfaces; if bond between concrete parts is nonexistent (i.e. pure sliding) the shear
strength under cyclic loading should be taken as 0.6 of the shear strengtmandtanic

loading[35].

2.6 Digital Image Correlation for Bond Tests

Digital image correlation is a nesontact optical technique adopted for the analysis of
surface displacemenit36]. A high frequency digital camera is employed to capture images of the
specimen surface before and after the occurrence of deformation. Piaplats are tracked from
an undeformed reference image to a deformed image. According to Shah & Kishen, ansmage
represented by a discrete function which describes the grey level of each of the pixels contained
within the imagd36]. The discrete functiorepresenting the reference or-deformed image is
transformed into another discrete function after deformatiocturs. Correlation calculations
evaluate the displacements between groups of
basis that wittn each pattern of pixels the displacement field is assumed to be homog@tdous
The grey level of pixels is figated with a stochastic pattern applied to specimen surface. A virtual
mesh is generated and DIC software is able to calculate strain tassaedl as other relative
deformation parameters.

Although DIC is widely applied to measurements of displaa@min various fields, the

technique is often adopted for concrete specifically to allow direct observation of the cracking and
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fracture proceses, which can be brittle and abrupt in nature and hard to capture with the human
eye[36], [37]. A stachastic pattern is typically applied with white and black spray paint using a
speckling effect2D DIC can be used to measure displacement, stress intensity of cracks, as well
as stress and strain behavior of a specimen undergoing t&8iF89]. In the current study 2D
Digital Image Correlation is useth a quaitative methodto examine the strain patterns of

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

3.1 Materials & Specimen Reparation

The slant shear test wie primary experimentahethodology undertaken in the presented
investigation Compression tests weatésoconducted as per ASTM C340] to determine the 28
day strength of the substrate and rgpaerlay materia on cylinders of 75mm diameter and

150mm heightDimensions of leint shear amh cylindrical specimens are presentedFigure 3
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Figure 3: Geometry ofCylinders forSlant ShearTests (a,b,c) an@ompressiorTeds (d) [All dimensions in mm]

A single normal strength concrete substrate was maintained for all specimens. The
substrate was treated with two surface preparation methods to impart different degrees of
interfacial roughness. The repair mortars were atsonal strength and were appli¢d the
substrate with and without fiber reinforcement. A table of the three mixed designs used is presented

in Table 1. A volume fraction of A& 0.5% of 13mm long, straight uncoated steel fibers was
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selected, based on preus investigations if9] and[4]. Table 2 presents the propertiestef $teel
fiber. Accounting fora minimum of threeeplicates for each specimen tyipeaddition to extra
replicates a total of 144 slant shear specimereyenprepared, comprising of four material and
surface preparation types encompassing three slantishiaations and allocated to three types

of loading protocols.

Table 1: Mixture Proportions andriber VolumeFraction, \, for thelnvestigatedaterials

GU CEM Fly Ash Type F Sand Aggregate  Water

0,
[kg/m’] [kg/m?] kgm?  [kgmd kg V)
Substrate 450 - 1165 776 189 -
NS Repair i 0% 840 210 1680 - 420 -
NS Repair 1 0.5% 840 210 1680 - 420 0.5

Table 2: Properties oBteel Fiber

Tensile Elastic

D|[{;1nmn(13]ter I_[fnnrg;h Strength  Modulus
[MPa] [GPa]

3.1.1 Concrete Substrate

To avoid potential damage and microcracks along the interface induced by cutting or
sawing of cylindrical specimensubstrates were piast at inclinationsising a machined PVC
sl ant s he arAftefiinstallingthetinders fngside the cylindricaslant shear§S molds,
the molds and inserts wemled, and the substrate concrete was placed into the molds in three
layers. Afterplacing eachlayer, the material was tamped 25 times agygested by ASTM
guidelines andvibrated for a total ofwo minutes. Afterall thethree layers were cast, tamped, and

vibrated, the top of the mold was rodded and rolled to level and smooth the surface. Specimen
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were covered with a polyethylene sheet for 24 hours in statalarconditions andubsequently
demolded The specimens welthienplaced in ahumidity-controlledcuring roomwith relative
humidity maintained at 50%ylindrical compressive specimens walgo cast alongside the slant
shear specimeng.hese specimenwere tested for compressive strength afterd@gs as per
ASTM C39 [40] under a loadontrolled rate of 0.250 MPa/second.
3.1.2 Surface Preparation

In order to impart varying degrees of interfagiaughness and examine the effects of
roughness on fatigue armyclic loading, sandblasting and light wirebrushing were selected as
surface preparation metho@andblasting wassed tagenerate a mediunoughto roughinterface
with exposed aggregate®ag the bond plana similar fashion to previous research coctexd at
UBC [4], [9]. An initial round of sandblasting took place three weeks after initial cagtilog to
specimens reaching full strengdpecimen ages 224 days) A sandblasting uniin the form of
a modfied pressure washewas used with an abrasive meditmnexpog the aggregates in the
substrate at a pressure of 4000 psi or 27.6 MPa. A second round of sandblasting occurred 7 weeks
after casting to impart additional roughness on the specinimsebrusing was selected to
generate an essentially smooth interfadght abrasion in the form of wirebrushing was selected
to remove potential surfadgitancei n compar i ssoas t @ SMrdbmthihgtddla s
place three weeks after initial camgi(specimen ages 25 days). Asteelwire-brush attachment
on a batterypowered drill was used to brush and scour the interfacelahgedspecimerfor a
set period of timelepending on the interfacial contact ardagure 4 presents two specimens

having undergone thsurfacepreparation methods in comparisonto afceasst 0 s peci men.
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Figure 4: [From leftto-right] As-CastSpecimenWirebrushedSpecimen, andandblaste®pecimen

In addition to surface preparation, the ends of the substrate were grinded beforddafigo2B8od.
Specimas were removed from tHeumidity-controlledcuring room in order to undergo surface
preparation. Upon completion they were returned to the cuomg iand allowed to age untile
scheduledepair casting.
3.1.3 Repair Mortar

In order to represent aged irdteuctures, the author opted to allow the substrate to age
beyond 28days.The repair mortar was cast when the substrate specimens weexk€or 70
daysold. 24 hours prior to casting, the substrate batch was removed from the curing room and
allowed todry in standard laboratory conditions. The goal was to achieve specimens which were
driedback from a saturated surface dry condition at the tinmepafir application, asdicatedin

[41]. The specimens were cleaned with compressed air and caiefdtyed into lightly oiled
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cylindrical molds to avoid contamination of the interface with any Ndrmal strength Iain
mortar andhormal strengtffiber reinforced mortar were used as the repair matddiaiing casting

of the mortars, dry material wéisst mixed to allow for distribution of materials before adding
water. For thdiber-reinforced latchessteelfibers were incrementally added entheinitial plain
mortar was well mixed. In a similar fashion to the substrate, the repair mortars acere ipl three
separate layers on top of the substredstin a vertical direction. After each layer the material was
tamped 25 times and vibratéar 30 seconds. The repair material was much more flowable than
the substrate. After the third and final émythe specimens were rolled and levelled, and
subsequently covered with a polyethylene sheet for 24 hours in standard laboratory conditions.
The scimens were carefulljemoldedhe next day and placed in themidity-controlledcuring

room to await tesg. Extra attention was given to the particularly delicate wirebrushed specimens,
in order to avoid interface damage and specibreakagealuringthe demolding procesBrior to

testing the repair portion of the specingewere also grinded as required.

Figure 5: (a) Carefullnsertion ofSubstrate intdviold prior toRepairCasting (b) DemoldedSpecimens
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3.2 Roughness Quantification

In advance of repair layer castjribe roughness profile of each of the substrate specimens
was quantified using2D laser profilometrywith a Microtrack 3 Laser Scanneifhe substrate
specimens were fixed ifront of and perpendicular to the lase@it, within an appropriate optical
range The laser was fixed on a plate attached tmearly translding rod at the slowest speed
setting adapted from a traditional fib@ull-out setup. The profilometry setip is presented in
Figure 6 A singleprofile line along the entirenterfaciallength ofeachthe specimens was captdre
by the translating lasevhich would record the depth of the point of the profile from the laser.
Therefore the peaks of the profile were characterized by the minimum values of the laser depth
and the valleys of the specimen profile were characterized by the maximum valuedasfeth
depth.Data was acquired at a rate of 100 samples/second and will be useddoe saughness
guantificationusing the methoddiscussed in Section 2.2.1A single line of quantification was
selected for all specimens to ensure consistencyrtdce preparation methods instead place of a

more rigorous profile quantification of alect few representative specimens.

Figure 6: LaserProfilometry Set-Up for Roughnes®uantification
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3.3 DIC Preparation

Before slant shear tiisg may commencgea stochastic pattern must be applied to the
surfaceof thespecimen to engage Digital Image Correlation software via appropriate groupings
of pixels in greyscale. A stochastic pattern was applied to the front surface of the cylindrical
specimens in the form of spray paint speckling. First, a layer of white matte sprayamagplied
to create an even base witteximum contrast Ne x t using a fAspeckling
matte spraypaint, a stochastic pattern is applied to théesarof the specimen. A failed specimen
with a clearly defined stochastic pattern via gidang is shown inFigure 7(a) Based on the
literature, he cameras installed1 7 2m from the specimewith consistent illumination othe
specimen surfa¢@6]i [39]. As such,the highfrequency camera used for acquisition of DIC
sequences was s@gp approximately Ineterfrom the tested specimen, directly behind 2D
work light tripod for surface illumination as\ewn in Figure 7(b) Complying with laboratory
safety protocqlthe camera wa®quired to be installebehind a clean, translucent safety screen.

DIC camera setip remained consistent for all testing protocols.

s o
Wy

Figure 7: (a) SlantShearSpecimen withStochasticPatternAppliedwith Speckling; (b) DICSetUp
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3.4 Testing Program

The testing program consisted of three testing protoowsiotonic, fatigue, and cyclic
The monotonic tests were complefedt in order to establish a basadicontrol failure envelope
and provide appropriate limits for fatigue and cycling. Dusatopuswide facility limitations the
fatigue tests were started approximately months after completion of the monotonic, twihe
longer duratiorcyclic tests stded immediately after complitn of fatigue tests but spanning a
duration ofover2 months.

2D Digital Image Correlation using lagh-speedcamera wasisedto investigate strain
patterns around the specimen interface prior to failure for all testingcptetd third party DIC
oriented image acquisition softwa®@©OM Snap was used to capture and store the images at a
high frequency during the tests. Exprsgettings for image acquisition remained constant for all
specimens to ensure comparable strasnlts.
3.4.1 Monotonic Testing Protocol

The monotonic tests followed the ASTE&B82 protocol for testing the bond strength of
composite gstemsby slant sheaf18]. Specimens were loaded in a compres$amed Baldwin
Machine at doad-controlledrate 0.50 MPa/second until failure. The peak loadse recorded,
allowing for evaluation ohormal and shear stresd®sed on specimen orientati@ased on the
loading rate of 0.250 MPa/specimensvere loaded at 66 kN/min and 45 kN/min fbe 30° and
25°/20° specimen orientationsespectivelyA minimum of threereplicates for each orientation
and material typwvere tested monotonicgllIMonotonic tests wengsed to generate a baseline for

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

Design of the fatigue and cyclic testing protosalsprimarily adapted from a shear push
off test investigation involving high amplitude and low amyalé cycling of reinforced interfaces
by Figueira et aJ24]. This literature outinedda Low Ampl i tudeodo protocol (
and 60% of the monotonic pushf f strength and a AHIi gh Ampl it
5% and 80% of the maonic strength. Modifications to the cited protocols were based on, first,
the brittle nature of ueinforced slant shear interface examined in the current investigation, and
secondly, the limitations of the Baldwin Machine employed for testing sucbcseficy and load
control. The testing protocols were also developed in conjunction with the dwissid
guidelines presented in Section 2.5, namely regarding number of cycles and appropriate loading
rates and functions.

The load limits on the fatiguests were selected as a minimum load 586 f thepeak
monotonic slant shear lodfhilure load)and a maximum of 55% of the monotoi@ad Fatigue
specimens were loaded to 1000 cycles between these limits usioglifeed sinusoidalwave
function mainained in uniaxial compression at a frequency of 0.§Heycle per 2 seconiif
the Baldwin Machire under load control. The frequency of these tests is adaptegpfesous
fatigueinvestigations in théterature butvas limited by the static nature of the Baldwin machine
as well thdoad-controllednature of thedata acquisitionFatigue discussionsclude total cycle
numbers ranging from 1000 up to several million, with the latter typically implementing dynamic
basd testingequipmentThe load limits on the cyclic tests were selected as a minimum of 10%
and a maximum load of 75% of theak monotoic slant shear loadlhese tests involved a
standardamping function between the load limits, at a mdeptedirom ASTM C882of 0.25

MPa/secondconsistent with the monotonic loading raf@e cyclic tests involved loading of the
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