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ABSTRACT

Fiber reinforced polymers (FRP) have become widely used in retrofitting existing
reinforced concrete (RC) structures because of thgir strength and stiffneds-weight

ratio. An important aspet in the design ahis composite elemerd determining the bond
behaviourof the FRP sheetto-concrete interfacePrevious studies have involved the use

of conventional instrumentation (typically strain gauges) that provide limited data to work
with. This study presents an experimental investigation to determine the effect of bond
length and stress on the bond behaviour of Ed&R€bncrete interface under static loads
using a digital image correlation (DIC) technique. Twelve double lap shear specimens
borded with carbon fiber reinforced polymer (CFRP) sheets were tested with varying bond
lengths. Development length, longitudinal strains and bond stress and slip relationships
were obtained and compared with values computed from existing models. Compehensiv
results were obtained from the DIC technique which allowed for proper monitoring of the
progression of failure and the effect of shear lag on the distribution of stresses in the FRP

sheet.
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1.0 INTRODUCTION

1.1 General

The need to repair and improve the strength of existing reinforced concrete (RC) structures
has become significant topic for engineering researchers. Reinforced concrete structures
deteriorate due to ageing, corrosion, poor maintenance, increase in load, and unforeseen
situations like impact, blasts and earthquakes (Setunge et al. 2002). Before now, steel
sheets were the most common when it comes to the improvement and rehabilitation of
these structures. These sheets or plates were externally bonded to the existing reinforced
concrete members to improve their load carrying capacity and strength. This nsethod
simple, cheap to maintgiand has a high mechanical performance but possesses certain
disadvantages such as; maneuvering difficgtigel corrosionrequirement chtemporary

support system (scaffoldingdnd the limitation in available plate lengtfesulting in the

need to join more than one sheet to get a longer length (Me#f).19

Fiber reinforcedpolymers (FRPs) are known to gradually replace the use of steel in the
rehabilitation of RC structures. This is because of their excellent streagtcity,
stiffnessto-weightratio and corrosion resistande. addition to increasing the ultimate
capacity of the structure, the application of externally bonded FRP sheets for the flexural
strengthening of RC elements is also known to mitigate the @j@weint of cracks under

low and high magnitude loads. The most commonly used FRP materials are carbon FRP
(CFRP), glass FRP (GFRP), aramid FRP (AFRP) lmashlt FRP (BFRP) which is still

new when it comes to its use in the industry. Each of these makesals own advantages

and disadvantages which will be discussed further in the literature. Depending on the kind



of application and outcontblat is to be achieved, a choice of material can be made to yield

the desired premium results.

To properly design the FRP strengthening system, the capacity of the bond (bond strength)
between the FRBheetand the concrete substrate must be known. FRPs are bonded to the
concrete substrate using adhesives commonly known as resins (examples greieyoxy
ester and polyester). There are certain material and structural factors that affect the bond
betweerthe concrete substrate and FRReetsuch as the material properties of the FRP
sheetand concrete, the type of lodtketstructure is subjected the surface condition as

well as geometric shape of the structural element (Shen et al., 2015).

Researchers have found that F&tfees perform well as a strengthening retrofit &atic

load applications up to the point of failure which most times ig do debonding.
Experimental and analytical investigations on the fBRcrete composite properties such

as bond strength and other aspects of the layup of externally bondeshE& RC
structures under statand quasistatic load rates h&een cared out by many researchers
(Chiew et al., 2007SmithandTeng 2001, Ahmed et al., 2011 and many more) and the
results have been incorporated into many models used for present day design guidelines.
The need to still revisit this study is important beeausrying test setups and analytical
programs have been employed by different researchatshdve led tddifferent and

sometimes conflicting results.

Since there are discrepancies in results obtained by previous researchers in the study of
FRP strengthead beams undstatic loadsthe proposed study aims to improve on existing
knowledge and results. In order to achieve this, previous literature will be extensively

explored. A series of double lap shear tests will be carrieditRPsheetbonded to
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corcrete prisms under static lo&ol investigate the behaviour and strengtithe bond
between the FRIb-concrete interfaceCFRPsheetis to be investigated in the propdse
experimental researctA Digital Image Correlation (DIC) software will be used in
determining the strain values along the lengtithef bonded~-RP sheet Statictest results
obtainedfrom this studwill then be comparetb experimental and analytical results

obtained from existing literature.

1.2  Aim and Objectives

The core aim of this study is tssess and determine timaterial properties of FR®-
concrete bond subjectedstatic loadsThis research is limited to a study of strengthened
prisms where theoncreteexternally bonded FREheetand embedded steegkan tension

The workcarried ouin this thesigorms the first part of a more extensive research program
investigating the bond behaviour of FRP strengthened members under static, dynamic and

impact loading.

The objetivesof this studyinclude

1 Understanding the static behaviour of FRP bonded reinforced concrete prisms

1 Review of both experimental and analytical resuftem previous studies to
determine the interfacial bond response of FRP compek&teentsunder static
and dynamic loads

1 Performing experimentsinder static loadnd comparing results with those stated
by other researchers including those included in the standard design codes.

1 Use of the Digital Image Correlation (DIC) analysigechniquein determining

strain values on FRP sheétnded to concrete.



1.3  Scope of Study

The scope of this study includes the experimental and analytical investigation shé&P

bonded RC prisms compedof the following procedures:

1. Review and collation of previous experimental studies on the ¢figtioth static and
dynamic load$iaveon the bond betwedfRPto-concrete interface

2. Review of techniques used to bond F$tieetdo concrete.

3. Study of proposed analytical modétsdetermire the behaviar and characteristics of
FRP bonded concrete.

4. Design, build and test FRP bondaeinforcedconcrete prisms using the double lap
shear test method. The teatecarried out using various development lengths of CFRP
sheetsunder static load

5. Evaluate test data and compare with test results obtaingebipus researchers.

6. Compare experimental results with results obtained from previously designed models
including those recommended in the design standards.

7. Reportresults obtainefrom the study and presentation of design recommendations.

1.4  Review ofThesis Content

Previous studies on FRP bonded RC structures are revidleduses, advantages and
disadvantages of the variotypes of FRP materialsre discussed i@hapter 2 Previous
studies on FRP strengthened concrete under static siiasandhigh strain rates are
discussed in this chapter as wé€lhapter 3 gives dails about the setup and methodology
of the experimental research carried out to determine the effetatmf loadon the bond
strengthof FRRto-concrete interfacel' hetestreaults are then presented @Ghapter 4and

compared with models previougyoposed based on various concpggtemeterand FRP



parameters (length, thickness, width and so d@hgpter 5 is gournal that gives the
detailed comparison of stress, slip arevelopment length results obtained from the
experimerdg and those obtained based on calculations wstigiingmodels. ©nclusions
and recommendationsn how to improve the bond strength of the FRRRoncrete
interfacebased on results obtainé@m the experimental investigatiare presented in

Chapter 6



2.0 LITERATURE REVIEW

2.1 General

Seismic effe as well as the possibility of a high explosive attack on structures has
become a significant topic in research and design all over the.Waddritical that load
bearing FC elements canwithstand high laterdbads andetain some degree of pdstid
capacity. Hence, the need to imprexastingRC structures to meet these service demands.
One of the ways this cde achieved is by bondifRPsheeto the face of the RC element
(Lloyd et al, 2011). This is a reliable way to imprared strengtheaxisting structures as
opposed to complete reconstruction. Externally bondeddheetdhave been successfully
applied to reinforced concrete beams and other structural eleimeraiease their strength
and load carrying capacity (Ahmed et al, 2011). Initewid to the fact that FRBheets
delay the appearance of visual cracks, its attractive use is due to its excellent stigimgth,

stiffnessto-weight properties, and corrosion resistance (Maalej and Leong, 2005).

In this section, the various types and properties of FRP materials are disecunskibe,
mechanism of debondirig consideredThe various methods in which bond between FRP
sheetand concrete can be understood experimendadigiscussegdas well as pasttudies

carriedouton the bond between FRReetandconcrete in structuresre highlghted

2.2  Types and Properties of Surface Bonded FRP Materials

FRP consists of two main composite materials whichfiger (such as carbon or glass)
andresin (such aspoxy, vinyl estersrgolyesters). The four most common types of FRP
materialsas earlier statedre;carbon FRPglass FRParamid FRP andbasaltFrRP.Basalt

FRPhave beemtroducedin the structural industry in recent times. Surface bonded FRP



sheetshave both advantages and disadvantages. They are linearly elastic, undergo brittle
failure, and failat largestrains (Correia, 2013). FRIPieetonsist of high strength fibers
bonded tgether by a resin matrix which incluaggoxies, polyesters andnyl esters
(Berver et al.,, 2001). The properties of FRReets (orlaminate$ depend on the
orientation, typeand volume of fiber used. The type of resin and the quality control used
during their manufacturing proceaffect the behaviar of the laminatesvhen used for
strengthening orepair (Setunge et. al, 200Bigures 2.1(a) to (d)show pictures of the

various types of FRBheetsavailable for use

Figure 2.1(a): Glass FRP sheet

(Retrieved from: http://www.kripainternational.com )


http://www.kripainternational.com/

Figure 2.1(b): Carbon FRP Sheet

(Retrieved from: http://www.sp-reinforcement.ey

Figure 2.1(c): Aramid FRP Sheet

(Retrieved from: http://www.acpsales.conm


http://www.sp-reinforcement.eu/
http://www.acpsales.com/

Figure 2.1(d): Basalt FRP Sheet

(Retrieved from: http://www.eas-fiberglass.con)

As statecdearlier, fiber and resin make ughe FRP composé and each component gise
the composite material certain characteristics or properibs. fibers provide the
necessary tensile strength and stiffness while the sesues as the binder for the fibers
(Berver et al., 2001). Details of the advantages and disadvantages oetheftfipers and

resins will be discussed in subsequent subsections.

2.2.1 Fibers

Fibers can be manufactured as either a woven roving or a chopped strand mat depending
on the FRP properties desired by the user. Correia (2013) described some of the drawback
and benefits of the differerginforcing fiberswith glassfibersbeingthe cheapest and most
commonly usedGlassfibersare usually affected by creep and are likely to degrade under
high temperature and in an alkaline environment. Cafibens are expensivand have

good creep resistaa Aramidfibers alsohavegood creep and fatigue resistanBasalt

fibershave similar propertiet® glassfibers, but they are noabrasive and biodegradable.


http://www.eas-fiberglass.com/

Physical and mechanical properties of thiferent types ofFRP fibers are providedin

Table2.1.

Table 2.1 Properties of Reinforcing Fibers:

Property E-Glass Carbon Aramid Steel
Elastic Modulus (GPa) 73- 88 200 - 400 70-90 200
Ultimate Strength (MPa) 2350 - 4600 2600 - 3600 2800 - 4100 400
Ultimate Tensile Strain(%) 25-45 0.6-15 2.0-4.0 0.2
Density § "H 1200 - 210Q 1500 - 1600[ 1200 - 1500 7900
2.2.2 Resins

As indicated by Setunge et al (2002), manufacturers use resins that are resistant to
environmental conditions such as salt, moistanel extreme temperatureshey are
expected to be workable, compatible with both the concrete atéstnd thdiber and

must have mechanical properties that suit the FRP comggsitam There are two major

types of esins;thermoset and thermoplaspolymer resins.

Thermoset polymatesinsare those types of polymers that carme&amended or reversed
by reheating. They are injected into thelds in the case of pultruded shapelsquid form

and then solidyf after curing. Examples include: epoxiesnyl esters and polyesters.
Thermoplastic polymeresinson the other hand, solidify at room temperature and liquefy
when heatedHencea thermoplastic polymeesincan be reformed or reversed by heating.
The resin in its melted form is infused into the reinforcing fitkemndlesand then cooled
under pressurfor it to become solid. Examples include; serrystalling amorphous and

poly etherether ketone resins (Correia, 2013).
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2.3  FRP Manufacturing Techniques

Commercial FRPs can be manufactured through various megumifsas: pultrusion
method, hand layp method and the filament winding method. They are simple to
manufacture but require a careful application and good workmanship during installation.
The pultusion method is used to manufacture FRP composites of definite shapes such as
rods, beamschannelsand platesn the factory. In this method, fibers are saturated with
resin and then pulled throughheated die to form a definite shape. Handdpymethal
involves prepregnating thdéiberswith resin manuallypefore installationThey are mostly

used when FRP sheets are to be instalgldment winding is generally used in the
production of spherical and circulBRPsin the factory. It involves windinthe saturated
fibers round a mandrel to produce a circular shape. The pultrusion and filament winding
method are simple to use and produce higher quality FRPs calripatee hand layp

method (Ballinger 1991, Campbell, 2010).

For FRP sheet installatiothe FRPs are made into laminateslhyeringsingle sheets of

fibers in various orientations to obtain the desired strength and stiffness properties required.
The strength and stiffness properties of the laminate depend on the direction and system in
which the plies are laid. It is required that the right ply orientation is selected to provide a
structurally efficient designiVhen fibers are laid such that edaker of the composite is

in one directiorsuch thatts strength and stiffness are provided only in that direction, it is
calleda zerodegree direction laminate or ocdeection layup of FRPsheet They have

high elastic modulus and increase tbad bering capacity of the structure. When fiber

plies are arranged in two directions perpendicular to each other, the product is krsown as

ninety-degree direction FRP or-birectioral laminate. Bidirectional laminates are more

11



suitable for increasing the diility rather than thdéoad bearingcapacity of the structure,
they can be stacked in eith&0°, -45°, +45° and 90° sequence or in a-60°, and 60°

sequence also known as quisitropic sequencgCampbell, 2010).

The strength and loadearing capaty of FRP sheetsgreatly depend on the fiber
orientation. It is therefore important to place as many layers ofdie€tsas possible in
the main load bearing direction requirédgure 22 showsa unidirectional layup and a

guastisotropic layup sequencd FRP shedtaving equal numbers of plies in all directions:

90— 90—

= e

Unidirectional Lay-Up Quasi-Isotropic Lay-Up
(Lamina) (Laminate)

Figure 2.2: Laminae and Laminate Lay-up Sequenceof FRP Sheet

(Campbell, 2010)

2.4  Strengthening of Reinforced Concrete Beams with FRP Sheets

Although FRPsheetenhances the stiffness alwdd bearing capacities of RC structures,

the effect of the failure modes found in the FRP bonded RC structure is one of the salient
areas to be addressed (Wu and Niu, 2000). Different types of failure modes have been

identified fom previous studies hefailure modes identified include; flexural failure by

12



FRP rupture, failure by crushing of compressive concrete, shear failure(ghlaet)end
interfacial debonding failure, intermediate crack induced interfacial debonding faihare

failure due to cocrete cover separation (Teng et al., 2002).

The first three failure modes are regarded as sectional failures dike éin@se that occur

in normal RC structures (RC structures without externally bonded materials). The other
three types can be termed as debonding failures. They cannot be found in normal RC
structures and usually occur beftine concrete dils orthe FRP rptures. For this reason,

they are termed aspremature failure (Pham et al., 2016). According to results from tests
and analysis from past studies, debonding faslaa®m occur due to the number of layers

of FRP sheetbonded to the concrete, the bond kngf FRP sheetas well as the
compressive strength of concrefecording to Pan et al. (2009mith and Teng2001)

and Lu et al. (2007), debonding failure can be classified into two broad pfatsend
debonding failure that originates at tlshests or platesnear the supports and then
propagates to other parts of the bonded structuregeminediaterackinducednterfacial
stressdebonding caused by the development of flexural cracks that propagate towards the

plate ends.

Interfacial stresdebonding failureare caused by high stresses developed shibetand
transmitted to the concrete. The stress causes intermediate cracks to originatetaaihe

section (which is usually thmidspanfor beam$which then propagates towards #ieet

ends. This mechanism tends to affect the strength of a substantial part of the FRP
strengthened beams (Smith and Teng, 2001, Sebastian, 2001). There are two stages of the
debonding process as stated by Sebastian (2@t are the initiation phase cuthe

propagation phase. In the initiation phase, a flexural crack at midspan dheses

13



development of inclined cracks around it. As the inclined cracks widen, theshét®

bends (dowel actionyausinghe FRPsheeto pull the adhesive and concrete eown one

side of the crack thereby causing failure along a horizontal plane. Just a thin layer of
concrete cover is detached from the main original beiwa delaminted concrete,
adhesive and sheetmain as a single entity. In the second stage, thenéucicracks
gradually increase in length as additional load is applied on the beam. The inclined fracture
continues to increase until the bonded FRBetis completely detached from the beam.

The energy released during this process is sometimes enough for concrete wedges limited
by flexural or inclined crack to be dislodged from the begigure 23 shows the crack

induced interfacial stress debonding s

Load l l Load
Inclined
cracks\\ rFiexural crack
P R Q‘y‘“’“ﬁzﬂ- — 1

3
Fraclure separating Wedges Debonded Intact
mortarcrete from beam mortarcrete . vercrete

— Adhesive

e Plate
«—— —— Directions of debond propagation
Depths of covercrete and mortarcrete exaggerated for clarity

(a)

Line of incipient fracture
of mortarcrete

| N
Wedge
L
f

= Plate pulls on mortarcrete

(b)

Adhesive

L

Figure 2.3: Interfacial Stress Debonding: (a) Mode of Failure (b) Dowel Effect in
Plate. (Sebastian, 2001)
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Plate enddebonding failure originates at the ends of R platesor sheetdecause of

the formation of a crack that spreads inwards into the beam, away from the plate end. The
abrupt termination of the plate near the support causes the initiation of high shear and
normal stresses to occat this locationthereby causing inclimecracks that propagate
horizontally to the level of the tension reinforcement. This causes the concrete cover to
break away from the beam while firmly attached to the EREet(Sebastian, 2001). It is
generally believed that this type of debonding failwomes into existence when the
interfacial shear and normal stresses exceed the strength of the weakest material which is
usually the concrete (Smitlnd Teng2001).Figure 24 shows the plate end debonding

process and the mechanism of development dicaéstresses at the plate ends.

Load l l Load

c Peel propagation ——» Main steel )

Peeled Adhesive

covercrete Diagonal crack

Depth of covercrete exaggerated for clarity

(a)

Load l l Load

Plate bends away Adhesive is stretched
from beam vertically

(b)
Figure 24: Plate End Debonding in Concrete Beam (a) Mode of Failure (b)
Mechanism of Development of Vertical Stresses Near Ends of Plate

(Sebastian, 2001)

15



2.5 Tests to Assses the Bond Behaviaor Between FRRto-Concretelnterface

Previous studies have shown that the ftekstrengthening of R@sing FRPsheets or
laminates often develop premature failure due to debonding (as stated earliehashis
beenobserved experimentally (using various types of tests) and analytically. Some of the
test methods include; the flexural beam test (bending test), theuiukst and the push

test (direct shear test Theselest methodselp to determine the bond befaur between

the FRPto-concreteinterfaceas well as assess the mechanism behind the debonding
proces. It has also been observed that different testigstcan yield significantly different

results(Bizindavyi and Neale, 199€hen et al. 2001, Yao at 2003.

The 1exural beam testan beusedto determinghe bond behavig between concrete and
FRP laminates. Bonded specimens are subjected to three groiatibending. Pham et

al. (2016) employed this method to investigate the debonding failure mechanism of
reinforced concrete beams retrofitiwidh CFRPsheetsFigure 25 shows the setup for a
three and foupoint bending test carried out @m FRP-to-concrete composite bealny

pham etal. (20L6). Other researchers such as Cheng et al. (2001) and Lee and Moy (2007)
also used this method to determine the bond strength betinefeiRPsheetand reinforced
concrete.Lee and Moy (2007arried out an experiment using the flexural beam test
method to determine the behaviour of RC beams strengthened with CFRP Eieé&tst

results obtained welie results obtained froratherdesigned models.

16



Steel beam

(a) RO A S b

--------

700 | 900

R,
i

Figure 2.5: (a) Four-point Bending Test (b) Threepoint Bending Test

(Pham et al,2006)

The tensile testised to access FRP bond strergth be eithea double or single lap pull

or push testThis type of test icommonly used because it§ simplicity andability to
produce similar stressésthose encountered actual beaméShadravan2009).The pull

test is carried out by bonding FRP lamirsdteeither one side (single lap) or opposite sides
(double lap) ofa concreteprismas shown in Figure &a) and(c). Tension is applied on

the concrete at a constant loading rate until failUtee capacityof the specimerns
determinedrom the maximum load (CSA S806, 2012). The douafepull test has been

found to be the most suitable for standard universal testing machines because they allow
for the varying of different parametdike loading ratesand bond lengths. It also allows

for variations intesting procedures (Shadravan, 2009).

In the push test, pressure is applied on the concrete using a hydraulic jack. As in the pull

test, FRPsheetxan be bondetb either one or two opposite &isl of the concretprism

17



According to Shadravaf2009) this test method has been used by many researchers like
Bizindavyi and Neale (1997), Chajes et al (1996) and Yao et al (2005). Force is transferred
to the specimen atconstant loading rate or stnaiate Results obtained are then used to
determine the capacity of the FRP bonded specimen (CSA S8, Blktrations for

the double and singlap push tests are shown ig&re 2.6(b) and (d) Other methods of
testing include subjecting the FR&concrete interface to a combination of tension and

shear force or simply subjecting itaoout-of-plane tension force (Ueda et al., 2003).

The pull test method as recommended in Ann:
CSA S806 (2012) will be usem this literature to determine the bond strength and
behaviour of FRP sheets bonded to concrete. The effect of the various properties such as
effective bond lengtlof the FRP shegstrain ratepondslip relationship at the FRB-

concrete interfacas well as loading conditions will be investigated and reported in this

literature.

FRP Sheet FRP Sheet

—
Concrete * — Concrete |

(PR L

(a) Single Lap Pull test (b) Single Lap Pusbut Test

FRP Sheets

-— -—
FRP Sheets Concrete l—. —> Concrete
-—

-—

fe—L s l—L—
AT W3- FT
febar m FRP Sheet FRP Sheet
(c) Double Lap Pull Test (d) Double Lap Push test

Figure 2.6: Types of Direct Shear Bond Tests

(Shadravan, 2009)
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2.6 Previous Studies

Reinforced concrete structures are affected by high strain rate induced loads caused by high
energy effect suchs extreme impact, blasind earthquake. These types of lozatscause

the affected structure to fail in tensiand,hence the need to strengthen and stiffen some

of the structureds el e me nhosdedtFBPsheeabish anr o | de
excepional material in deformation control in reinforced concrete structures subjected
strain because of their high impact resistance. They are also very stiff and are therefore not
intended to improve ductility in their applications (Shadravan, 2009 ankiykh2009).
Concrete, steel and¥Psheetdave special responses to the effedbatls. This is because

these materials have sole properties and provide unigue contributions to the construction
and use of FRP strengthened reinforced concrete structures. In order to tdralyard
between FRRo-concrete bondnderboth static andynamic impact loading, the stiffness,
inertia, strain rate effect, strain energy, bond strength and-dlgndelationships of the
structure must be duly studied and clarifiBdnd properties are very important when it
comesto externally rehabilitating RGnemberswith FRP sheetgOtani, 1979).Past
experimental and analytical research on E&Boncrete bond slip relationships under both
static and dynamic loads discussed and summarized in thgart of thechapter

highlighting and comparing their advages and limitations.

2.6.1 Experimental Research

A substantialamount of experimental research has been carried out over the years
regarding structural repair using externally bonded sheets. Older studies carried out were
based on using steel plates as the repair material which was recognized to be considerably

effecive. However, in recent times, more experimental studies are being carried out to
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determine the effectiveness of using FRP laminates instead of steel plates because FRP
sheets have shown better qualities in many strengthening applications abtopstese|

plates (Quantrill et al., 1996). Experimental study is still the mosédimethod in
determining the behaviour of FRP bonded RC structaretthis has led to many test data

being developed for various structural elements.

A range of tests previously c¢gd out by researchers on the behaviour of FRP bonded RC
elementsunder static and dynamic loading will be discussed in this section. The test
methodsused,and various fundamental bond properties considaredchstudywill also

be discussed, highlighg the behavior of specimens and results obtained in these

investigations.

2.6.1.1Stress Strain and Strain Rate Effect on FRP-to-concreteBond Interface

When force is applied on an FR&concrete specimerbond stresses in the adhesive
between the FRBheetandthe concrete serve as a medium through which tensile stresses
are transferred from the FRP to the concrete (Cheng and Teng, B@ridavyi and Neale
(1999), Buyukozturlet al.(2004) and many o#rs in their tests and theorieaveproved

that the bond betwedhe FRPsheetandtheconcrete in a compositdementcausedond
stresseso developand these stresses are not distributed equally along thedareh.
Bond dress decreaseexponentially asthe distance away from the critical section
increasesThat is higherbondstresses develop theFRPsheetsn regionsnear the critical

section(loaded end of the FRP sheet)

Figure 27 showsa graphical representaticof bondstresgesults obtained by Shen et al
(2015) on two otheirtest specimenghis figure also provides schematic representation

of the shear specimen with dimension details and position of strain gaugdssekgedn
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the graphs, thiocation ofmaximum bond stress mavalong the length of the FRIheet

as the load (P} increased.
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Figure 2.7: Relationship between Distance from the Loaded End and Bond Stress

(Shen et al., 2015)

Huo et al. (2016) in their testsubjected CFRP bonded beam#reepoint bending under

both static andmpact load. Higher strain valuesf the CFRP sheetere recorded under
impact than in static tests. Stress and strain were found to be linearly proportional up to the
point offailure under both static andiynamic loadsStress and strain values under impact
were higher than those obtained in the static t8tsn et al. (2015) also performed similar
experimens but only under dynamic loadifgy bonding BFRBheets witldifferent bond

lengths onto concreteprisms. Strain valuesf the FRP sheet decreased along its bond
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length with maximum strain occurring near the critical seatidche FRP sheeMaximum

stress values of the FRP sheet moved along its bond length overdtinmg the
experiment.These obswations signify the propagation of debondifagure along the

bond length of the FRP shekltwas also concluded that an increase in strain rate caused a
subsequent increase tine FRPto-concrete bond stress and strdiigure 28 shows the

strain values ofhe CFRP sheet recordativarious distances away from the loadadat

different loading rates?lots in this figureshow that straimlecreaseds the distance from

the loaded end increased after impact.and"O are the dynamic load and ultimate

dynamic load respectivelyhile - represents the strain.

Shen et al 6s results also showed that t he

magnitude of loadinglr'hat is, & the load is increased, strain valirecreasd aswell.
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Figure 2.8: Strain Distributions of CFRP Sheetafter Impact

(Huo et al., 2016)

In FRP strengthened beams, for very large loads up to ultimate cagheitstrain
distribution begins to deviate from the regular descending tendency (nonlinear
distribution). This is due to the slip that occurs at the fdr€ébncrete bond interface

(Esfahani et al., 2007).

Shi et al. 2012) studied the effect of strain ratestioa stress and strain behaviour of FRP
sheets bonded to reinforced concraseng the double lapull-out method They also
observedhat higher strain rates increased thaximum strain(as strain rate increases,
maximum strain of FRBheetincreasespf the FRP sheet. It also increased the shear

stresses being transferred from the FRPRetto the concrete.Figure 29 shows and
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compares the results obtained from gistiatic and dynamic testS.and D stantbr quast

static and dynamic loads respeetiu
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Figure 2.9: FRP Strain Distribution under Quasi-static and Dynamic Loading

(Shi et al.,2012)

Pham and Hao (2016) carried out a reviwpast studies to determitiee behaviour of

FRP strengthened reinforced concrete structures wadgngstrain ratesTheyobserved

that past studies have so far yieldedtradictingesults in terms of how strain rate affects
FRP stresstrain relationshipand their corresponding strain distribution along its bond
length. It was stated thaEskandari andNemes (200Q)Shokrieh and Omidi (2009nd

Huo et al. (2013pll observed an increase in the FRP strain as the strain rate increased.

Foroutan et al. (2013), Benloulo et al. (1997) and Rodriguez et al. (1996) all obaerved
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decrease in FRP strain as thrais rate increasetiowever Lifshitz and Leber (1998&nd
Daniel et al. (1981) did not observe any change in the FRP strain values in relation to an
increase in strain rate. Based on this, Pham and Hao (2016) coglothohideas regards

the effect of strain rate dhefailure strainof FRP sheets bonded to concrete

As statedn the literature, ihas beembserved that high strain ragreater thap i )
affects the stressstrain response of FRP shedtRP stresstran response reported by
Rodriguez et al. (1996), Benloulo et al. (1997) &ilat et al (2002pll showed nonlinear
behaviour at high strain rates. Strain rates lower than that sgated () gave a linear

stressstrain relationshigPham et al.2016)

Shen et al. (2015) evaluated the performance of exisRRpond stress models developed
in the past by comparing the model results withirexperimental data usirigguation 2.1.
The equatiorgivesthe integral absolute error (IAEYhich is used tanodel assessments.

8 8

[2.1] 06 0 B——

where Expeand Theorepresentheexperimental antheoretical dataespectivelyTable
2.2shows the theoretical static and dynastressesultsobtained from previous studies

and their accuracy when comparedsth e n experimaehtdl gesults.
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Table 2.2: Performance of Bond Stress Models

Consideration Theoretical
Reference Equation factors result (MPa) IAE (%)
MNeubauer and Rostasy Tmax = |.8f fr 472 443
Tanaka Tmax = 6.13—In L L 313 43
Hiroyuki and Wu Toax = 5.88 L0669 L 0.79 75.8
Pellegrino et al. Trmax = 3.1 (ngEptp )*3 Es ty 6.99 1138
Cao et al. Tmax = 16450 for 4.06 242
Yang et al. Tmax = 0.5 fe .31 599
Maeda et al. Tmax = 110.2 x 107 8Ety Es tr 1.40 57.2
Khalifa et al. Trmax = 110.2 x 107 8Ety () Es t5 for 111 66.1
Nakaba et al. Tmax = 3.5£10.19 f! 6.66 103.7
Sato et al. Tmax = 2.68 x 10-5Egty (f1)°2 [ 0.67 795
Lorenzis et al Trmax = 0.0182(nfErty )™* Es ty 2.05 373
Ko et al. Trmax = 0.165f] f! 4.88 492
15O model Tmax = 09304 fao 4.13 26.3
Average value 322 57.0

(Shen et al., 2015)

In Table 2.2}

represents the maximum bond stress, L is the effective bond léngth,

is the thickness of FREheet™Q is the cubic compressive strendgi, or "Qrepreserdthe

cylindrical axial compressive strength of concrete. The axial tensile stisngfiresented

by"Q ¢ is the number of layers of FRfheetandO is the elastic modulus of FRIPeet

Comparing th&FRPbond stress obtained frothe experiment (3.27 MPa) carried out by

Shen et al. (2015) and the average theorekBda? bondstress (3.22 MPayom all the

models calculatedt is observed that both results are almost the same. However, if each

model is evaluated individually, it is observed that some models overestimatéRPhe

bond stress whilethersunderestimatethe bondstressas seen in their IAE values. This

discrepancy is partially attributed to the difference in test methods (Shen et al., 2015).

Results of test carried out by Shen et(2015) onBFRP sheetsshowed that maximum

bond stress has no significant relasbip withthe stiffness of FRBheetbut is related to
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the strength of concrete. Peak bond stress moves along the length sti¢d®2 loading

increasegindicating the propagation of cracks due to debonding.

2.6.1.2Bond Length and Development Lengthof FRP Sheets Bonded to Concrete

In FRRto-concrete bond, there is a measurable bond length beyond whictrease in

the bond lengtlof the FRP sheetwill not result in anyfurther increase in transfer load
resistance. Thi s phenomenon i s known as

| engarhofief fective | engthd (Shadravan, 20009
2015). Strain distributions influence the developiength of FRP bonded RC structyres

and development length is measured from the point where the strain is maximum (at
maximum moment locatiofor beams and slapto a point where the strain value is about

5 percent the peak strain (Huo et al., 2006).

Li et al. (2015), attempting to determine the effect of bond length on the bond hehavio
of FRRto-concrete interface, carried out tests on specimens with four varying bond
lengths. Two of the bond lengths were less than the effective bond length \eholinén

two exceededthe effective bond length. It was discovered that-tvay debonding
(debondingat boththeloadedand free enaf the FRP shegbccurred for specimens with

the lesser bond lengtiwhile oneway debonding (debonding at the free efidhe FRP
shee} took place in the higher bond lengths. Strain values were seen to bedtitiresr
loacedendof the FRP sheet compared to the free end of the FRP. Bigage 210 shows

the strain distribution along the FR&-concrete interface of one specimen at different

locationsalong the FRBheetunderdifferent loadevels
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Figure 2.10: Typical FRP Strain Distribution along the FRP-Concrete Interface
under Different Concrete Strengths and FRP Bonding Lengths

(Li et al., 2015)

The effect ofvaryingstrain rats on the development length BFRPsheetwas studied by

Shen et al(2015) it was observed that the stiffss of the FRBheetandconcrete strength
significantly affectthe dynamic effective bond length of extally reinforced beam#s

shown in Figure 21, the double lapteear test carried out in this investigation using a
servehydraulic testing machine showttthere is a linear relationship between the ratio

of dynamic to static development length ahnel logarithm of the ratio of dynamic to static
strain and thathe ultimate capacity dhe FRP shealoes not increase for bond lengths
larger than the development lengthwas also observed thdta development length of

the BFRP sheet decreased asdtrain rate is increaseflased on experimental results, a
new model for the calculation of effective bond length was established and a comparison

of previously developed models with theoretical results including those in the standard
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codes was carriegut in the literaturaising IAE Details ofthe comparison are shown in
Table 23. Due to the inaccuracy in the models, there is a large scatter in results obtained
from the models some of which underestimated while others overestiniaged

development legth values

16+ 1 4
4 . ‘A/’*
14+ T Ay
12
104
E 4
=R L —a— L5031 —a— [R5
= —e—L5)-D3-2 —e— LA0-D3-2
& 6 —h— L50-D3-3 —— LA0-D3-3
_1__

T T T T T T 1 T T T T T T T T T
L] 05 1.0 1.5 20 0.0 0.5 10 1.5 20 15 30

['d] Displacement at loaded end (mm) [b] Displacement at loaded end (mm)
16 18+
Ny J_k °] e T
14 - e
12 ] |
12 1 |
_"‘H]— L
Z =104
"'\.f, LE :EF ] .
?:! ——L110-D3-1 = Hj +L3‘.4':-D.:-l
5 —a—L110-D3-2 = +Eﬁgn
4 —a—L110-D3-3 - —a— D33
4
1_ >

L o S L B S S S S B M+ T T
LK1 0.5 1.0 1.5 20 L5 0 15 410 00051015 2025303540455035560657.0

[C] Displacement at loaded end (mm) [d] Displacement at loaded end (mm)
Figure 2.11: Load versus Displacement Curves of BFRE oncrete Interface for
Different Development Lengths

(Shen et al., 2015)
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Table 2.3: Performance of Effective Bond Length Models

References Equation Consideration factors Thearetical result (mm) IAE (%)

Wuet al. (Egg Etf, 479 313
L= 03955 L

Neubauer and Rostasy Ets f 492 35

Khalifa £t 105.2 465

Chen and Teng Bty f 483 327

CNR-DT 200/04 £t fn 470 35

lu By Bty 512 203

7

Yang et al. [e =100 mm - 1000 393

ACI4402R-08 [, = B30 E 971 352
¢ [ty = o

1515 CSA S806-02 L= #i_r E 1056 411

(B o

Niedermeier Lo [ Eit f 348 515
VY,

Average value 69.2 312

Shen et al. (2015)

Huo et al. (2016) compared the effective bond length of the Eurocode model [EX$ 1998

(CEN 2005)], the modelof CNR T 200 ( CNR 2004) , Cheng and
and the ACI Committee 440.268 model (ACI 2008) wittstatic and dynamieffective

bond lemth experimental results. All the models except the ACI model showed that
development length increases witie associatethcrease inFRP properties The ACI

model indicatethat the development length is inversely proportional to the FRP stiffness
Figure 2.2 shows the relationship between the effective bond length ofshR@&and its

stiffness, comparing existing modelgth results obtained from experimert. 0 O

represent the stiffness of the FRP sheet.
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Figure 2.12: Effective Bond Length versus FRPSheetStiffness (Comparing existing
curveswith experimental results)

(Huo et al., 2016)

For specimens with bond length less than the effective bond length, rapid failure occurs
prematurelybecause as debonding initiatdse part of FRBheetstill bonded to concrete

is not long enough to transfer shear stresses to the concrete. A longer bond length however
gives room for development even after the initial propagation of deboif@ingrbani et

al., 2016).

2.6.1.3Effect of Strain Rate on Bond Strength of FRPSheets Bonded to Concrete

Bond strength is an important factor that influences the efficiency of the method of
rehabilitating RC structures using FRIReetgHuo et al., 2016). Bond strengthtbe FRP
to-concrete ingrface and how it is affected by strain rate has been studied in the past (Shi
et al, 2002, Shadravan, 2009, Alzubaidy, 20420 these studies have shown that most
FRP bonded R@lementsundergo bond failure that oceuat the concrete to adhesive

interface even before the full capacity of the FRP laminate is utilized. Hence, the reason
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fracture mechanics and rupture energy are considered in most analytical studies and bond

models developed for FRP bonde@ elementg¢Shadravan, 2009).

Huo et al. (2016)in their test to determine the dynamic behawiof CFRRto-concrete
interface discovered that the loading rate greatly affects the bond strength FRRhe
bonded RC membefThreepoint bending tests at different loading rates and concrete
strengths werearried out in this investigation amgnamicresults were compared to that
obtained from static test®esults show that as the loading rate increased, there is a
significant increase in the bond strength offR# strengthened RC elemaritich further

increased its loading capacity. This is as shown in FiguBx&)Jand (b).
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Figure 2.13: Effect of Impact Loading on Ultimate Loads: (a) Impact Velocity (b)
Strain rate

(Huo et al., 2016)

'O j and™O j are the ultimate load under dynamic and static strain rates respectively

while - represents strain rat@s seen in the gragdresented in Figure 231b), the ultimate
load increasewith strain rate indicating that the bond capacity increasdhe strain rate

increasegthereby making it possible for tldemento accommodatkigherloads

32



Bond strength is alseensitive to the FRP shegtconcrete width ratio, bond length as

well as the angle in which the FRP sheet is loaded. Ghorbahi(@016) in a single lap

shear test discovered that the bond strength increased with a negative increase in loading
angle by about 37 percent oube control specimen under high strain rates. Results also
showed thatheincrease in bond length improvie® bondstrengthunder high strain rates.

This is because dhelarger distribution of the effect dfiepeeling force on the FRP sheet

in the undebonded area. Figure 2.8hows the influence of loading angle on the bond

strength of FRRo-concrete ingrface Here,EBR meanxternallybondedreinforcement.
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Figure 2.14: Effect of Loading angle on Bond Strength of FRRo-Concrete

(Ghorbani et al., 2016)
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An incorrect recording of bond capacity is possible during a bond test if the ultimate load
is used to determine the average shear strength betiweERP sheetand the concrete
substrate. This will infer that an increase in bond will cause an increlsslinesistance
thereby leading to a deduction that the tensile strength oERB#an be increased by an

increase in bond length (Shadravan, 2009).

2.6.1.4Effect of Strain Rate on Mechanical Properties of FRPSheetsBonded to
Concrete

High strain rate loading can cause mechanical propertiiseaftructural materials (of
which FRP is onefo sometimegerform poorly. Tiereforeto ensure a durable ahohg
lastingstructure, it is important to study the mechanical responE&Bfsheetsxternally
bondedto reinforced concretenembes (beamsundervariousstrain rate. Some of tk
mechanical properties inclugensile, shear, and flexural properties of FHRBetdonded

to RCmembergJacob et al., 2004). As withany other poperties of static and dynamic
loads, previous investigatiamhave been carried out on the tens#bearand flexural
strength ofthe FRP sheetsbondedto RC membersbhut results show inconsistencies and

discrepancieas seen in some literature.

Tests caiied out by Bizindavyi and Neale (1999) indicate that ER&eis likely to attain

its full tensile strengthvhen bonded to concreirgespective of the number of layekthe

FRP sheefif the right bond length is considered. Tensile properties of EiRdfetsare
generally known to increase when the loading rate increases. This hasebeamstrated

in most studies (Rodriguez et al. (1996), Barre et al. (1996), Daniel and Liber (1976) and
so on) except for those carried out by Hayes and Adams (198D aamell et al. (198)

where it was observed th#te tensile strength decreases as strain rate increases. This
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different finding might be due tanimperfect test oas a result of prematudebonding
failure (Pham and Hao, 2016).

Jacob et al. (2004) caed out a detailed review of theffect of loading rate on the
mechanical properties 8RP sheetdde studied numerous work that involved determining
the effect of strain rate on the flexural, tensile and shear properties afHeR® bonded

to concreteln this study, it was stated th&ims et al. (1998)Rotem and Lifshitz (1076)
andOkoli and Smith 1999 all concluded that the tensile strengthear and modulusf

FRP sheets saturated with epoxy increase as the straiis nateeasd. Melin and Asp
(1995)concluded that tremechanical properties of saturated FRP sheets are insensitive

to strainrates.

Esfahani et al. (2007), itmeir studycarried out tests to determine texural behaviour
of RC beamstrengthened witlrRP sheetsThe flexural strengtlof FRP bonded beams
was compared with control speciméhat were not bonded with FRP she&ssults show
that FRP sheets improved the flexural strength and stiffness of the RCAl#aagh they
testal at static load onlythey olserved that the models specifiedtie ACI 440.2R08
(2008) design code and ahspecified in the ISIS Canada (2008pocument are
overestimatedor beams withow reinforcing bar ratiavhen compared to experimental

results Themodels ardnowever suitabléor beams with high reinforcing bar ratio.

2.6.1.5Bond Stressdlip Relationships of FRP sheets Bonded to Concrete
The bond stressslip relationship helps in determining the tensile strem§tRRP sheets
based on the strain distribution, bond stressl fracture energy parameters (Shen et al.,

2015 and Shi et al., 2012). In this section, strain rates and how it affects the relationship
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between bond stress and slip based on experimental data and analytical models proposed

in previous investigationis discussed.

Shadravan (2009) pointed out that pull tests are the most commonliegséd derive a
complete bond slip model. One way in which to define the {stipcturves from pull tests

is by first finding the bond stress at a section along the-teRBncrete interface using

strain values obtained from strain gauges at the said section. The FRP strain values are then
numerically integrated to get the corresponding sigba(ive displacemenbetween the
FRPto-concrete interfagevalues. This method is simple &n beinaccurate due to the
discrepancies in the strain values. Ttiéerences in strains as a result of crack
propagation and debonding failuteat may occur on the test specim@&mother way in

which the stresslip relationship can be determined is from the ishg curve. Even

though it has its own disadvantages, it is an easier approach becalibetatslip curves

arelikely to yield similarresponse aead-displacementurves(Lu et al., 2005).

In the modéproposediy Shen et al. (2015) determining the bonrdlip relationship of FRP

sheets bonded to concrete was assumed that: (1) the relative displacement between the
concrete and sheet at the free end of the sheet is zero; (2) the displacethembatrete
specimen far away from the concrete cover is negligibleg (Bearvariation of straingxists

in the FRPsheetbetween two subsequent strain gauges. The-blypdurve was obtained by
determining the average slip between two strain gaugkthair corresponding stresses under
different strain rates. It was finally concluded that the relationship between bond stress and slip
under different strain rates are an€@9/8)gous.

findings as stated in Eqtian 2.2:
[2.2] Tt —
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Wheret is the local bond stress (MP&)s the local slip (mm)f  is the maximum local

bond stress (MPal, is the slip corresponding to  ande¢ is a constant.

Jacques (2016), using flexural beamd tests studied the characteristicstied bond
between FRP bars amonaete at high strain rate. Fourtele@am specimens were tested

at high strain rates ranging from p 1 top& i . Although the beams testedtims
research wére not externally bonded witfRP sheetst was discovered that high strain
rates significantly affected the bond strength of the Ise@stedut had little to no effect

on the bond stresdip curve relationship. It was also indicatadhiswork that the flexural

beam test method is the most appropriate type of test for dynamic loading and was
recommended for future studies.

Wu et al. (2002), Yuan et al. (2001), Bronsens and Van Gemert (1998) and Nakaba et al.
(2001) all used modelsased on fracture mechanics to compare sdipdrelationships in

their experiments. New models were proposed based on their findings and results. It is
stated by Wu et al (2002) and Yuan et al. (2001) that models based on fracture mechanics
yield very sinple equations for the determination of the ultimate bond strength. The only

parameters used in these expressions are the FRP stiffness and interfacial fracture energy.

Examples of simplified bondlip curvesat different strain ratess obtained by Sheet al
(2015)are as shown in Fige 2.5. As seen in the figure, the dynamic maximum bond
stress increaseawith strain rate All the curves follow a similar pattern which indicates

similar behaviour at varying strain rates.

37



B A
(e) ~ |
g4
_ | _ — 061%107 5
N - - 061x107 5"
< £ I S 0.47x107" 57
b ! " 0 -1
L —- 0638
=
=
S
aa]
D ! I ! I ! I ! | ! | |___ |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Ship,s{imm})

Figure 2.15: Relationship betveen Dynamic Bond Stress and Slip under Different

Strain rates (Shen et al., 2015)

2.6.2 Studiesinvolving Computational Techniques

The bond strength and behawicof an FRP strengthened beam mainly depends on the
interaction between the substrate and FRP interface. Since more studies have been carried
out for beams subjected to static loads, many models have been suggested based on
experimental data and theoriediiacture mechanids predict the bond behavioof FRP
to-concrete interface under static loads rather than dynamic lakkdsugh there is need

to study and develop analytical and numerical models for FRP strengthened members
under dynamic loads, i ialso important to access thosedelsproposed for strengthened

members under static loads.

An FRP reinforced concrete structure can be modelled using the beam, plate or shell theory
based on the type of structural element being considered. The regdhsestructural

element is based on the geometry and boundary corstititine structural system and this
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response is determined using analytical or numerical models, dtmsedolutions or by
using a finite element approach (Ruiters, 20P4st ankytical and numerical models for

both static and dynamic loadings will be discussed in this section.

2.6.2.1Analytical and Numerical Studies

Smith and Teng (2001) c#&d out an irdepth review of twelvgreviously developed
analytical static models. Results from these models werpa@a with data obtained from
fifty -nineexperimental beam test specimensvds observed that of all the twelve models
those developed for steplated beams were more acate than those developed for FRP
strengthenedRC beams. A new model was proposed in the literature by modifying the
model developed by Oehlers (2004) for stgated beams. The new model which is based
on the relationship between the shear forces of Rlesheetand the concrete substrage

as indicatedn Equation 3.2oelow;

[2.3] W § SG¥;

wherew  in kN is thesheet end shear foraedw is the shear force of the concrete.
is a factor that varies depending on the failure mode being designed against. The aim of
the above model is to design against various modes of failure that may affect the strength

capacity othe FRP strengthendoeam.

Shi et al. (2015) suggestedlinear relationship between ultimate load and interfacial
fracture energwfter tess carried out on fiftysevenspecimens at varying strain rates up to
1i . Fracture energy is the energy value that caasek ina unitsurfacearea and it is

a significant factor when determining the besiigh relationship in an FRB-concrete

39



interface. As the strain rate increases, the fracture energy increases logarithmically. The

model is as indicated in Equati@m below;
[2.4] ‘0O —F

where’O (N/mm)is the interfacial energy and is calculated from the data obtained from
tess, U is the ultimate load ahespecimenO, 0, and® are the modulus of elasticity,

the thicknessand the width of the FRP sheetspectively. The equation of interfacial

shear stresd(a) in MPais givenin Equation 2.5s;

[2.5] teo 06— —

where-(6) is the strain distributioron the FRP shegd A1 & are the modulus and

thickness of FRP sheeb, &y ando are fitting parameters and x is the distance away from
the loaded end. The values of the strain distribution are deduced from the equation taken

from the boneklip model by Dai et al. (2005).

twas pointed out by Shen et al. (2015) that
length is one of the most precise amongst the existing models. An equation to determine
the effective bond length under static load proposed bgtlal. (2004) is asndicated in

Equation 2.6

[2.6] o | —

whereO o & @ are the Elastic modulus and thicknesshefFRPsheet™Q is the tensile

strength of concretd) is the development length of FRP sheehmwhile| is a constant
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obtained from test results. The equation shows that the effective bond length is directly
proportional to thesquare root of thERP stiffness and inversely proportional to the tensile
strength of thé=RP sheetThe effective bond length of FRP under dyiahigh strain

rates can be determihbased on the Dynamic Increase Faclbat is the ratio of dynamic

effective bond length to the static bonddénas indicated in Equation 2.7

[2.7] S

Where O and O are the static and dynamic modulus of elasticity of the BR&et
respectively andQ and™Q are the static and dynamic tensile strengtthefFRP sheet
respectively. The elastic modulus and concrete tensile strength are affected by strain rate,

therefore the ratio of the static to the dynamic modulus and tensile strength can be written

in terms of strai rate as shown in Equations 2.8 and 2.9;

[2.8] — p A& O

[2.9] — p raé0—

The coefficient can be established through regression anallysis (o 6=0.9Y2)with the

values of the coefficient for the modulus and tensile equations being equal to 0.0625 and
0.173 respectively.

Shen et al. (2015) presented their dvRPbondstress versus strain rate relationship model
after studying and comparing previous models developed by other researchers. Based on

the study carried out in this literature, it was concluded that bond stress increases as strain
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rate increases. Various mdslevere used to calculate the stress increase as the strain rate
was increased fromstatip p1m 0 98t p M i todynamic strain
p pmmTOoO&Y pTm i .Equation2.1@vas chosen to be the most accurate model

to determine dynamic bond stressre®se as the strain rate increases.

[2.10] — p | aé0—

Wheret  andt  are the dynamic and static maximum bond stresssgectively;

and - are the dynamic and static strain satespectively, andf are coefficierd
determined from regression analysis. The above equation was chosen as the most accurate
because the results of the deviations of the equation from the experimental test carried out

are minimal.

The Chen and Teng (2001) effectieadjth static model was modified by Huo et al. (2016)
for it to be suitable for dynamic calculatioas shown in Equation 2.1The dynamic
effective bond length(Y ;) is estimated by substituting the static compressive strength
("Q ) with its dynamic counterpasds indicated in Equation 2.12

00 8

[2.11] o0 8

¢

[2.12] Qr 00T

where DIF is the Dynamic Increase Factor. The FIB model (2001) as well as thOTREO

(2004) modelwere also modifiedisingthe DIF. Results showed that the modified formulas
were very much accuraf€he same can also be done when determining the ultimate bond force
under dynamic loading. The ultimate static bond force models by Chen and Teng (2001) and

CNR (2004) were mitiplied by the DIF as indicated in Equation 2.13:
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where'Q is the characteristic strength of concrégeis the cylinder compressive strength
of concree, @ is the width of FRP sheek) is the geometric coefficient, is the

coefficient of width ratipandf is the FRP coefficient which is mostly equal to 1.

Maeda et al. (1997) presented an equation for the surface bondtsaresshe effetive
bond lengthd as shown in Equation 2.14 and 2.I%he ultimate bond force is then
determined by multiplying the bond stress by the effective bond area.

[2.14] t pp&t pmOod

[2.15] 0 Ageotrm ¢ TOO

Recentlydeveloped model®r determining the development length of FRP sheets bonded
to concretaise similar variabledq Fo F& it setc)and most of these variables appear in the
numerator. That is, the variables are directly proportional as oppoddetomdels where

the variables appear in the denominator. Irrespective of these discrepancies, several
guidelines have approved these propasdddnodels for use in the design of FRP bonded
RC structures (Shadravan, 2009). The effective length equatiomneended in the ACI

440.2R08 (2008) is as shown induation2.16

[2.16] 0 —

Quantrill et al. (1996) in their model, used the principle of strain compatibility and
equilibrium to determine the behaviour of FRP strengthened bhaaaes impact. Stresses

in the concrete, steeeinforcementand FRPsheetwere then calculated using material

propery relations (modulus of elasticity, strain value, material area and thickRessjlts

43
























































































































































































































































































































































































































