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ABSTRACT

Reinforcement of concrete flexural components has been traditionally provided by steel
rebar; however, durability concerns and life maintenance costs of this product have
poweked the emergence of fibre reinforced polymers (F&Peinforcement inoncrete.

FRP products hold tremendous promise but their application can be constrained due to
design challenges resulting from a reduced modulus of elasticity. The ability to meet
serviceability behavior, such as crack width and deflection, is commonly the limiting
factor for design. Therefor¢he area of FRP reinforcement provided igofgreater than

the amount requirefbr strength alone and this has significant impacts onptbgect
economics. The bond dependent coefficiep) (€ FRP is required for serviceability
design purposes in order to account for the bondingbdégaof FRP to concrete. The
values of this coefficiemeportedin experimental studies aheghly variable, resulting in
unreliable crack response predictions. Therefore, a more consistent interpretation and
calculation must be found for the bond dependent coefficient due taritisal
importance in design.

The bond dependent coefficient, &sll as physical parameters which influence crack
width in GFRP reinforced concretevere investigatedxperimentally in this study using

a total of 33specimens. Tdtest procedure was taken from a procedure being developed
by the American Concrete litstte (ACIl) Committee 440and was evaluated and
modified as required during testing. Phase | testing was used to investigate and
determine the physical parameters which had the most significant influence on cracking
behaviour and bonding capability. Ugirsignificant findings from Phase |, Phase II
testing was structured to focus on the interpretation of the bond dependent coeffidient
the statistical variatiom a set of 5 identical test specimens. Current design equations, as
recommended by ACI 44DR-06 and CHBDC CAN/CSAS6-06, were used for the
calculation of the bond dependent coefficient for all specimdngerpretation of the

bond dependent coefficient was considered using the $tnessapproach and newly
developed slope approach.

Resultsof the study indicated that the high variability of was likely due to its
interpretation. Current design equations force a zero intercept, neglecting the fact that
concrete does not crack immediately upon loading. In additl@ar definitions of
sevice stress and maximum crack width are ambiguous, further complicating the
calculation of the bond dependent coefficient. This resulted in a rangevalukes for a

given beam despite the fact that ik inherently a material property of the baheT
behaviour of specimens following load cycling wadso very different than the initial
loading cycle and consequently, Was also significary different. As structures in the

field will be subjected to continual loading andloading, the effect of cyclitbading
becomes &onsiderationn the calculation of k
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CHAPTER 1 : INTRODUCTION

Concrete is rarely used without the addition of reinforcement due to its low tensile
strength andhus, britte behaviour. €nsile strength in reinforced concrete has been
traditionally provided by steel reinforcement; however, due to durability, corrosion and
life maintenance costs, fibre reinforced polymers (FRP) have been emerging since the
195006s aative donsted lteinferaement. Despite the fact that FRP applications
hold tremendous promise, design constsaican limit their applicationincreased
deflection and crack width due to a reduced modulus of elasticity ofaF&problematic

in selectingan efficient design. The design of glass fibre reinforced polymer (GFRP)
reinforced concrete is typically governed by serviceability criteria as the modulus of
elasticity of GFRP is approximately 25% of that of steel reinforcement. Therefore, the
area of GFRP reinforcement provided is often greater than what is required for strength

alone which can have a significant impact on project economics.

The current design approach, as recommendedA6y 440.1R06 and CHBDC
CAN/CSA-S6-06, requirs a bond deperanht coefficient (k) to be used imprediction of

the serviceability behaviour of FRP reinforced concrete. This coefficient is meant to
capture the bonding capability of FRP to concrete and is highly dependent on physical
properties such as surface treatitneThe surface treatment of FRPnot regulatednd

can therefore vary dramatically depending on the manufactureariety of thesurface

treatments that have been used in the indas&yshown irFigurel.1.

Figure 1.1 - Various surface treatments for FRP



This coefficient is critically important for reliable and consistent crack width predictions
based on the current design standards. However, this coefficient has been reported as
highly variable as it is dependent upon physical properties. To accutatelyjatekp,

the physical parameters affecting cracking and thus the bonding behaviour of FRP to
concrete must be investigated in order to determine their relationship to the bond
dependent coefficientA more consistent interpretation and calculatioprapch must be

found for the bond dependent coefficient due to its critical importance in design.

1.1 RESEARCH OBJECTIVES

In 2010, aest method was proposed to ACI Committee 440 for the purposes of achieving
consistency in thexperimentatetermination of the bond dependent coefficient of FRP.
Thetest method was evaluated in this study using the experimental testingai@8te
specimens reinforced with GFR®hile modifications were made as requiredarious
parameters impacting cidog and bonding behaviour were examined in two phases of
testing.

The specific physical parameters that were investigated include:
Reinforcement ratio/bar diameter

Concrete cover

Bar spacing

Member type (slab/beam)

Synthetic fibre contenind

= =4 4 A A -

Surfa@ treatment

One of the two mairmobjectives of this research was to examine and explain the
significant variability of reported jkvalues. A literature review was completed to
identify possible interpretation and calculation approachethi®coefficient. Using the
results from this study, the secoméin objective was to determine @valuation method

for ky in order to achieve consistency in its calculation.



A secondary objective was to examine the statistical variability of cracking behawiur
kp in FRP reinforced specimendA test series of five identical specimens was used to
examinethis variation The k, values calculated from this analysis watsoapplied and
used to predict the bond behaviour of other specimens with identical rein@tem

Cyclic loading vas also investigated to exanaithe effect of reloading behaviour on the
calculation of k.



CHAPTER 2 : LITERATURE REVIEW FOR FRP AND CRACKING

This chapter discusses relevant information pertaining to the composition of FRP bars,
and identifies current applications for these products. In addition, there will be a focus on
the mechanics of crack formation and control in reinforced concrete, including the

properties that affect bond behaviour.

2.1 FIBRE REINFORCED POLYMERS

FRP products are compasimaterials that are comprised of a matrix and reinforcing
fibres. FRP exhibits a much different strsgain relationship than steel aisla brittle
material that does not exhibit yielding. As shown Rigure 2.1, the stresstain
relationship of FRP and its constituents is essentially linear up to failure with the fibres
being much stronger than the matrix. Contrast this to the sess relaionship for

steel shown irrigure2.2; a yielding plateau occurs following a linear elastic range due to

the material ductility.

stress

[MPa] T

1800-4900 =—1— fibres

600-3000 -

Pt matrix

34-130 __| 75

_>

strain

0.4-48% >10%

Figure 2.1 - Stressstrain relationship for FRP and its constituents(ISIS Canada
Corporation, 2001)
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Figure 2.2 - Stressstrain relationship for reinforcing steel (Wight & MacGregor,
2009)

Due to the differences in their strestsain relationships, there are aldifferent design
practices for FRP and steel reinforced concrete. Steel reinforced concrgteadiyty
desigredto be reinforced such that the steel yields prior to concrete crushing. However,

for FRP reinforced concrete, it is preferable to fail in concrete crushing mibileut

tension rupture of the FRP

2.1.1 Fibre types

The most common typed fibres for FRP are carbon (CFRP), glass (GFRP) and aramid
(AFRP). CFRP are the most widely usedigh-performance concrete structures due to

their superior tensile tsength. In addition, CFRP also has the highest modulus of
elasticity of the threeamnmon fibre types.These fibres are extremely anisotropic, where

the modulus in the longitudinal direction can beti?®s themodulus in the transverse
direction(Campbell, 201Q) Carbon fibres were first introduced intf@ @ 0 6 s and it

found thata barsurface treatment was required to exhibit adhesion to the epoxy matrix.

GFRP is composed of glass fibres and have moduli of elasticity in tension approximately
20 to 25percent of steel reinforcementhis low modulus produces increased deflections

and crack widths which propose significant design challengeglads is the most



affordable option for high performance fibres, and thus, is used most in commercial

composite applications.

AFRP is compeed of organic fibres with stiffness and strength intermediate between
glass and carbon Aramid fibres are formed by the reaction betwaeararboxylic acid

and an amine group to form aromatic polyamides. This ring structure contributes high
thermal stality (Campbell, 2010) However, aamid fibres are not surfa¢eeated as no
acceptable treatment has yet been developed.

2.1.2 Matrix

In order to form FRP, the fibres must be bound by a matrix. The matrix transfers the load
directly to the fibresand provides toughness, impact and abrasion resist@acepbell,

2010) Two types of polymeric matrices are widely used for FRP composites:
thermosetting and thermoplastic. Thermosetting polymers are commonly used and

are composed of low molecular weight liquids whose molecules are joined by chemical
crosslinks (ISIS Canada Corporation, 2001)Once set, a rigid thredimensional
structure is formed that cannot be m@shd using pressure or heat. Common
thermosetting polymers are epoxy, polyester and vinyl ester, whose properties are shown
in Table 2.1. Thermoplast matrix polymers are made from molecules in a linear
structural form held in place by weak secondary bonds that are easily destroyed by heat

or pressure if reshaping is required.

Table 2.1 - Properties of Typical Thermosetting ResingISIS Canada Corporation,

2001)
Resin Specific Tensile Strength | Tensile Modulus | Cure Shrinkage
Gravity (MPa) (GPa) (%)
Epoxy 1.207 1.30 5571 130 2.751 4.10 1715
Polyester | 1.107 1.40 34.51 103.5 2.101 3.45 57 12
Vinyl Ester | 1.1271 1.32 73-81 371 3.35 5.21 10.3

2.1.3 Manufacturing Processes

Commercially, filament winding and pultrusion are the most commonly used fabrication

processes for FRFArilament winding as shown irrigure2.3, has been in continuous use



since the mid 19406s and is a highly rep:

practicallyany geometry rad size. Dry tows are drawn through a liquid resin, assembled
into a band and wound on a rotating mandrel. The band of fibres must be passed through
a series of guides and spreader bars which is then delivered to the part. Low tension aids

to reduce abrasion and nmmizes the possibilitpf tow breakag€Campbell, 201Q)

Moving crae

by

Figure 2.3 - Filament winding fabrication process(Owens Corning Composite
Materials, 2011)

Pultrusion is tk primary processsed for manufacturing FRIPars where theproducts

are formed using a continuous process where the base reinforcement material is pulled
through a resin bath and then a heated dye,@8rsim the schematic iRigure2.4. This
process allows for a wide variety of shapes, length and properties by modifying the resin
and reinforcement materials. The end product producguuligusion is norcorrosive,
nortconductive, neutral to electromagnetic fields @ndlso a thermainsulator(Pultrall

Inc., 2007) The main disadvantage of the pultrusion process is that the resin provides a
smooth surfacavhich produces a low quality bond in concreted reduces the load
transfer between the concrete and FRP reinforcement (Esfahdeh2008) However,

the FRP can be surface treated to improve the b&xdmples of surface treatments are

sandcoated ribbed,helically wrapped, or braided.
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Figure 2.4 - Pultrusion process for FRP(Tighouart et al, 1998)

2.2 FRP APPLICATIONS

Due to the various advantages associated with the use of FRP, the applicatibase

products continue to increase. Real life applications include bridge decks, wharfs and
pavement reinforcement. Another major application of FRP involves rehabilitation of
existing concrete, steel, timber or masonry structures. Since theQl&e016 s |, desi gn
have chosen to move towards these innovative technologies to mitigate corrosion
problems and reduce overall life maintenance costswever, meeting serviceability

criteria such as maximum crack width and deflection can be difficult i@ae and is

commonly the limiting factor in design.

2.2.1 Bridge Decks

According to Cheng & Van Zwo{2005) forty percent of the bridges in Canada were
constructed more than 30 years ago and significant deterioadttbe deck has resulted

due to corrosion of internal steel reinforcement. Concrete bridge decks are in direct
exposure to harsh environments andidileg chemicals, resulting in an accelerated
deterioration process. For this reason, FRP is being entployeridge deck design in

order to extend the service life of the structure.

In 1997, the first continuous stefeée deck was constructed as part of the Crowchild
Trail Bridge in Alberta. This deck replaced the existing superstructure, althoughrihe pie
and abut ments wer e(CHengr&d/anzZwoll 2005) i n the 1960



In December of 1997, the Joffre Bridge, shown Rigure 2.5(a), in Downtown
Sherbrooke, Quebec opened to vehicle traffic over the St. Francois River. The bridge had
dimensions of 164.4 m in length and 16.8mwidth and was composed of five spans of
continuous steel girders. The deck slab for thislge was 260 mm thick and was
reinforced with CFRP NEFMAC grids in the top mat, as showRigure 2.5(b). This

bridge was instrumented at critidakations using fibre optic sensors (FOS) to monitor
the deck behavior and performance during and following construction to ensure structural
integrity. Since 1997, the use of FR&inforced concrete bridge decks has grown across
Canada and the United &ts.

Figure 2.5 - Joffre Bridge: (a) After construction; and (b) CFRP grids (Benmokrane
et al, 2004)

2.2.2 Pavement

As of 2006, continuously reinforced concrete pavements (CRCP) with GFRP
reinforcement had never been used on a highway with regular traffic. However, in 2006,
MTQ Pavement Division and the University of Sherbrooke initiated a test project on
Highway 40 Eat near Montreal. For this study, 18 full scale slabs, ranging from 280

350 mm in thickness were installed oddianes of traffic, as shown Figure2.6.
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Figure 2.6 - Layout of test slabs on Highway 40 EagBenmokraneet al, 2008)

Instrumentation on the bars was

pavement following construction.

completed in order to orotiie performance of the
After one year in service, satisfactory performance

was achieved with no pumping, faulting, spalling or puoahfailure in the slab surface.

Crack spacing and crack width were also monitorethese are the critical factors that

control pavement performance.

It was found that crack widths ranged froni 0.95

mm, which is less than the current AASHTO design limits.

2.2.3 Wharf

Hal |
in Nova Scotia.

6s Harbour

i's the onl vy skatedenortn af Dighy u r

It is also home to the first marine structure in Canada utilizing GFRP

reinforcement and a stefetbe deckNewhook, 2006) This design was initiated due to a

collapse of the migection of the

environmental exposure conditions, FRP was suggested as a feasible solution.

wharf during a storin 1998. Due to the extreme
This

innovative desigiwas approximately.5% more based on the total project ctsn its

steel counterpart and extended service life from 3@syeabetween 60 and 80 years. In

on

terms of the design, the piles were composed of steel free concrete encased in a GFRP

jacket.

The deck panels were composed of fibre reinforced concrete (FRC), utilizing

arching to resist tension forces and also conthi@&RP rods to reinforce against the

uplift force created by the waves.

Fibre optic monitoring technology was also embedded

in the glass rods in order to allow ISIS Canada to monitor the performance of the

structure over time.
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2.2.4 Rehabilitation and Ret rofit

Many structures in Canada require rehabilitation due to corroded steel reinforcement or
increases in load due to changes inubke of the structureTo demolish a structure and
rebuild can be very costly and is not always a viable solution. Iiauagtures are facing
this challenge today and with minimal intrusion, FRP strengthening proposes a viable
solution in order to preserve aesthetics in the form of FRP wraps and externally bonded

FRP laminates.

Galati et al. (2006) investigated the flexural strengthening of a bridge superstructure
located on Route 0039 in Washington County, Missouri. The bridge was a 4 span RC
slab 17.8 m long and 4.3 m wide with a 178 mm thick concrake lisible damage was
found on the North edge of the deck in the form of concrete spalling, resulting in exposed
steel reinforcement. It was also deemed that cracking at midspan was due to insufficient
longitudinal reinforcement. CFRP laminates wereppsed and analyzed using
AASHTO specifications as a solution to the current situation. The laminates were
externally bonded on the bridge as showrFigure 2.7. The entire application was
completed by a certified contractor in 48 hours without any disruption to traffic.
Following installation, the load posting of the bridge was increased frono 4&tbns (a

320% enhancement).

Figure 2.7 - Location of CFRP Laminates for Bridge Strengthening (Galatiet al,
2006)
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After one year in service, cracking was observed in a high rise structure in the slabs,
foundation walls beams and columns ahown in Figure 2.8. Likely causes were
differential settlement of the foundation, shear reinforcement deficiency in the beams,
excessive cover to main reinforcement in foundation walls, smaller than specified
thickness of the walls and the presence of clay backfill behind the (8ladlikh &

Homam, 2004).Repair of the structure was required as the factor of safety against shear

ranged from 0.4% 1.28, while design values were 1.65. To minimize interferentte w

residents, retrofit with CFRM®raps and sheetsas chosen. As of 2004, the repaired

components hasatisfactoryperformance whout any problems for 4 years.
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Figure 2.8 - Observed cracks in: (a) the slab; and (b) the foundation wa(iSheikh &
Homam, 2004)
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2.2.5 Design Challenge

In steel reinforced concreterack control is important to protettte reinforcement from
corrosion; however, FRP bars have excellent corrosion resistance and therefore,
maximum crack width limits are primarily for aesthetics. However, meeting these
serviceability limits with FRP can be a challenge due to its reducedlosodf elasticity,
making cracking a very important consideration in design. There are many methods to
approach crack control in FRP reinforced concrete which will be discussed in Section
2.6.

2.3 PROPERTIES AFFECTING CRACKING BEHAVIOUR

Many of the crak width equations that have been formulated by researchers in the past
have shown that stress in the reinforcement is the single most important variable in
predicting crack width. However, based on statistical or physical models, researchers
have found veying results for propems such as surface treatmentinfarcement
ratio/bar diameter, clear cover and fibre contefiis section discusses the literature to

date on thesparameterand thereportedresults of their variation on cracking behaviour.

2.3.1 Surface Treatment

In FRP reinforced concrete, the bond between FRP and concrete is dependent on
adhesion and friction, unlikeleformed steel reinforcement which relidseavily on
mechanical bearing (Tighouaet al, 1998). Because friction controlthe quality and
strength of théond, the surface configuration of the FRP rebar has a large impact on the
bond formed. Pulbut resistance is linked to a combination of both the static and friction
loadsas well as normal forces attributed to surfacefigorationthat are exerted on the
rebar and the surrounding concrete, as showhigare 2.9. Esfandehet al. (2008)
confirmed these phenomendth a series of pulbut tests on FRP rebars with four types

of surface configurations: one with a smooth surface, -saated surface, helically
wound ribs and a combination of sacohted and helically wound ribk this study, he
addition of any type of texture resulted in an iase in pulout resistance. &ed on
pull-out and loaetlisplacement behaviour, the FRP bar with sandcoated surface and

helically wound ribs had the bestverall performance. Researchrgad out by

13



Masmoudiet al. (1996) also determined differences in crack width and crack spacing

depending on the surfacenfiguration of GFRP rebars.

(b)

Figure 2.9 - Schematic of forces on (ajleformed rebar; and (b) concrete during
pull-out testing (Esfandehet al, 2008)

2.3.2 Reinforcement Ratio/Bar Diameter

Leeet al. (2010)found no clearcorrelation between bond and reinforcement ratio or bar
size when evaluatingok However,Masmoudiet al. (1996) found that an increase in
reinforcement ratio resulted in more numerous cracks in the constant momentatgi

the specimen and thus, decreased crack spathege researchers also found that an
increase in reinforcement ratio resulted in decreased crack widthther investigations

by Tighouartet al. (1998) revealed that FRP rebar, similar to steel, exhibited a loss in
maximum bond strength as the diameter of the bar increased. This occurrence can be
further explained by the fact that as the diameter increases, more bleeding water from the
concrete can beapped beneath the bar, reducing the contact area available for bond.
With a smaller contact area, bond strength will be decreased touiutsting. This was
confirmed by Alveset al. (2011)where the bond strength bo.16 (,715.875 mm)bars

was 3050% greater than No0.19719.05 mm) GFRP barswith identical surface

configurations
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2.3.3 Concrete Cover

The majority of the research completed to date on the effects of cover for FRP has been
focusel on durability, as RP proposesincreased durability to conventional steel
reinforcement. Based on workropleted by Galatet al. (2006) small covers were more
susceptible to micro cracking due to stresses induced by thermal treaimeaidition,

local bond slip relationships were improved with increases in cavencrete cover was

also determined to be important in decreasing the temperature gradient and thus, the
expansion of the cross section of the bar (Abktesl, 2011).

Although the behaviour of steel is fundamentally different than FRP, the same crack
width prediction equations are used for both materials weéthable bond dependent
coefficiens. Cover is one of the variablesed in crack control for steel and FRP
reinforced concretand therefore, some conclusions can be drawn from steel reinforced
members Broms(1965)determined that crack spacing in steel reinforced members was
determined primaly by the maximum concrete cover. Eerimentally, the observed
crack spacing at the level of reinforcement was approximately two times the thickness of

the cover to the center of the reinforcing bar.

2.3.4 Synthetic Fibre Content

Fibre reinforced concrete (FRC) dates as far back as 4900whén civilization in
Mesopotamia used straw to reinforce their mud bhkakdings (Campbell, 201Q) In

present times, fibre reinforced concrete refers to concrete that is reinforced with
randomly distributed fibres. Commanaterials for these fibres include steel, glass,
synthetic and natural and they can be deformed or have mechanical anchorage to improve
their bond to the concrete matrix. The behaviour of FRC depends on the ability of the
fibres to maintain a good bond toncrete when they are being pulled in tension across

crack genings(Wight & MacGregor, 2009) Since the 19806s, FR
nonstructural uses due to lack of design codes; however, in 2008, ACI allowed for steel

fibres to be used as minimum shear reinforcement in beams.
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The addition of fibresto FRP reinforced concreteas been investigated by several
researcherso determine the improvements theyay providefor serviceability. Due to

the large variation ofitire materials commercially available, several types of fibres have
been tested in varying percentage®/ang & Belarbi(2005) used 0.5% by volume,
fibrillated, polypropylene fibres with FRP reinforcement and determihatthere was a
negligible change in crack spacing between plain and FRC specimens at ultimate.
However, at a service stress of 40% of ultim#ie FRC specimens had more numerous
cracks and therefore, a 20% smaller crack spacing. The crack spaER@ ispecimens

was smaller as les®hd stress was required to attain ¢hacking stress due to the tensile
component from the bridging of the fibres,sl®wn inFigure2.10. The researchers also
found that the FRC specimens exhibited higher ultimate strains and failed in a more
ductile manner than the plain specimens that failed in a brittle, explosive manner. By
increasing the volume of fibres td/l (polypropylene, crimped), a reduction in crack
width wasobserved as well as increased bonding due to a lower valug, 6drkFRC
specimens over plaiconcrete specimer{teeet al, 2010) It was also found that over
reinforced beams with FRC had manemerous cracks due to the addition of fibres that
prevented localization of cracking. A-30 polyolefinsteel combination was used at a
volume of 2% and increased the modulus of rupture by 72.52% and the load carrying
capacity by 75.42% over plaiconcete (Eswariet al, 2008) At ultimate and service
loads, the deflection was increased by 137.5% and 187ré8pectivelyand the FRC
specimens also exhibited increased ductility. Experimentally, more cracks were formed
and there was an observed 80%ucttbn in crack widths.Yanget al. (2012)conducted
testing on six higtstrength concrete beams with GFRP or CFRP flexural reinforcement,
and either 2.0% synthetic or 1.0% steel fibre content by volume. As predieedRC
specimens exhibited smaller crack widths at equivalent load levels compared to plain
specimens. The researchers also observed that the FRC specimens had delayed initiation
of cracking, with the cracking loads being approximately twice those ofpldia
concrete. Crack widths were only controlled by the fibres up to a load of 100 kN;
however, the ductility index at failure was 780% higher for FRC specimens. As a final
conclusion, the researchers found that the synthetic fibers were moraveffer

controlling cracking response than the steel fibers in CFRP.
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Figure 2.10- Crack formation in concrete (Wang & Belarbi, 2005)

2.4 MECHANICS OF CRACK FORMATION

In concrete members, the mechanism of cracking begins by the formation of tensile
stresses due to applied load, moment, shear and torsion. The crack patterns resulting
from these induced loads are veigtihctive, as shown ifigure2.11. The formation of

a crack occurs when the tensile stress developed in the concrete exceeds the tensile
strength of the concrete. At the crack location, the reinforoebregins toaccept the

tensile force. As the distance extends from the crack, the stress is gradually transferred
from the reinforcement to the concrete through bonding until the formation of another
crack occurs due tre-attaining the tensile strengthithin the concrete. With increases

in load, this process can be repeated until the distance between cracks is not large enough
for the tensile stressf concrete to be reached and therefore, the formation of cracks is

ceased.
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Figure 2.11 - Load induced cracks(Comité Euro-International du Béton (CEB),
1985)

Cracking can also be initiated by imposed deformations such as differential settlement of
foundations, shrinkage or temperature. A common solution to minimizing cracking due

to imposed deformations is to remove the restraint and allow deformation toatccur
concentrated points where measures have already been taken to avoid problems. This can
be achieved in a variety of ways, such as the use of control joints or the addition of
shrinkage reinforcement.  Another major cause of cracking is attributed eto th
temperature gradient within members and to the cooling of members due to the hydration

of cemen{Comité Eurelnternational du Béton (CEB), 1985)

2.5 CRACK WIDTH PREDICTIONIN STEEL REINFORCED CONCRETE

Serviceability performance of reinforced concrete infrastructure relies on maintaining
acceptable crack control and deflection. Excessive cracking is not only undesirable for
aesthetic purposes, but can also enable substances, such as chlorides or salts, to penetrate
through the concrete and corrode the steel reinforcement, compromising durability.
Sever al crack width equations have been pr
means to address these concerns and since 1971, the American Concrete Institute (ACI)

has required control of flexural crackimg steel reinforced concrete.
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2.5.1 Gergely -Lutz Equation

In 1968, Peter Gergely and Leroy Lutz statistically derived the Getggkyequation for
predicting crack widths in steel reinforced concrete. With the dallected by several
researchers, Gergely and Lutz performed a multiple regression analysis to determine the
variables that contributed most to crack width. The data consisted of 612 observations of
bottom crack widths, and 355 observations of sidekcnadths (Gergely & Lutz, 1968)

It was concluded that steel stress was the most important variable in the evaluation of
crack width. Two equationd,2.1] and [2.2], were considered to best predict the

maximum probable crack width at thdesand bottom (tension) faces:

. o0
o)
0 TIwpPOOY'Q v [2.2]

where,
Ws is the maximum (measured or calculated) side crack width devee of
the steel centroid in constant moment region
Wp is the maximum (measured or calculated) bottom crack width in constant

moment regionin

ts is the side cover measured from the center of the outeinbar

to is the bottom cover measured frone center of the lowest han

A is the average effective concrete area around a reinforcing bai (efA
bars) in®

fs is the steel stress calculated by elastic cracked section tipsory

R is the ratio of kh;
hy is thedistancdrom neutral axis to center of reinforcemgant

h, is the distance from neutral axis to tensile face
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Although the equations presented above best predicted the most probable crack width, a

more simplistic approach (Equatipa3]) was suggested by theresearchers for design

purposes:
0 TWIXFQ Qo [2.3]

where,

w is the most probablerack width in

b is the ratio of b'lh;

h, is the distance from neutral axis to tensile face

h; is the distance from neutral axis to center of reinforcenment

d. is the thickness of cover from tension face to bottom of closesinbar

The GergelylLutz equation was adopted by ACI in 1971 for steel reinforced concrete

using the #Zactor approactfACI Committee 318, 1971) By using a common value of

1.2 for Db, t he f ol [12.4)wvasrgconargndedtfar orack corirgj u a t i «
using a steel stress of approximately 60% of ultimateere z is limited to 30000 N/mm

for interior exposure and 25000 N/muor xterior exposure:
a "Q Q6 [2.4]
2.5.2 Frosch Equation

In contrast to the Gergelyutz equation, the crack width equation proposed by Frosch is
based on a physical model. Robert Fro€t®09) re-evaluated the crack data used by
Gergely and Lutz and determined that their statistical equation was only workable at low
values of cover; however, increased cover and high performance concrete are desirable as
they can mitigate durability concerns. A cracking model was developed and compared to
the weltknown Gergelylutz equation. For cracks on the bottom face, the controlling
cover dimension was determined by the larger of the side cover, or the bar gmcing
shown in Figure 2.12. The results from this comparison showed that no method
demonstrated better accuracy than the others when analyzing thefratlculated to

measured crack width, as showrFigure2.13.
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Figure 2.13 - Maximum bottom crack width comparison (Frosch, 1999)

Based on the results found from the cracking model, both cover and spacing of the bars
were shown to affect crack width and spacing. The following equation (Eqyatin

was proposed by Frosch for uncoated steel reinforcement:
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0 C ;T 0 l_ [2.5]

where,

w is the maximum crack width at tension face, mm

fs is the stress in the staeinforcement, MPa

Es is the tensile modulus of elasticity of the steel reinforcement, MPa

b is the ratio between the neutral axis and tension face to distance between
neutral axis and centroid of reinforcement

dc is the thickness of cover from tensiface to center of closest bar, mm

S is the bar spacing, mm

Based on the tests conducted by Treece and(1i889) Frosch felt confident that epoxy
coated reinforcement resulted in increased crack width and spacitige irange of
approximately two times that of the uncoated reinforcement. For this reason, Frosch
recommended the equation presented above be multiplied by a factor of two when epoxy
coated reinforcement was used. ACI adopted this approach in theirnguibde
Requirements for Structural Concrete in 1999 by rearranging the equation to determine

the maximum allowable bar spacing to control crack&@l Committee 318, 1999)

2.6 FLEXURAL CRACKING PREDICTIONSIN FRP REINFORCED CONCRETE

With the increasing use of fibre reinforced polymers (FRP) in concrete, previous crack
width equations require modifications due to the differences in physical and mechanical
behaviour of steel ah FRP. Four methods of cragikediction in FRP einforced

concrete wil be discussed in this section.

2.6.1 Gergely -Lutz Equation

Until 2001, design and construction standards were not available for concrete reinforced
with FRP bars. ACI published the first guide in 2001 and specified a modifiedvefsi

the GergelyLutz equation for prediction of crack widths with the addition of a corrective
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coefficient meant to capture the bond behaviour of FRP. The modified Géxgely
equation (Equatiof2.6]) for FRP is as follows:

0 %r 0'Q Qo [2.6]
where,
w is the maximum crack width at tension face, mm
fs is the stress in the FRBinforcement, MPa
E is the tensile modulus of elasticity of the FRP reinforcement, MPa
) is the ratio between the neutral axis and tension face to distance between
neutral axis and centroid of reinforcement
kp is the bond dependent coefficient
d. is thethickness of cover from tension face to center of closest bar, mm
A is the average effective area of concrete ?mm

2.6.2 Modified Frosch Equation

In 2006,ACI 4401R-06 and CHBDC CAN/CSAS6-06 adopted the Frosch equation for
FRP reinforced concrete withe addition of a bond quality coefficient, ko account for
the bond between the FRP and concrete (Equdof]). Maximum crack width

guidelineswere defined as 0.5 mm for exterior exposure and 0.7 mm for interior

exposure.
Q . i
0 1T Q - [2.7]
C OT c
where,
w is the maximum crack width at tension face
f is stress in the FREzinforcement
E is the tensile mdulus of elasticity of the FRRinforcement
b is the ratio between the neutral axis and tension face to distance between

neutral axis and centroid of reinforcement
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d. is the thickness of cover from tension face to ceolftetosest bar

S is the bar spacing

2.6.3 Moment Equation

Lee et al. (2010) noticed a fundamental difference in behaviour between experimental
test data andhe design equatiorecommended by ACI 440.163 when studying the
impact of FRC on the crackingehaviour of beams containing FRP longitudinal
reinforcement. Equatiof2.6] forces a zero intercept; however, the behaviour of concrete
specimens indates that cracking does not occur immediately upon loading but rather
when the cracking moment of the concrete is reached. To address this issue, the
researchers modified the Gergélytz equation for FRP to include a naaro intercept

using a regressn analysis forced through the experimental cracking moment of the
beam. In addition, the equation was also modified to include moment instead of
reinforcement stress, as shown in Equajib8].

%A)UrE- . RT - [28]
where,
w is the maximum crack width at tension face
Ec is the elastic modulus of concrete
d is the deptHrom top of beanto centroid of tension reinforcement
Ocr is the depthrom top of beanto centroid of crack section
o) is the ratio between the neutral axis and tension face to distance between

neutral axis and centroid of reinforcement

Ko is the bond depalent coefficient

M is the applied moment

Mc  is the experimentally observed cracking moment

dc is the thickness of cover from tension face to center of closest bar

A is the concrete area surrounding one tension bar equal to total effective
tension areaof concrete surrounding reinforcement and having same

centroid, divided by number of bars
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2.6.4 Indirect Flexural Crack Control  Approach

Indirect methods of crack control involve controlling crack widths by syegf

maximum permissiblereinforcementbar spacing. Ospina & Bakis (200pyoposed an

indirect approach resulting from a rearrangement of flexural crack control provisions

Froschfrom ACI 440.1R06. The proposed model accounts for the dominant effects (bar

cover, FRP reinforcement stress,ffess and bond properties) on flexural cracking

There are two advantages to this method: 1) bar spacing dependence allows the designer

to choosehelevel of flexural cracking that is to be conteglt and 2) if the bar spacing is

constrained, flexuratracking can also be controlled by prescribing a stress limit in the

FRP. Equatior2.9] represents the proposed model for interior exposure corsglition

while Figure 2.14 graphically demonstrates this model as a function of concrete cover

(do).
where,
s
de
E
f,
Ko

, (0 , o)
O miigs B2 g [2.9]

is themaximum bar spacing

is the clear cover

is the modulus of elasticity of the FRP (assumed value of 40 GPa)
is the stress in the FRP (assumed value of 80 MPa)

is the bond dependent coefficient of FRR4)
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Figure 2.14 - Proposed flexural crack control provisions for GFRP RC (Ospina &
Bakis, 2007)

The maxi mum bar Sspacing provisions are
conditions typical of shallow members (1+0.00§2zhddeeper members (1+0.00Q8d

as well aghe value assumed by Frosch for steel reinforced concrete design (1+@0031d
In addition, the value of 0.91 mm shownFigure2.14 corresponds to a 30% variation in

the crack width limit of 0.7 mm.
The effect of bond quality on these provisions was investigated usuajues of 1.0 and

1.4. As shown irFigure2.15, the higheik, value of 1.4requiresa smallerbar spacing to

meet maximum crack width limits.
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Ospina & Bakis, 2007)
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CHAPTER 3 : LITERATURE REVIEW ON THE BOND

DEPENDENT COEFFICIENT

This chapter discusses the current calculation method,fat &ervice stresand newly
developed slope approackdditionally, literature orpreviousy completed researobn

the bond dependent coefficient will be presented, as well as case studies wisere k
calculated using a slope approach to increase the current database of results. Lastly, there
is a detailed discussion on the ACI 44G resthod that will be used in this study.

3.1 BOND DEPENDENT COEFFICIENT AT SERVICE STRESS

The approachused in literaturenvolves determination ofgkat a specific service stress
using the coespondingcrack width. Using Equatiof®.7] andcrack width data recorded
during testing, k can be calculatedvhen geometric properties of the specimen are
known. As an examplelrigure 3.1 depicts the typical cracking behaviour of a specimen
where k is calculated at 30% dhe ultimatetensile strength of the ba805MPa) at a
corresponding crack width of 0.54 mmEquation[2.7] forces a zero intercept and
calculates the bond dependent coefficient as the secant at the point of essssbN

the current linear format

400

300 / ﬁ-
50 e

©

o

S 200 /
= 150 -

00 // / — Measured

—(0.30fu

0 0.2 0.4 0.6 0.8 1 1.2 14
Crack width (mm)

Figure 3.1 - Calculation of ky, using stresslevel approach

There are many issues with this method resulting frontaitieof a consistendefinition
of service stress and maximum crack widthcurrent design standardsThe service

stress of FRRPeported in the literature and design documents ranges in fvaiael5i
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30% of the guaranteed ultimate tensile strength of the bars. As the valydegfehnds
highly on the service stress chosen for its calculation, this approach can result in a large
range of k values which significantly impacts crack width predictiorhis approach of
determining k is also inherently unable to represent a larggeant data as it is only
representative of one specific data poihit.addition, as multiple cracks formithin the
specimen, there have been differemierpretations of maximum crack width:

1 90" percentile crack widthimean plus 1.28 times the standatelviatior) as
reported byBakis et al. (2006) Giernacky (2002) Newhook (2000) and
Thiagarajan(2003)

1 Maximumcrack width at a service moment equal to 30% of the nominal moment
of the sectioras reported bitassenet al.(2011)

1 Widest crack across the length of the flexural zone as report€ddsem(2004)
Masmoudi et al. (1998) Theisz (2004) Lee et al. (2010) and Theriault &
Benmokran€1998)

3.2 BOND DEPENDENT COEFFICIENT USING SLOPE APPROACH

Based on the issues identified with the stlessl approach, an alternative slope
approach can also be used for determination,.ot.keet al.(2010)briefly discussed this
method in their research findings whaapproximate plot linearitywas observeth terms

of cracking behaviour that could be well represented using a line of best fit. Using a
reinforcement stress (or one of its derivatives) versus crack width plot, thee (8ltk)

can be found using linear regression which can be used to back calguldi® é&xpand

the current database of resultsliterature case studies were completed whegevias

calculated using this method and the results can be found in Sgetion

3.3 FRP CrAck WIDTH PREDICTION AND THE BOND DEPENDENT
COEFFICIENT

The bond dependent coefficient of FRP has been investigated by many researchers that
have reported values that are highly variable. The studies presented in this section depict

thelarge variability of ks and cracking behaviour in specimens reinforced with FRP.
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A meeting of ACI Committee 440 in Octobef 2004 prompted a collaborative study to
compare the effects of kn previous and proposestjuations for predicting crack width

in FRP reinforced concrete members. At the time, ACI 440 was considering the adoption
of the Frosch equation from tleairrentGergelyLutz equation. However, because the
forms of thetwo equations are different, thg kalue that should be used in the exse

of experimentatlata isalso different. Bakiset al. (2006)conducted this study to cover a
range of FRRypesi GFRP, CFRP and AFRP. A total of Hiferent experimental
studies were used for this analysisa mllaborative effort using both bar strains that

were measured as well as those calculated using a cracked elastic section analysis
depending on the data availablBummaries of these experimental studies are shown in

Table 3.1as well as the calculated kalues.
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Table 3.1 - Summary of experiments andcalculatedky values(Bakis et al.,2006

Bar Type (source of data) Surface Bar Strain | Mean Gergely Mean Ratio of
Treatment (uE) -Lutz ks Frosch I R
Hughes Aslan 100 E-glass/ vinylester | Spiral indent, | 2000-2100 0.92 1.10 1.20
(Giernackoy, 2002) sand coating
Marshall Ind. C-Bar E-glass/ PET- Molded ribs 1600-4300 139 172 1.24
polyester (Trejo et al. 2005)
Pultrall E-glass/ vinylester Sand coating | 1200-3300 1.07 1.27 1.18
(Trejo et al. 2003)
Hughes Aslan 100 E-glass/ vinylester | Spiral indent, | 1100-3600 1.33 1.38 1.19
(Trejo et al. 2003) sand coating
Marshall Ind. C-Bar E-glass/ PET- Molded ribs 2300-9000 058 0.60 1.03
polyester (Thénault et al. 1998)
Marshall Ind. C-Bar E-glass/ PET- Molded ribs 2200-7900 1.00 1.14 1.13
polyvester (Masmondi et al. 1998)
Pultrall E-glass/ vinylester Sand coating | 2400-4300 0.76 0.84 1:12
(Wewhoolo 2000)
Hughes Aslan 200 carbon/ vinylester | Spiral indent. | 2400-8800 0.92 1.09 1.19
(Theizz, 2004) scrim texture
DFI carbon' epoxy Sand-blasted | 1300-9800 1.07 1.16 1.08
(Thiagarajan 2003)
Pultrall E-glass/ vinylester (E1- Sand coating | 1300-3400 0.60 0.67 1.12
Salakawy and Benmokrane_ 2004)
Pultrall Carbon/ vinylester (El- Sand coating | 1100-3200 0.64 0.79 1.23
Salakawy and Benmokrane, 2004;
Kaszem 2004)
Marshall Ind. C-Bar E-glass/ PET- Molded ribs 2100-3000 0.83 110 133
polyester (Kassem, 2004)
Marshall Ind. C-Bar Carbon' PET- Molded ribs 1300-2800 0.82 1.09 132
polvester (Kassem 2004)
Arapree Aramid/ epoxy Sand coating | 3400-4300 092 1.22 1.33
(Kassem 2004)
Steel (El-Salakawy and Benmokrane, Ribbed 500-1200 072 0.90 126
2004; Kassem 2004)
FRP Maximum 1.39 1.72 133
FRP Minimmim 0.58 a.60 La2
FRF Mean 0.92 1.148 1.19
FRP Std. Dev. 0.25 .31 f4.003
FRP CF (%) 27 28 &

The researchers found to vary with bar strain and recommended thabkinvestigated

over a range of strain values typical for field applications. Meavakies were also

found to be scattered for different beams, and also for any one beam at different load
levels. To calculate the defaulg kalue that should be usedrfthe modified Frosch
equation, the researchers used the mean F/GL ratio and multiplied it by 1.2, as that is the
value recommended for the Gergélytz equation. A k, value of 1.4 is conservative in

all but one case from this experimental studherereinforcement containing molded ribs

was used. However, the researchers noted a necessity to carry out further analysis in
order to be able to make definitive statements on the cause for the large variatjon in k

found.
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A total of 12 concrete beams reinfectwith GFRP and CFRP were tested by &tal.
(2010) All specimens weré25 x 250 mm (width x depth) with a simply supported span

of 1830 mm. Each specimen contained a single layer of two reinforcing bars ranging in
size from #2(16.35)- #4 (112.7) Half of the specimens also contained polypropylene
fibres at a volume fraction of 1% due to the aim of the study which involved determining
improvements provided to FRP with FRTheresearchers found, ko rangefrom 1.047

2.98 depending on reinforcement ratio/bar diameter and fibre material (carbosg)r gla

usingthe slope to calculate, kvith Equation[2.8].

Toutanji & Deng(2003) conducted a study in order to verify design equation8Gh
440.1R01 using three series of RC beams with GFRP longitudinal reinforceniexh

series contained two identical test specimenswesé 180 x 300 x 3000 mm (width x
depth x length) and contained 12.7 mm diameter bars although the configuration and
guantity of the bars varied betwesaries. The researchers found that the provisions
from ACI 440.1R01 (usingthe then recommended, kvalue of 1.2) were accurate in
predicting crack widths when the reinforcement was placed in one (&gl and 2
series) However, the provisions underestimated crack widths when reinforcement was
placed in two layers (GB3). These results were improvedhwhavas modified to 1.4

and are denoted by an asteriXTiable3.2. The average results for each series are shown

graphically inFigure3.2.

Table 3.2 - Comparison of crack widths, mm(adapted from Toutanji & Deng, 2003)

, Experimental Theoretical
Beam # (%) 30% M, 90% M, 30% M, 90% M,
GB1T 1 052 13 33 11 33
GB1i 2 052 12 35 11 33
GB27 1 0.79 06 23 0.7 2.0
GB27 2 0.79 07 23 07 2.0
GB3i 1 1.10 06 1.8 06 17
GB37 2 1.10 05 1.9 06 17

*modified crack width(kp = 1.4)
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Figure 3.2 - Comparison of experimental and theoretical crack widths predicted by
ACI 440.1R-01 (Toutanji & Deng, 2003)

3.4 CASE STUDIES

A literature review was conducted on crack width predicdod the bond dependent
coefficient of FRP in order to identify case studies that couldsked tor comparison of
calculated k values The case studies investigated in this section were chosen as the
necessary plots and parameters were provided in ffer pacalculate k In this section,

kp results calculated by the researchers will be presented in addition to a comparison with
values calculated usirgnalternativeslope approachDetailed information regarding the

test specimenand material propées of the reinforcement used the case studiesan

be found inAppendixA, as well as calculations and assodatiots.

3.4 .1 Case Study 1

The researchers in this stuflyee et al, 2010)used a modiéd GergelyLutz equation,
Equation[2.8], for calculation of the bond dependent coefficient in otdeaccount for

the nonzerointercept okerved in experimental testing.
The data cakcted from the specimens was analyzed using linear regression and lines of

best fit were forced through-axis at the location of the experimentally measured

cracking moment of the beam. The slope of the regression lines were then used to back
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calculateky, usingEquation[2.8] and the results are summarizadiable3.3. As can be
seenin Table 3.3, there is substantial variation fog #epending on fibre type, as well as
bar size. In addition the lg values found for the FRC specimens are significantly lower
than plain concrete, indicating better bond behaviour and thus, smaller crack widths.

Table 3.3 - ky, results for slope method with forced interceptd&dapted from Lee et

al., 2010)
Bar type Bar size Ko Kb rrc/Kb plai
yp Plain FRC b,FRC/ Kb, plain
#2 1.57 0.67 0.42
GFRP #4 1.04 0.57 0.55
#2 1.74 0.92 0.53
CFRP #4 2.98 0.76 0.26

3.4 .2 Case Study 2

For determination ofthe bonddependent coefficient, the researchers in this study
(Kassemet al, 2011) usedhe maximum crack width exhibited within the specimen at a
service moment equal to 30% of the nominal momeny).(Mt should be noted that

0.3V, does not represent any standard service stress condition defined in design codes
and guidelines. The modified Frosch e@tion was used for this calculatiom i
accordance withACI 440.1R06 and CHBDC CAN/CSAS6-06. The results of this
cdculation are shan in Table 3.4. The k results are fairly consistent with identical

fibre types regardless of bar diameter. Two different types of CFRP and GFRP were
used in this study and the differences in mechanical properties and surface treatments do
not have a laye effect on theesults forky.
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Table 3.4 - k, values at 0.3M, (Kassemet al, 2011)

Specimen Kp
Cl-4 0.95
C1-6 0.88
C1-8 0.99
C24 0.97
C2-6 0.86
C2-8 0.86
G1-6 1.07
G138 1.08
G2-6 1.04
G2-8 1.02
AR-6 1.27
AR-8 1.32

3.4 .3 Calculation of k |, from Other Published Works

To increase th current database of resulisslope methowas used to calculate kalues

for bath case studies usirige modified Frosch equatioBguation[2.7]. This approach
involved using experimental plots of reinforcement stress (or one of its derivatives)
versus crack width to determine a slopeakihtan be used to back calculage Khenon

zero interceptwas neglected in this analysés the current design equation cannot
accommodate this due to its mathematical form. All related calculations and plots can be

found inAppendixA.

The k valuesfound using this methgdas shown inrable 3.5 aresignificantly variable
depending on fibre type and bar diameter. In addition, this analysis was performed for
each crack within the specimeifrorinstance, ira beam where 4 cracks were reported, 4
setsof results were calculated along with the average of all 4. va@hability that occurs

within cracks occurring in the same specimen caddmonstrated from this analysis.
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Table 3.5 - Case Study 1 k results using slope method

Specimen Crack Slope(x10”) | Constant(x10°) Kp

1 2680 1.04

G2NO 2 4940 25.8 1.92
Average 3810 1.48

1 2900 1.12

G2P1 2 3110 25.8 1.20
Average 3010 1.16

1 74.5 1.37

2 72.1 1.33

G4NO 3 59.0 >4 1.08
Average 68.5 1.26

1 43.9 0.80

2 28.3 0.52

3 33.9 0.42

G4P1 4 29.9 5.5 0.55
5 9.1 0.17

6 25.3 0.46

Average 28.4 0.52

1 1420 1.96

C2NO 2 1400 7.3 1.93
Average 1410 1.95

1 93.1 1.28

2 74.1 1.02

Cc2pl 3 83.7 73 1.15
Average 83.6 1.15

1 85.8 4.40

2 63.0 3.19

C4NO 3 64.2 2.0 3.30
Average 70.7 3.63

1 22.8 1.17

2 17.0 0.87

C4P1 3 8.4 2.0 0.43
4 12.5 0.64

Average 15.2 0.78

The k values calculated for Case Study 2 using a siggmoach, as shown rable 3.6

yielded variability based on both fibre type and bar diameter.

For these specimens,

moment versus craekidth relationships for the first crack width formed in the specimen

were used to calculatg ksing a slope approach.
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Table 3.6 - Case Study 2 k values using slope approach

Specimen Slope(x10°) | Constant(x10°) Kp
Cl4 2.27 2.10 1.09
Cl-6 1.63 99.4 1.64
C1-8 1.11 68.4 1.63
C24 2.35 2.01 1.17
C2-6 1.58 1.01 1.56
C2-8 9.16 71.9 1.27
G1-6 2.77 151 1.83
G1-8 1.23 1.08 1.13
G2-6 2.49 1.89 1.31
G2-8 1.14 1.34 0.85
AR-6 3.19 2.13 1.50
AR-8 3.26 1.46 2.24

3.4 .4 Comparison and Discussion of k

Shownin Tables3.7 and 3.&re the comparisorisetween the kvalues calculated by the
researchers and thg kalues calculated using a slope approach. It is important to note
that both researchers calculated they \alues using different equations and
interpretation approaches which introducestfartvariability into the results.

Table 3.7 - Comparison for Case Study 1

Specimen | kyfrom Paper Slopeky,
G2NO 1.57 1.48
G2P1 0.67 1.16
G4NO 1.04 1.26
G4P1 0.57 0.49
C2NO 1.74 1.95
C2P1 0.92 1.15
C4NO 2.98 3.63
C4P1 0.76 0.78
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Table 3.8 - Comparison for Case Study 2

Specimen kp, from Paper Slopeky
Cl4 0.95 1.09
C1-6 0.88 1.64
C1-8 0.99 1.63
C2-4 0.97 1.17
C2-6 0.86 1.56
C2-8 0.86 1.27
G1-6 1.07 1.83
G1-8 1.08 1.13
G2-6 1.04 1.31
G2-8 1.02 0.85
AR-6 1.27 1.50
AR-8 1.32 2.24

For the first case study, the general trend was thatkies calculated using the slope
approach with zero intercept were larger, and therefore more conservative, than those
calculated with a forced intercept through the experimental cracking moment of the beam
(M¢). This difference was more pronouncedtfte FRC samples; however, thislikely

due to the influence ofrack bridging from the addition of the fibres. In addition, the
researchers used a modified form tbk GergelyLutz equation Equation[2.8]) to
calculate their Kk results, while the kvalues found using the slope approach were
calculated using thenodified Frosch equatioffEquation[2.7]) as recommended by
current design standards. The major difference between these two equations is that
differentgeometricparameters are defined as the major contributors to crack wiath.

the GergelyLutz equation, the geometric parametgesined toinfluencecrack width are

cover and effective area of concrete, while the Frosch equation emphasizes cover and bar
spacing. It is also important to note that the Gergklytz equation isbased on a
statistical model, while the Frosch equation is based on a physical model due to
inconsistencies with Gerge® L ut z 0 s(Freschul@9)i o n

For the second case studigetk, values found using the slope apgeh arealso more
conservative than those calculatesing the maximum crack widtat 0.3M,. In this
study, the researchers used a conventional deesk approach and therefore, the

differences in kvalues can benostlyattributed to interpretation rtteod as the modified
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Frosch equation was used for both methods. Current design guidelines recommend using
a kg, value of 1.4 when experimental data is not available. For this case study, this value
would be conservative for all specimens using the stexst approach; however, this
value would underestimate the expected crack widths in half of the specimens when

using the slope approach.

For both case studies, it is apparent thatakculated using a stretesvel approach would
significantly vary betwen specimens. This is becausg Based on current design
standards, is calculated as the secant at each stress value. This general trend will be
observed in all specimens until a service stress is clearly defined at which this calculation
should take glce. However, the loading behaviour of all specimens is essentially linear
although there are variations in slopes and intercepts, as shown by the plppendix

A.

3.5 AClI CoMMITTEE 440 TEST METHOD

The test methothat will be evaluateds entitledTest Method for Determining the Bond
Dependent Coefficient of Fibiieeinforced Polymer (FRP) Rods (Second Draft)
(Benmokrane, 2010and was presented to ACI Committee 440 Subcommittee)n
March of 2010. This test method specifies requirements for aeit@ng k, of FRP rods
used as reinforcement in concrete flexural membérsopy of the test method can be
found in Appendix B while this section will disces the most significant aspects of the

experimental test.

The test method suggests beam dimerssai200 x 300 x 3000 mm (width x height x
length) in order to be representatvereal structural members. Reinforcement should be
comprised of GFRP bars ranging from #88 or CFRP bars #3#5. The shear span
should be at least equal to a third lo¢ tspan between supports or three times the height
of the beam but shubd not be smaller than 500 mm arkar reinforcement is to be
provided to prevent shear failure; however, the maximum moment region may be free of
stirrups to avoid confinement effecthe concrete used for these specimens should be of

a standard mix, with a minimum strength of 28 MRalear concrete cover should be
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dependent on theiameter of the bars, with 38 mai cover recommendkfor bar sizes

#2 - #5 and 50 mnfior bar sizes #6# 8 . Crack monitoring shoul
or similar apparatusesFRP bars at midspan are to be instrumented withelectrical

strain gauges.The test should also be conducted in a standard laboratory atmosphere

temperature and humidity.

Thetestis to be carried out on beams that are simply supported and tested in two points
loading as shown irFigure3.3. Load is applied until the foration of the first flexural

crack. At this stage, the load is held constant to allow for measurements of the initial
crack width using a microscope. A displacement meter is then installed at the level of
reinforcement to monitocrack growthduring tesing. Loading is then resumed until the
second flexural crack forms and the process is repeated. At this point, the beam should
be loaded until both monitored crack widths reach 1 mm or until beam failure, depending

on whether ultimate performance is desl

Using the data collected from the testjgkthen determined using measured crack widths
and strains in the FRP bars at service stage. The modified Frosch equation (Equation
[2.7]) is to be used for this calculation. If strain readings are poor or bad, it is acceptable
to use stress values calculated with elastic crack theory. A maximum crack width of 0.7
mm should b used for calculation otk

P2 I7
a I_ x _I_ a o
| 7 T

L

Figure 3.3 - Setup for kp test method (Benmokrane, 2010)
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CHAPTER 4 EXPERIMENTAL PROGRAM

For this study, two types of GFRP reinforcement were uspd:-Rod manufactured by
Pultrall Inc; and2) Aslan 100 manufactured by Hughes Brothers &scshown irFigure

4.1. The V-Rod GFRP are a composite rebar that is manufactured to conform to CSA
S80710 using a pultrusion process that combines glass fibres to provide high strength,
and a vinyl ester resin to provide corrosion resistance and is finished with a sanded
surface(Pultrall Inc., 2007) While the Aslan 100 GFRP rabalso consist®f a vinyl

ester matrix and isnanufactured using pultrusion, its surface treatment consists of
deformations as well as a sand coated finish in order to achieve both a mechanical and
chemical bond to concret@HughesBrothers Inc., 2011) Material properties of the
reinforcement are showm Tables4.1 and 4.2 Bar testing certifications from the

manufactirers can be found in Appendixt@ verify tensile properties

Figure 4.1 - Photos of surface treatment for: (a) VRod; and (b) Aslan 100

Table 4.1 - V-Rod GFRP Material Properties (Pultrall Inc., 2007)

Bar Nominal Cross Sectional| Tensile Modulus of Guaranteed Tensil
size | Diameter (mm) Area (mnf) Elasticity (GPa) Strength (MPa)
#3 9.5 71.3 45.4 765

#4 12.7 126.7 46.3 708

#5 15.9 197.9 48.2 683

#6 19.1 285 47.6 656

#8 25.4 506.7 51.9 597
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Table 4.2 - Aslan 100 GFRP Material Properties(Hughes Brothers Inc., 2011)

Bar Nominal Cross Sectional| Tensile Modulus of Guaranteed Tensil
size | Diameter (mm) Area (mnf) Elasticity (GPa) Strength (MPa)
#5 15.9 197.9 46 724

#6 19.1 285 46 690

Concrete compressive strength was determined using cylinder compressive testing
completed at various stages during curing and testing. Aliltee are reported in
Appendix D as well as those from modulus of rug(MOR) testing complying with
ASTM C7810.

Manual crack width measurements were also takesughout the duration of the test to
validate those recorded using crack gaugédeese results can beund in Appendix E

41  PHASE |

Testing for this phaseompised a total of 23 specimens for investigative purposes in
order to determine the parameters that had the most impact on cracking behaviour and
bonding capability. The parameters investigated were: reinforcement ratio/bar diameter,
concrete cover, lvaspacing, member type (slab/beam) and synthetic fibre content. The

test pecimens, the test method used sigrhificant results from testingill be presented.

4.1.1 Test Specimens

The tests of 1dbeams and 9 slabs were completed for this investigatieams were
designed to examine the effects of cover and fibre content on crack width, as well as the
applicability of the k equation to these variations. The dimensions of the beams were
200 x 300 x 3000 mm (width x height x length). Slabs were designienarily to
examine the effect of bar spacing and slab thickness on crack width angdetipgakion

by maintaining approximately the same reinforcement ratio in each specimen. The
dimensions of the slabs were 600 x 150 x 3000 mm, 600 x 200 x 3000ndr6p@ x

225 x 3000 mm, respectiveind contained \Rod GFRP reinforcemenGrade 400 10M
(/711.3) steel stirrups were usear fshear reinforcement in the béam specimens and

conformed to CSA G30.189. Stirrups were not provided in the maximum moment
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region to avoid confinement effect.

for the specimens with a summary of detailed properties shoWabile4.3.

Figure 4.2 - Typical cross sections for: (a) beam specimens; and (b) slab specimen
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Table 4.3 - Detailed Properties of Test Specimens for Phase |

ShownFigure 4.2 are the typical cross sections

angltudlnal Concrete
Reinforcement
Dimensions (width , | Cover| f¢0 kd Fibre

ID# |y height x length) | 2751288 06y | (mm) | (MPa)| (mm) (legr}trﬁgr)“
B1 2-#5 | 0.78| 38 | 31 | 55 0
B2 2-#6 | 1.19| 50 | 31 | 62 0
B3 2-#5 | 078| 38 | 36 | 52 1.8
B4 2-#6 | 1.19| 50 | 36 | 58 1.8
B5 2-#5 | 0.82|] 50 | 36 | 50 0
B6 2-#6 | 1.13| 38 | 36 | 60 0
B7 2-#5 | 0.78| 38 | 32 | 54 2.4
pg | 200x300x3000 5 —e—7 1991 50 | 32 | 61 2.4
B9 2-#5 | 0.78| 38 | 32 | 54 3.6
B10 2-#6 | 1.19] 50 | 32 | 61 3.6
B13 2-#5 | 0.78| 38 | 28 | 57 4.6
B14 2-#6 | 1.19| 50 | 28 | 64 4.6
B15 2-#5 | 078| 38 | 28 | 57 6.9
B16 2-#6 | 1.19| 50 | 28 | 64 6.9
S1 10-#3 | 1.11| 38 | 31 | 26 0
S2 6-#4 | 1.2 | 38 | 31 | 26 0
s3 | 000x150x3000 /=757 38 | 36 | 26 0
sS4 3-#6 | 1.39| 38 | 36 | 27 0
S5 10-#3 | 0.76| 38 | 30 | 33 0
S6 6-#4 | 081| 38 | 30 | 34 0
57 | 600x200x6000 /=086 38 | 29 | 36 0
S8 3-#6 | 093] 38 | 29 | 34 0
S9 | 600x225x3000| 3-#8 | 1.56] 50 | 25 | 52 0
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The specimens frontable 4.3 containing FRC will be used in a limited discussian

Chapter s it relates only to the bond dependent coefficient

4.1.2 Test Methodology

The ACI 440 tesiethod discussed in Section 3/&s used for this phase of testinthe
specimens were simply supported and tested ingoiunt bending, as shown iRigure

4.3, with a sheaspanof approximately 933 mmThe specimens were tested with a 1.0

MN servaecontrolled hydraulic actuatorand values were recorded using al6 bit data
acquisition card. A stealistribution beam was used to distribute the load to the two
third-span points. Alinear \ariable displacement transduc@tVDT) was used at
midspan to record the deflection of each specimen. Beams B9 and B10 were also
instrumented with straigaugesat midspan to record the strains in the GR&Rjitudinal
reinforcement. Crack widttransducers were installed in the constant moment region of
the specimen in order to record the growth of the cracks for the duration of the test.
Values from the crack gauges and LVDTO&s we

thousandttof a millimetre) which iswithin theresolution of the system.

Figure 4.3 - Flexural Test Configuration

At the appearance of two flexural cracks, the load was held constant to allow for initial
measurements of crack width®l dsplacement transducershown inFigure 4.4, were

then installed over these two cracks at the level of reinforcing to record growth over the
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remainder of the test. If possible, the specimens were loaded until both cracks reached 1
mm. All cracks within the constant moment regiware then manually read using a
microscope. Measurements were recorded at the level of reinforcing on the front and
back side, as well as at quarter points on the undgfteidgon facepf the specimen. To
investigate the effects of repeated loadithg specimen was then cycled at a frequency

of approximately 0.3 Hz (beams) or 0.1 Hz (slabs) to its maximum load a total of 100

times and the cracks widths prior to and following cycling were used for comparison.

Figure 4.4 - Pl crack gauges(Tokyo Sokki Kenkyujo Co. Ltd., 2011)

With the exception of slabs 31S8, the specimens were loaded to failure ur-fmoint
bendingrecordingboth load andleflection at midspan. To avoid shear failure, slabs S1

S8 were loaded to failure in single point loadimgnédspan, as shown Figure 4.5.

Figure 4.5 - Failure Arrangement for Slabs S1i S8
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4.1.3 Test Results

All specimens exhibited a typical cracking behaviour upon loading, sho#igume 4.6.

This plot represents the load history of specimen B9, with the vertical axis representing
the stress in the FRP reinforcemeatculated using elastic cracked section themorg

the horizomal axis representing thaveragecrack width that was measured during
experimental testing. Similar plots for the remaining specimens can be found in
Appendix F while calculations relating to the elastic cracked section theory can be found
in Appendix G There is an initial cracking phase, followed by a linear poriborack
growth However, the overall behaviour of this specimen demonstrates approximate plot
linearity that can be well represented using the line of best fit shown on the figuse. It

important to note that the line of best fit does not pass through the. origin

1.2
1 y = 0.004x 0.350 /
= R2 = 0.991 /
£ 08
=
§=
2 06
X
Q
S04
O
0.2 /
0 T T T T T T T
0 50 100 150 200 250 300 350 400

frp (MPQ)

Figure 4.6 - Typical cracking behaviour for specimen B9

As two of the specimens were instrumentechvétrain gauges, eomparison between
measured and calculated stresses was possible. As shduguie 4.7, there is good
correlation between the measured and calculated stressea wlitiht deviation at the
beginning of loading. The calculated stresses were calculated based on a fully cracked
section; however, at this stage of loading, the section is not fully cracked and therefore,

the calculated stressase higheras the theoryssumes the=FRPreinforcement has taken
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all thetensilestress and that the concrete has becowféective below the neutral axis.

Details of these calculations can be found in Appendix G.
1.8
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04 / = Calculated|
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Crack width (mm)

Figure 4.7 - Measured versus calculated stress for specimen B10

4.1.3.1 Cover

According to ACI 440.508, the recommended cover to primary reinforcement for beams

is 50 mm. However, according to the test methodology used, the recommended cover is
dependent upon thdiameter of the bars: 38 mfar #5 bars, and 50 mm for #6 through

#10 bars. A total of 4 specimens were constructed to investigate the results of varying
cover. Beams were constructed wit#2 bars, or 2t6 bars with both 38 and 50 mm
cover. For compison, ratios of crack widths for 50 mm cover to 38 mm covey/\Wwys)

were compared from experimental testing to the predicted values tiie modified
Frosch equation. Detailed results by servicesstiievel are provided ifables 4.4 and

4.5, with a simmary shown ifmable4.6. As shown inTable4.6, the averagerack width

values observed iexperimental testing are much less than those predicted using the
modified Frosch equation. However, the maximum values taken at low servisestres
(approximately 0.2 0.15f) are very similar to the predicted results. It can be seen that
the wso/wsg ratio decreases as the stress increases until it becomes nearly constant at high
values of service stress. Based on these results, the modifgzhFrquation accurately
captures the effects of varying cover at low values of service stress, but is not applicable

beyond approximately 0.15f
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Table 4.4 - wsg/wsg ratios from experimental testing for speimens with #5 bars

Stress

Cover = 38 mm

Cover =50 mm

level | Stress| Crack | Crack Average Crack | Crack Average Ws0/W3g
1 2 1 2

0.10f, 68 - - - - - - -
0.125f, 85 0.06 0.08 0.07 - - - -
0.15f, 102 0.08 0.10 0.09 0.09 0.10 0.09 1.07
0.175f, 120 0.15 0.14 0.15 0.13 0.13 0.13 0.86
0.20f, 137 0.32 0.23 0.28 0.17 0.17 0.17 0.60
0.225f, 154 0.48 0.34 0.39 0.23 0.24 0.23 0.59
0.25f, 171 0.55 0.48 0.51 0.29 0.33 0.31 0.62
0.275f, 188 0.63 0.62 0.62 0.36 0.41 0.38 0.63
0.30f, 205 0.75 0.78 0.77 0.42 0.48 0.45 0.59
0.325f, 222 0.86 0.90 0.88 0.47 0.56 0.51 0.58
0.35f, 239 0.95 1.01 0.98 0.52 0.62 0.57 0.58
0.375f, 256 1.04 1.12 1.08 0.57 0.68 0.62 0.58
0.41, 273 1.11 1.21 1.16 0.61 0.73 0.67 0.58

Table 4.5 - wso/wsg ratios from experimental testing for specimens with #6 bars

Stress

Cover =38 mm

Cover =50 mm

level Stress Crka Crgck Average Crfck Crgck Average Ws0/Wsg
0.10f, 66 0.12 0.04 0.08 0.07 0.09 0.08 1.01
0.125f, 82 0.15 0.06 0.10 0.11 0.14 0.12 1.18
0.15f, 98 0.22 0.13 0.18 0.14 0.18 0.16 0.91
0.175f, 115 0.26 0.20 0.23 0.18 0.22 0.20 0.86
0.20f, 131 0.32 0.27 0.30 0.21 0.26 0.24 0.79
0.225f, 148 0.38 0.35 0.36 0.24 0.30 0.27 0.75
0.25f, 164 0.44 0.41 0.43 0.27 0.34 0.31 0.72
0.275f, 180 0.50 0.47 0.49 0.30 0.38 0.34 0.71
0.30f, 197 0.56 0.54 0.55 0.33 0.42 0.38 0.69
0.325f, 213 0.61 0.60 0.60 0.36 0.46 0.41 0.68
0.35f, 230 0.66 0.66 0.66 0.40 0.50 0.45 0.68
0.375f, 246 0.73 0.72 0.72 0.42 0.54 0.48 0.67
0.41, 262 0.77 0.79 0.78 0.44 0.58 0.51 0.65
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Table 4.6 - Predicted versus experimental average sy'wsg ratios

Predicted Experimental testing
using modified
Frosch Average | Minimum | Maximum
equation
#5 bars 1.01 0.66 0.58 1.08
#6 bars 1.03 0.79 0.65 1.18

It is important to also note that the spacing oftiaes was varied as much as 24 e

to maintaining the same top and side cover within each specimen. The spacing of the
bars was accounted for in the predicted values using the modified Frosch equation;
however, the results found by experimental testing may have been influenced lay both
variation in cover andpacing. Further testinguld be completed with varying only the
bottom cover of the specimens and maintaining the same side covers in order to
determine the effects from varying bottom cover only as it is the variable fouhe in
modified Frosch equation.

4.1.3.2 Bar Spacing

The slab specimens were designed to investigate the effects of varying reinforcement
spacing. For each thickness (150 or 200 mm), 4 specimens were constructed using #3,
#4, #5 and #6 bars such that thef@cement ratio would remain as constant as possible.

A bar spacing of 200 mm was used as the base for comparison to 60, 100 and 150 mm
bar spacings. As shown ifable 4.7, the wo/Wa0o and WoeoWaq ratios increase as the
stress in the reinforcement increases; however, this trend is opposite fotsgvegw

ratios which decrease as the reinforcement stress increases. Crack width measurements

at the | evel of reinforcement were used fo
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Table 4.7 - Crack width ratios for: (a) 150 mm slabs; and (b) 200 mm slabs

(a) (b)

(Sl\;lrs;)s We0/W200 | W100/W200 | W150/W200 (Sl\;lrs;; We0/W200 | W100/W200 | W150/W200
75 - - - 75 - - -
100 0.18 0.44 2.03 100 - - 1.07
125 0.41 0.89 1.68 125 0.20 0.22 1.46
150 0.89 1.08 1.60 150 0.19 0.34 1.11
175 1.23 1.24 1.60 175 0.23 0.38 0.98
200 1.33 1.16 1.54 200 0.32 0.36 0.92
225 1.33 1.11 1.47 225 0.30 0.34 0.91
250 1.19 1.10 1.43 250 0.31 0.34 0.91

Average| 0.94 1.00 1.62 Average| 0.26 0.33 1.05
Frosch | 0.45 0.59 0.79 Frosch [ 0.45 0.59 0.79

Varying the spacing parameter, s,Hquation[2.7] and assuming all other values to be
constant, the ratio of crack widtiean be determined ands | abel ed Table O Fr 0
47. This can then be compared against t he
According to theFrosch equationsmaller crack widths are expectedth closer bar

spacing. For this set of sgimens, crack width ratios for bar spacings of(\Bgyw-o()

and 100 mm(wiodW200) Were underdsnated in the thinner slab and were overestimated

in the thicker slapwhile there was very significant increase wbservedcrack width at

abarspacing ofL50 mm.

4.1.3.3 Slab Thickness

The slab specimens also permitted the investigatiotinefeffect of slab thickness on
crack width. Slabs Sil S4 werel50 mm in thicknesswvhereas slabs S5S8 were200

mm in thickness and conta&dthe following reinforcement: 10#3, 6- #4, 4- #5 or 3-

#6 yielding approximately the same reinforcement ratio. For the specimens reinforced
with #3 and #4 bars, there was a large decrease in crack widthusimgna thicker slab

as shown inFigure 4.8(a). However, for the #5 and #6 bars, the 150 mm thickness
exhibited much smaller crack widths than the 200 mm thickness, as shdwgune
4.8(b).
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Figure 4.8 - Effect of slab thickness for: (a) #3 bars; and (b) #6 bars

The manuameasurements taken for the slab specimens indicated that thinner slabs (150
mm) had more cracks in the constant moment region, and therefore, smaller crack
spacing. Specimen S9 (thickness = 225 mm) had the least amount of cracks of all the
slab specimenshowever, this could also be due to the large di@mbars in the

specimen.
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4134 Cyclic loading

An addition to the test methodology was to use cyclic loading to investigate crack
stabilization. The specimens were loaded in the first load cycle agtack width of 1

mm. The beam was then unloaded and loaded back up to this same point a total of 100
times and the 2% 50", 75" and 108 cycle are shown plotted iffigure 4.9. For
specimen B9, only crack 1 is used for this analysis as the second crack gauge came loose
during cycling. It was found that the behaviour prior to and following cycling are very

different. Following cycling, there iplot linearity as crack stabilization has been
achieved.
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Figure 4.9 - Behaviour of specimen B9 following cycling

4.1.4 Recommendations for Future Testing

After the completion of testing in Phasesgveral issues were deemed problematic and
required modification prior to moving forward with testing:
1 The test methodology dictated that the first two flexural cracks that form within
the constant moment region of the specimen be selected for analysigevet,
there is no guarantee that thesackswill necessarily be the largest the

specimerfollowing testing simply because they were the first to forhhis was
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4.2

proven by takingmanual measurements during testing and comparing them to the
datacollected from the crack gaugeshese two cracks can also follow very
different paths (i.e. slopes) during growth making the decision random as to
which crack should be analyzed for determinationyof k

PI displacement transducers were used to moni®mgtbwth of cracks for the
duration of the test. However, it was observed that often nhare dne crack
would form in the gauge opening, and therefore, the recorded measurements may
not be completely accurate. This was especially true for the mixeairaagt

FRC as decreased crack spacing was observed.

Initially, super glue had been used to install the crack gauges to the specimen.
However, after several attempts, the paste continued to pull off of the specimen
and a good bond could not be formdd.order to continue testinghe alternative

was to anchor the gauges usinggpic plugs and screwsAfter anchoring the
gauges into the specimen, cracks through the screw holes often formed and
several of the crack gauges came loose, especially durinigc dgading.
Potential error in the recording ofack width measurements cowtso bedue to

the relative twisting of the crack gauges. In addition, to safely install the crack
gauges the specimen had to be unloaded. The test procedure dictatbe that t
crack gauge be installed without unloading and this reloading cycle could affect
the crack width measurements, especially considering the significant change in
behavior prior to and following cycling that was observed during this phase of
testing.

Measued stresses found using strain gauges on the FRP bars compared well to
values calculated using elastic cracked section theory. The deviation at the
beginning was due to the fact the section was not fully cracked and therefore,

calculated stresses wergjhér thanhiose actually exhibited ke specimen.

PHaASE IIA

The second phase of testing directly focused on the calculation and the interpretation of

the bond dependent coefficient, as these results were the most significant from Phase |,
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by expandig to two different surface treatments. In addition, the variability of cracking

behaviour and kfor a set of identical specimens was investigated.

4.2.1 Test Specimens

Testingof 8 specimens wasompleted for this phase. All specimensl ltBmensions ©

200 x 300 x 2810nm (width x height x length) to maintain consistentygross sectional

area with previous beams tested laBe I. Based on the project objectives, a set of five
identical beams were cast with #5 GFRHRWYd rebar teexamine statistical variation in
cracking behaviouwhen properties and loadjnconditions weremaintained. The
remaining three specimens were cast in order to compare the behaviour of the specimens
to variability in surface treatmentTwo different renforcement typesshown inFigure

4.10, were used in this phase in order to determine the effect of surface treatment on
cracking and bonding behavior: 1}Rbd GFRPreinforcement manufactured by Pultrall
Inc.; and 2) Aslan 100 GFRP reinforcement mactufieed by Hughes Brothers Ltd.
Grade 400 10M/§11.3) steel stirrups were used for shear reinforcement in the specimens
and conformed to CSA G30.48®. Stirrups were noprovided in the maximum moment

region to avoid confinement effect.able4.8 provides specimen details.

(b)

Figure 4.10- Surface treatments for: (a) \Rod; and (b) Aslan 100
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Table 4.8 - Detailed Properties of Test Specimens for PhaseAl

Longitudinal

. Concrete
Reinforcement
Dimensiongwidth . Cover f .0
D# | height XT(ength) Bar sizes (3@) (mm) | (Mpa) | Kd(mm)
B1V5 2-#5 | 0.79| 38 29 56
B2V5 2-#5 | 0.79| 38 29 56
B3V5 2-#5 | 0.79| 38 29 56
B4V5 2-#5 | 0.79| 38 29 56
Boys | 200X 300x2810 510791 38 32 54
BA5 2-#5 | 0.78| 38 32 53
BV6 2-#6 | 1.19| 50 32 60
BAG6 2-#6 | 1.19| 50 32 61

4.2.2 Test Methodology

The specimens in this phase were tested in an identical test configuration as those in

Phase I, with the exception that the length of the distribution beam was reduced to 870

mm to account for the change in specimen length. All specimens were also amt&dm

with strain gauges at midspan to record the strains in the GFRP longitudinal

reinforcement.

As discussed in Section 4.1.4, some modifications to the testing procedure and equipment

were deemed necessary following issues identified in Phase | testing. The major issue

identified in Phase | was the shortfalls of the PI displacement transduc#rss ftype of

testi

fixture to aid in the application to the concrete specimen.

ng. To

rectify

t he

i Ssue, 10

mm

st

This assembly is shown in

Figure4.11(a), and as can be seen in the photo, the fixture enabled parallel application of

the two brackets using a dummy LVDT. Brackets were separated from the fixture

following the adhesive setting time and the tt¥DT was installed as shown fRigure

4.11(b). To avoid intrusion and compromising the crack formation of the sample by

unloading, a two part acryliadhesive, Red Head A{llinois Tool Works, 2013) was

used to secure the LVDT bracketSeveral adhesives were tested on smaller concrete

samples in order to determine the adhesive best suited for the application pstntp te
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(b)

Figure 4.11 - LVDT fixture assembly: (a) prior to installation with dummy LVDT;
and (b) after installation on specimen

The test procedure as specified by ACI Committee 440 was alsdarséts phase of
testing with two modifications. As cracks on the tendice are of primary concern to
designes, a third crack gauge was installed on the tension face of the specimen. This
gauge was placed as close to the transition from vertidabriaontal as possible in the
specimen. The other two LVDT gauges were installed at the level of reinforcement. As
done in Phase |, the behaviour of the specimens following cyclic loading was also
investigated in this phase using 25 loading and unloadiolgs at a frequency of 0.1 Hz.
Only 25 cycles were chosen for this phase as results from Phase | demonstrated that plot
linearity was achieved on the second reloading cycle and therefore, 25 cycles were more
than sufficient for charcterization of thivehaviour.
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4.2.3 Test Results

The results for this phase of testing are subdivided into two main categories based on the
project objectives: results for the five identical beam specimens, as well as the results
relating to the difference in surface ti@nt between the Aslarand \:Rod

reinforcement.

4.2.3.1 Five Identical V -Rod Specimens

In terms of raw cracking behaviour, the set of specimens exhibited fairly consistent crack
growth withinthe service range of the bars up to 25 to 30% of ultimate-(200 MPa)
Beyond this point, there continued to be some correlation especially with the cracks at the
level of reinforcement. However, the cracks on the tension face (bottom) bdgeheo
deviate around this point as showrFigure4.12(b). As a general observation, there is a

larger variability in the cracks on the tension face than those at the level of reinforcement.
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Figure 4.12 - Reinforcement stress versus crack width plots for: (a) averagede
crack width; and (b) tension facecrack width

For all specimens, there was a major difference in behaviour between thendirst a
sutsequent loading cycles. As shownFigure 4.12, the plots from the ®lload cycle
demonstratan initial cracking phase followed blge formation oftracks with an overall
approximately linear relationship. Shown kigure 4.13 are the plots following 25
loading cycles that depict a much moreeln relationship with significant changes in
slopes and yntercepts from the first loading cycle. There is stilinevariation between
specimens; however, this may be due to the fact that each specimdnades to

slightly different crack widths whicbould affect theslope of thdinear reloading curve.
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Figure 4.13 - Reinforcement stress versus crack width plots following 25 loading
cycles for: (a) average side craclidth; and (b) tension facecrack width

4232 Aslan versus V -Rod

Although multiple specimens had-2#5 bars for reinforcement, specimen B5V5 was
chosen for comparison with BA5 as both specimens were cast in the same pour and the
variability of concrete strength could be igedrfrom the analysis.

cracking behaviour, the specimens behaved very similarly regardless of the type of
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longitudinal reinforcementised As shown inFigure 4.14, the behaviour of specimens
B5V5 and BA5 were very consistent for cracks at the level of reinforcement whereas

there are some deviations fbetcrack on the tension face.
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Figure 4.14 - Plots for B5V5 and BA5 comparison (a) averageside crack width; and
(b) tension facecrack width
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Based on raw cracking behaviour, the specimens reinforced with #@&lbatehaved
similarly regardless of the type ofrigitudinal reinforcement. As shown kigure4.15,
specimens BV6 and BA6 have similar trends in crack growth for all cracks monitored
using gauges.
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Figure 4.15 - Plots for BV6 and BA6 comparison: (a) average side crackidth; and
(b) tension facecrack width
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When comparing the behaviour of the #5 and #6 bars, it can be observed that the larger
diameter bars (#6) have inferior bond performance to the #5 bars as sheigure?.16

where larger crack widths are observed at equivalent stresses. However, this can also be
attributed to the changes in concrete cover as the specimens with #5 bars have 38 mm

cover, while the specimens with #6 bars have 50 mm cover.
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Figure 4.16 - V-Rod and Aslan 100 comparison for #5 and #6 bars: (a) average side
crack width; and (b) tension face crack width
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4.2.4 Recommendations for Future Testing

Although many issues were rectified prior to this phase of testing, there were significant
issues observed with the strain gauges during testing. In Phase I, the strain gauges were
applied for investigative purposes on only two of the samples and oivtheamples,

only one exhibited functional strain gauges on both bars during testing. One gauge broke
prior to loading and no strain data was acquired. Entering this phase of testing, there
were concerns on whether or not the gauges would function wheiedpo a large
number of specimens diethe resultrom Phase I:

1 The strain gaugedor this phasewere applied to the GFRP longitudinal
reinforcement following removal of the surface coating and resin to ensure a
sufficiently smooth surface. This rewal was done mechanically using a
grindingmi | | and based on the gaugesd poor
the gauges likely bonded to individual fibres as too much resin was removed. As
the specimen was loaded, the gaugeonded from individulafibres resulting in
premature lifting of the gauge and therefore, the gauges broke off prior to
completing the cracking phase.

1 The strain data that was acquired from this phase of testing was compared to those
predicted by the elastic cracked sectitvieary. The strain values had good
correlation for only two of the specimens, while the other six specimens recorded
strains much lower than those predicted by the theory. It is likely that this was

also due to the strain gauges starting to debond ujici ioading.

4.3 PHASE 1IB

Phase IIB testing was focused on attaining measured strain values for the GFRP
longitudinal reinforcement during cracking as this was unsuccessful in Phase lIA. In
addition, the depth and bottom cover of the two specimens vagied in order to have

two additional samples to compare to the #5 identical specimens previously cast in Phase
lIA. The goal was to determine whether the bonding and cracking behavior was
significantly affected by changes in parameters despite thel&dical #5 bars from the

same lot were used. This was chosen,as $upposed to be a mechanical property of the

bar.
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4.3.1 Test Specimens

Thetests of Zpecimens wereompleted for this phase. Bagpecimens lthdimensions
of 200 x 250 x 2810nm (width x height x lengthpnd contained 2 #5 V-Rod GFRP
rebars manufactured by Pultrall Inas longitudinal reinforcement.Grade 400 10M
(/711.3) steel stirrups were used for shear reinforcement in the specimens and conformed
to CSA G30.1809. Stirrupswere not provided in the maximum moment regio avoid

confinement effectTable4.9 shows a summary of det@dl properties of the specimens.

Table 4.9 - Detailed Properties of Test Specimens for Phase 1IB

angltudlnal Concrete
Reinforcement
Dimensions (width , I Cover fc0
D# | Yheight x length) | B3" 51288 96) | (mm) | (vpa) | K9 (M)
B38 2-#5 | 097| 38 35 46
Bso | 200Xx250810 =5 e 03T 50 35 45

To enable comparison, the objective was to maintain concrete strengths between Phases
lIA and 1IB. In Phase IIA, the concrete strengths were 29 and 32 MPa, whereas the

specimens in Phase IIB havslaghtly higher concrete strength at 35 MPa.

4.3.2 Test Methodology

Both the test configuration and the test procedure for this phase were identical to those
for Phase IIA, as discussed in 8ex 4.2.2 For this phase, strain gauges were applied

by caefully removing the outer layer of resin from the GFRP bars manually using
multiple grades of sandpaper. Resin was removed until there was a sufficiently smooth
surface cleared that was large enough for application of the gauge. Sanding was carefully

conpleted to ensure only the outer resin was remonedtlze fibres were not exposed.

4.3.3 Test Results

The typical cracking behaviour of B38 and B50 are showrFigure 4.17. This
behaviour is consistent with the previous specimens tested and the cracks exhibit
approximate plot linearity during growth as shown by the linear lines of best fit. Cracks
at the level of reinforcement and cracks on the tension surface are flargB60
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immediately following loading, demonstrating the immediate effect of increased cover.
As strain gauge readings were not acquired in this phase of testing, FRP stresses were

calculated using elastic cracked section theory.
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Figure 4.17 - Typical cracking behaviour and best fit lines for: (a) averageide
crack width; and (b) tension facecrack width
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4.3.3.1 Comparison with Phase I1A

As shown inFigure 4.18(a), the cracking behavioulf gpecimens B38 and B50 differ

from the five identical VRod specimens at the beginning of loading for cracks on the
side of the beam at the level @inforcement. However, near 200 MPa (approximately
30% of the guaranteed ultimate tensile strength of the bars), the plots begin to converge
and there igairly good correlation for the remainder of the recorded data. For cracks on
the tension face, @re is an overall good correlation for teervice range of the bars
shown inFigure 4.18(b) with separation in behaviour following this painThe ciack

widths corresponding to several service stresseshawn in Tables 4.10 anz'4.11
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Figure 4.18 - Comparison of Phases IIA and B specimens with #5-Rod bars for:
(a) averageside crack width; and (b) tension facerack width

Table 4.10- Average side crack widthgmm) at various stress levels fospecimens
reinforced with #5 V-Rod bars in Phases IIA and 11B

SUess| piys | B2vs | B3V5 | B4AVS | B5VS B38 B50
(MPa)
125 | 0.08 0.09 0.12 0.10 0.11 0.29 0.32
150 | 0.13 0.20 0.25 0.23 0.16 0.37 0.40
175 | 0.32 0.38 0.45 0.38 0.32 0.44 0.46
200 | 0.49 0.56 0.60 0.51 0.45 0.53 0.53
225 | 0.63 0.72 0.75 0.64 0.57 0.61 0.57

Table 4.11 - Tension facecrack widths (mm) at various stress level$or specimens
reinforced with #5 V-Rod bars in Phases llAand IIB

SUesS| piys | B2vs | B3V5 | BAVS | B5VS B38 B50
(MPa)
125 | 0.11 0.12 0.13 0.15 0.10 0.19 0.28
150 | 0.19 0.28 0.21 0.36 0.16 0.30 0.40
175 | 0.34 0.47 0.31 0.58 0.39 0.43 0.46
200 | 050 0.74 0.40 0.73 0.48 0.56 0.52
225 | 0.70 0.86 0.47 0.88 0.55 0.69 0.57

Observing the behaviour following 25 cycles, specimens B38 and B50 show better

agreement with the specimens from Phase IIA for both cracks on the side and bottom
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faces as shown iRigure4.19. For cracks at the level of reinforcement, all specimens
exhibit similar slopes, while cracks on the tension face have similaescepts even
though the slopes do vary. In both cases, specimens B38 and B5béddsgest crack
widths of all specimens for essentially the entire range of recorded data.
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Figure 4.19 - Behaviour following cycling for Phases IIA and B specimens with #5
V-Rod bars for: (a) average side crack width; and (b) bottom crack width
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When compared to the five identical test specimehs,beginning of theloading
behaviour(initial cracking phae)of specimens B38 and B3¢ different which may be

due to the influence of concrete strength or quality to consolidation.

4.3.4 Recommendations for Future Testing

Following completion of Phase IIB testing, there are several recommendations that
should be taken into account if additional testing was to be performed:
1 The inability to collect measured strain data during tedtiidignot allow for a
direct comparison to calculated values derived from elastic cracked section
theory. However, based diterature (Bakiset al, 2006) and ACI 440.1R06,
both calculated and measured strains are acceptable for the calculationliof k
addition, the majority of the applications for the modified Frosch equation will be
for design purposes where measurediesiwill not be available.
1 With the absence of measured strain data, it is not possible to make conclusive
statements regarding the effect on the calculation,.oflkis therefore required

that this issue be further investigated using additional tesirspms.
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CHAPTER S INTERPRETATION OF EXPERIMENTAL Ky

This chapter discusses the interpretation and calculation of the bond dependent

coefficient using the data collected from experimental tegtil@hapter 4.

5.1 PHASE |

Two approaches were considered in oredetermine the most consistent calculation
method for the bond dependent coefficient: 1) the typical skegs$ approah; and 2)

the slope approachThe stresgevel approach involves the calculation gfdt a specific
service stress using the copending crack width observed in testing. A slope approach
was also considered where the slope of a crack width versus reinforcement stress plot
would be used in order to back calculage k both cases, the modified Frosch equation

(Equation[2.7]) was used fotheanalysis.

5.1.1 Stress -Level Approach

For the strestevel approach, kwas calculated using the current design equation and
crack width measurements recorded during testing. The bond dependent coefficient is to
be calculated at service stress as these are the cracks that are of interest to designers;
however, there is no tform guidance on the service stress for FRP although it has been
most commonly reported as 30% of the ultimate guaranteed tensile strength of the FRP
bars. This calculation method is sensitive to the stress level chosen, and therefore, a
variety of streses ranging from 15 30% of ultimate were chosen in order to
demonstrate the variability that results. Ignoring the variability fpadross many
specimens, there should only be oped&ue for each beam as this is a material property

of the bar. Howeer, as shown irFigure 5.1, the stres¢evel approach results in
significant variability depending on the stress chdseranalysis For this specimn, k

ranges from 0.31 0.98, with an averagg, over this range of 0.60. The reason for such

a wide fluctuation of values results from the fact thaatkeach stress level is calculated

as the secant at that point according to the equation recommbpnd&Gl 440.1R06

and CHBDC CAN/CSAS6-06. Complete result$or dl specimens are shown ifable

5.1
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Figure 5.1 - Variability of k , using stresslevel approachfor specimen B9

Table 5.1 - Values of k, at service stress levels

0.1, 0.15f, 0.2, 0.25{, 0.3f, | Average k
Bl - 0.31 0.75 1.11 1.39 0.89
B2 0.45 0.58 0.63 0.66 0.68 0.60
B3 - 0.34 0.45 0.68 0.81 0.57
B4 0.45 0.64 0.8 0.92 0.98 0.76
B5 - 0.21 0.75 1.25 1.37 0.90
B6 0.32 0.59 0.86 0.93 0.95 0.73
B7 - 0.18 0.58 0.90 1.09 0.69
B8 0.36 0.77 0.92 0.81 0.76 0.72
B9 - 0.31 0.37 0.73 0.98 0.60
B10 0.48 1.07 1.56 1.69 1.74 1.31
B13 0.49 0.75 0.96 1.14 1.21 0.91
B14 0.43 0.84 1.05 1.09 1.11 0.90
B15 - 0.40 0.64 0.78 0.84 0.66
B16 - 0.55 0.82 0.95 0.99 0.83
S1 - 0.22 0.48 0.74 0.93 0.59
S2 - 0.25 0.72 0.64 0.63 0.56
S3 - 0.83 0.71 0.71 0.67 0.73
S4 - 0.32 0.41 0.34 0.33 0.35
S5 . 0.17 0.06 0.23 0.51 0.24
S6 - - 0.39 0.35 0.44 0.39
S7 . 0.49 0.94 0.82 0.90 0.79
S8 - 0.35 0.61 0.52 0.73 0.55
S9 0.67 0.82 0.94 1.02 . 0.86
Average 0.46 0.50 0.71 0.83 0.91 0.70
COV (%) 22.8 52.1 42.1 39.0 36.2 32.1
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All the calculated klines shown inFigure5.1 begin at the origin, as forced by current
design equations. Howevehig is not consistent with the behaviour of the specimen,
which does not crack immediately upon loading but rather when the cracking moment of
the concrete is reached. In addition, the calculagadlke is only representative of one
point of the specin® $&ehaviour. This could explain why there has been such large
variability reported by researchers, as the value used for thislateon is often

ambiguous.

To further analyze these results, groups of specimens were compared depending on the
bar diameter used. The comparison is showrigare5.2, and denonstrates thatyknot

only varies according to stress level but must also be influenced by bar diameter.
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Figure 5.2 - Impact of k, on stress level for: (a) #5 bars; and (b) #6 bars

The specimens were also compared depending on member type, either beam or slab. As
can be seen iRigure5.3, thegeneral observation is that the skgecimens tend to have
smaller averagepkvalues, and therefore, smaller crack widths. For the&o® GFRP

bars, the recommendegd fkom the manufacturas 0.8 which would be good fit for the

beam specimens; however, this would over predict crack widths in the slab specimens.
Despite the fact that a beam test is currently the standard for determinatigntioé k
majority of FRP applications are likely to be slab specimerese® on these results, the

beam test may not be the most appropriate for determinatign of k
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Figure 5.3 - Average k, values for specimen member types

5.1.2 Slope Approach

Due to the issues that arose gsthe stres$evel approach, a slope approach was also
considered for the calculation of, kn an attempt to achieve better consistendth w
experimental resultsThe approximately linear behaviour of the specimeggestghat

the bond behaviour is baalty unchanged during testing and therefore, there should be
no significant variability for k For this approach, the slope of a crack width versus
reinforcement stress plot was used to back calculateleakis representative of a large
range ofthe datafor each specimenThe recommended design equatiBquation[2.7])

can be reaanged to the form shown below in Equatjéri] and the slope in conjunction
with a geometric constant can be used to solvegftorka given beam:

X

_ B | 51
EE #/ .34 . 4 [5.1]

qa .
where CONSTANT =75 @ ¢

This calculated kvalue is then plotted with a dashed lineFigure 5.4 to demonstrate
the result of neglecting the intercept, where predicted crack wadéhsiuch greater than
thoseobserved in testing. However, there is consistent error over the entire range of data

but the calculated line needs to be shifted closer to the measured experimental values to
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accurately represent the data. This would require a change in format gfutiteor in

order to accommodate the npero y-intercept.

test specimens and the results are summariz8ale 5.2 and associted plots ¢

found inAppendix £

This procedure was carried out opfall
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Table 5.2 - Slope w intercepts and R valuesusing slope approach

Initial cracking Following 100 cycles
Slope(x10°) | Intercept| R® | Slope(x10°) | Intercept| R®
Bl 6.58 -0.599 0.995 4.14 0.240 0.998
B2 1.94 -0.026 0.997 2.99 -0.081 1.000
B3 3.27 -0.235 0.998 2.19 0.159 0.999
B4 3.76 -0.196 1.000 3.03 0.139 0.999
B5 451 -0.271 0.925 2.63 0.139 0.995
B6 3.11 -0.132 0.996 2.46 0.093 0.999
B7 478 -0.407 0.995 3.05 0.210 0.999
B8 0.90 0.164 0.765 1.28 -0.060 0.969
B9 4.26 -0.350 0.991 3.17 0.054 0.999
B10 5.59 -0.195 0.992 4.27 0.192 0.998
B13 417 -0.191 0.998 2.93 0.257 0.999
B14 3.55 -0.103 0.996 2.76 0.171 0.999
B15 2.59 -0.085 0.986 1.99 0.089 0.997
B16 3.69 -0.182 0.995 2.55 0.157 0.999
S1 2.49 -0.157 0.971 1.56 -0.092 0.999
S2 2.15 -0.077 0.987 1.55 0.117 0.999
S3 2.28 0.051 0.983 1.91 0.272 0.999
S4 1.86 -0.036 0.994 1.66 0.042 1.000
S5 1.92 -0.189 0.996 1.66 0.284 0.999
S6 1.77 -0.111 0.966 1.62 -0.046 1.000
S7 4.31 -0.195 0.997 2.83 0.291 0.999
S8 4.97 -0.302 0.995 3.35 0.210 0.999
S9 5.67 -0.161 0.997 3.62 0.236 0.999
5.1.2.1 kp Following Cyclic Loading

The k values calculated from thé'iload cycle are showplotted inFigure5.5 with the

data following 100 cycleslt is clear that thé;, value from the slope approach still over
predicts the crack widthsThe k, value of 0.98 at 30% of ultimate actually under predic

the crack widths, where the actual cracks are larger than those predicted by the equation.
In fact, this ky value no longer represents any point of the behaviour after the®1

cycle. There is one major caveat however: the cyclic lines are likely dependent on the

peak load and would be influenced depending on whatimum crack width was

chosen.
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Figure5.6 showsd summary othe k, values for the %and 108 load cycle using a slope
approach. verall, cycling the specimen reduces sofnthe variability with the

coefficient of variation (COVHropping from49 to 37.86. This is likelydue to the fact
that the initial portion of the crack behaviour is unstain the T cyclewhich irtroduces
variability.
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Figure 5.6 - Slope approach k values depending on member type for: (a) 1st load
cycle; and (b) 100th load cyd

To investigate the effect of slahickness on k average kvalues obtained from the
stresslevel approach werused. The colors used kigure 5.7 also correspond tthe
same barige in order to further classify the samples. The beam sanwahésh also
have the largest dep{B00 mm) have overall largerykvalues than the remaining slab
samples. However, there is also significant variability witiioups ofeach depth of

specimen.
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Figure 5.7 - Averageky, values depending on specimen depth

78



5.2 PHASE lIA

The cracks used for this analysis were the first three cracks that formed within the
constant moment zone and hence, lakeled as 1, 2 and 3. For specimens BIV5
B4V5, crack 3 was on the tension face; however, for specimen B5V5, crack 2 represents
the crack on the tension face. Al kalues were calculated using the recommended
equation by ACI 440.1R6 and CHBDGCAN/CSA-S6-06 for crack width prediction in

FRP reinforced concreteThis section will be further divided into two main sections: 1)

the five identical specimens; and 2) the comparison of Aslan verfedY

5.2.1 Five ldentical Specimens

The five identicalspecimens were used to examine if consistency could be achieved in
the calculation of Kk Identical reinforcement was used in all specimens and loading

conditions were maintained.

5.2.1.1 Stress -Level Approach

Using the streskevel approach for the caltation of k yielded significant variation
depending on the strebsvel at which this calculation was done. As showiable 5.3

the general trend is that the calculatgdvédlues continue to increase with increases in
stress for any given crack. The manufacturer of the bars, Pultrall Inc., recommends a
bond dependent coefficient of 0.8, and for these test results, this occurs at a stress in the
range of 25 30% of ultimaé which is also the most commonly reported service stress
limit for GFRP reinforcement.However, here is also a variation depending on which

crack is chosen faanalysis within a given beam.
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Table 5.3 - Calculated k, values using stresgevel approach for Phase II1A

Level 0.2f, 0.225f 0.25f, 0.275f 0.30f,
Stress (MPa)| 137 154 171 188 205 Average

Kb1 021 035 058 079 093 | 057

5 Kb2 029 037 063 082 097 | 062
g Avg. kpsge | 025 036 0.60 081 095 | 0.59
Kbs 031 040 054 067 081 | 055

AVg. Kp al 027 037 058 076 091 | 058

Kb1 020 035 055 085 1.00 | 0.59

o Kb2 041 077 093 1.08 113 | 0.86
§ Avg. Kpse | 0.30 056 074 096 107 | 0.73
Kbs 033 062 077 1.01 114 | 0.77

Avg. Kp a 031 058 075 098 1.09 | 074

Kb1 047 069 092 1.08 1.15 | 0.86

5 Kb2 036 063 090 1.04 1.10 | 0.81
§ Avg. Kosee | 042 066 091 106 113 | 0.84
Kbs 036 044 051 058 061 | 050

Avg. Kp al 040 059 078 090 095 | 0.72

Kb1 040 058 077 087 098 | 0.72

o Kb2 043 062 075 087 096 | 0.72
% Avg. kpsge | 041 060 076 0.87 097 | 0.72
Kbs 053 076 099 1.05 1.14 | 0.89

Avg. Kp a 045 065 084 093 1.03 | 0.78

Kb1 036 045 067 068 078 | 0.59

o Kbs 032 041 064 081 092 | 062
3 Avg. Kpsce | 0.34 043 065 074 085 | 0.60
. Kp2 026 039 064 076 073 | 056
Avg. Ko 031 042 065 075 081 | 0.59

Table5.4 depicts the variability of kin two ways: 1) the variability within a beam fay k
calculated from 20 30% of ultimate; and 2) the variability fo kcross all spemens at

a specificstress level The coefficients of variation indicate that ik highly variable
within a beam depending on the stress level at which the calculation is completed for

both cracks at the level of reinforcement and those on the tension face. However, for th
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entire set of specimens, the coefficieafsvariation are much smaller acragsspecific

load level.

Table 5.4 - Coefficients of variation for ki calculated using stresgevel approach

B1V5 B2V5 B3V5 B4V5 B5V5 Average C(:oz ;/
Average side
cracks
0.20f, 0.25 0.30 0.42 0.41 0.34 0.34 21.0
0.25f, 0.60 0.74 0.91 0.76 0.65 0.73 16.3
0.30f, 0.95 1.07 1.13 0.97 0.85 0.99 11.0
Average 0.60 0.70 0.82 0.71 0.61 0.69 12.9
COV (%) 58.3 54.9 44 .3 39.7 41.9 47.4
Bottom crack
0.20f, 0.31 0.33 0.42 0.53 0.26 0.37 28.8
0.25f, 0.54 0.77 0.91 0.99 0.64 0.77 24.1
0.30f, 0.81 1.14 1.13 1.14 0.73 0.99 20.5

Average 0.55 0.75 0.82 0.89 0.54 0.71 21.9
COV (%) 45.2 54.3 44.3 35.9 45.9 44.3

All three
cracks
0.20f, 0.27 0.31 0.40 0.45 0.31 0.35 21.4
0.25f, 0.58 0.75 0.78 0.84 0.65 0.72 14.5
0.30f, 0.91 1.09 0.95 1.03 0.81 0.96 11.3

Average 0.59 0.72 0.71 0.77 0.59 0.68 12.3
COV (%) 54.6 54.6 39.7 38.2 43.3 45.5

5.2.1.2 Slope Approach

Thecalculated kvalues using the slope method were much more conservative than those
found using the stredsvel approach. As shown ifable5.5, all k, values are greater

than 1 which is the reference for steel reinforcement. There is also a variation within the
specimens despite the fact that the properties and loading conditions are the same with
average beampkvalues ranging from 1.3b 2.2. Theslopes used to calculate these k
values, as well as-intercepts and Rvalues to demonstrate a good linear fit are shown in
Table5.6.

81



Table 5.5 - ky, values using slope approach for first loading cycle

ID kbl kb2 kbg Avg. kb
B1V5 1.89 2.26 2.04 2.06
B2V5 2.48 2.07 2.04 2.20
B3V5 2.67 2.18 1.01 1.95
B4V5 1.93 1.78 1.40 1.70
B5V5 1.67 1.10 1.30 1.35

Table 5.6 - Slopes, yintercepts and R values for I'loading cycle

ID S(Lol‘zfg)l Int. 1 | R?1 S()'(Ol%eg)z Int. 2 | R?2 S(Lolrz)_eg)s Int. 3 | R?3
BIV5 | 513 -0584 0980 6.13 -0.735 0.996] 6.71 -0.816 0.995
B2V5 | 7.21 -0.826 0.989| 562 -0.544 0.990| 6.73 -0.688 0.987
B3V5 | 7.22 -0.795 0.995 594 -0.635 0.996| 3.34 -0.279 0.998
BAVS | 524 -0.524 0.994| 4.83 -0.480 0.996| 4.64 -0.307 0.905
B5V5 | 573 -0.475 0.998 3.64 -0.306 0.984| 351 -0.273 0.926
Avg. | 611 -0.641 0.991| 523 -0.540 0.992| 050 -0.472 0.962

COV (%) | 200 250 07 | 19.7 300 0.6 | 335 549 45

The slope approach was also used to calculatalkes following the application of 25

loading cycles. Thepkvalues calculated from the 2%ycle are much more reasonable

compared to the value of 0.8 that was provided by the manufacturer as shoallen

5.7. From the T to the 28' cycle, there is a reduction i kanging from 29 52%. In

addition, the average,kalues for each beam are much less variable. The slopes, y

intercepts and Rvalues found for theSland 2%' loading cycles are shown in Tables 5.6

and 5.8and depict the drastic change in values, in particular dinéeycepts that occurs.

The yintercepts are reduced and begin to approach zero, similar to the current form of
the recommended equation AZ1 440.1R06 and CHBDC CAN/CSAS6-06.
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Table 5.7 - k;, values using slope approach fo25" loading cycle

ID kbl kb2 kbg Avg. kb
B1V5 0.93 1.11 1.25 1.10
B2V5 1.18 1.19 0.97 1.11
B3V5 1.52 1.30 0.76 1.19
B4V5 1.22 1.22 0.88 1.11
B5V5 1.18 0.79 0.89 0.96

Table 5.8 - Slopes, yintercepts and R valuesfor 25" loading cycle

Slope 1 Slope 2 Slope 3

2
(x10%) (x10%) x10d) | M3 | R3

ID Int. 1 | R?1 Int. 2 | R?2

B1V5 2.53 -0.064 0.999| 3.01 -0.055 0.999| 4.14 -0.084 0.999
B2V5 3.24 -0.052 0.999| 3.22 -0.042 0.998| 3.23 -0.059 0.997
B3V5 411 -0.088 0.999| 3.53 -0.078 0.999| 2.50 -0.044 0.999
B4V5 3.32 -0.089 1.000{ 3.34 -0.078 1.000, 2.93 -0.108 0.999
B5V5 3.22 0.173 0.998| 2.63 0.102 0.998, 2.44 -0.092 0.999
Avg. 3.28 -0.024 0.999| 3.14 -0.030 0.999| 3.05 -0.077 0.999
COV (%) | 17.4 4650 0.1 11.0 2510 0.1 226 333 0.1

5.2.2 AslanversusV -Rod

Pultrall Inc. recommends g, kalue of 0.8 for the MRod barswhile Hughes Brothers
Inc. recommends apkvalue of 0.9 for the Aslai00 bars regardless of bar diameter.
Calculation of the bond dependent coefficient using the stegssapproach produced k
values consistent with those provided by the manufactofettse bars. All monitored
cracks in specimen B5V5 reach approximaie@adues of 0.8 near 2530% of ultimate,
whereas only one crack (tension face) in specimen BA5 readkhgegatue d 0.9 at the
same streskevel on the tension facas shown in Tab&5.9 and 5.10 Using the slope
approach for calculation ofykyielded a value of 1.35 for both specimens on the first
loading cycle. Following 25 cycles, thesg Jalues were decreased to 0.96 and 1.0

respectively for specimens B5V5 and BAS.
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Table 5.9 - ky, values calculated using streskevel approach for B5V5

Level 0.2f, 0.225f, 0.25f, 0.275f 0.30f
Average
SUESS | 1356 153.675 170.75 187.825 204.9 J
(MPa)
Kp1 0.36 0.45 0.67 0.68 0.78 0.59
o Kp3 0.32 0.41 0.64 0.81 0.92 0.62
§ Avg. Kpsge| 0.34 043 0.65 074 0.85 | 0.60
Kp2 0.26 0.39 0.64 0.76 0.73 0.56
Avg. kpar | 0.31 0.42 0.65 0.75 0.81 0.59
Table 5.10- ky values calculated using streskevel approach for BAS
Level 0.2f, 0.225f 0.25f 0.275f 0.30f
Average
SUESS | 1448 1629 181 1991 217.2 J
(MPa)
Kp1 0.19 0.43 0.63 0.65 0.63 0.51
Kp3 027 0.36 0.39 0.45 0.55 0.40
L0
g Avg. kpsige| 0.23 0.40 0.51 0.55 0.59 0.46
Kp2 0.18 0.53 0.88 1.09 1.16 0.77
Avg. kpar | 0.21 0.44 0.63 0.73 0.78 0.56

The calculation of the bond dependent coefficient for the #6 bars using thelestedss
approach yielded pkvalues that were higher than the #5 bars. The recommended k
values from the manufacturers were also reached at lower service stresses (approximately
20% of ultimate) than the5#barsas shown in Tables 5.11 and 5.1Based on these
results, the bond p®rmance of the larger bars is inferitar the smaller diameter bars

and therefore, they require different kaluesin design The slope approach was also

used to calculatepkand the values found were higher than the simsd approach.
However, spcimens BV6 and BA6 had similar averaggevilues on the first loading

cycle using this method at 1.94 and 1.89. Following cyclwegyly allof this variability

was reduced with the,kalues decreasing to 1.25 and 1.26, respectively.
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Table 5.11 - ky values calculated using streskevel approach for BV6

Level 0.2f, 0.225f 0.25f, 0.275f 0.30f,
Average
SUESS | 4315 1476 164 1804 196.8 J
(MPa)
Kp1 0.73 0.85 0.97 1.07 1.13 0.95
Kp2 0.86 1.00 1.08 1.18 1.30 1.08
(o]
5 Avg. Kpsige | 0.79 0.93 1.03 1.12 1.21 1.01
Kbz 0.81 1.03 1.09 1.15 1.22 1.06
Avg. Kp a1 0.80 0.96 1.05 1.13 1.22 1.03
Table 5.12 - ky, values calculated using streskevel approach for BA6
Level 0.2f, 0.225f 0.25f, 0.275f 0.30f,
Average
SUESS | 138 15525 1725 189.75 207 J
(MPa)
Kp1 0.75 0.89 1.09 1.08 1.02 0.97
Kp2 1.16 1.28 1.38 1.44 1.53 1.36
(o]
g Avg. Kpsige| 0.95 1.09 1.23 1.26 1.28 1.16
Kbz 0.80 0.95 1.09 1.17 1.25 1.05
Avg. Kp i 0.90 1.04 1.19 1.23 1.27 1.13

5.3 PHASE |IB

As shown inTable 5.13, the kg values calculated using stresslevel approachare
variable for a given crack depending on the stlegsl chosen for analysis. However,
for both specimens, this variability sggnificantly reduced when analyzing the first crack
to form in the specimen (crack 1). Over the service stress rangeiof3@% of the
ultimate tensile strength of the barg fér crack 1 remains essentially constant using this

methodof interpretation
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Table 5.13 - kp, values using stresgevel approach for Phase 1B

Level [ 02, 0225, 025, 0275( 0.306 | 5 0o
Stress (MPa)| 137 154 171 188 205

Ko 127 127 127 128 129 | 1.29

Ko 055 056 059 064 069 | 053

@ | Avg.kesee | 091 092 093 096 099 | 091
- 051 061 070 077 083 | 059

AVQ.koat | 078 081 085 090 093 | 0.80

Koz 114 116 119 120 120 | 117

Kos 042 051 069 08 095 | 060

B | Avg.kesee | 078 084 094 103 107 | 088
Koo 050 061 069 075 079 | 057

AVQ. koa | 069 076 085 093 098 | 0.78

The k values calculated using a slope approach are showalle 5.14 andre higher

than those calculated using a strkesgel approach. This is especiathyie for crack 2,
which is located on the tension face of the specimen. The averagkeds for this crack
calculated using a stresvel approach are 0.59 and 0.57 for specimens B38 and B50.
As shown inTable 5.14 the l, values calculatetbr this crackusing a slope are 1.85 and
1.99 respectively, which are more than double those calculated using aleste¢ss
approach. The manufacturer, Pultrall Inc., recommendsvalle of 0.8 for these bars
which would be sufficient for the majority of theacks monitored using the strdesel
approach; however, this value would greatly underestimate the crack widths if analyzed

using the slope approach.

Table 5.14 - k,, values calculated using slope approach for Phase 1B

Crack 1| Crack 3| Avg. 1,3| Crack 2

B38 1.33 1.07 1.22 1.85
B50 1.37 1.27 1.30 1.99
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5.3.1 Comparison with Phase Il A

The #5 V-Rod bars used in Phases IIA and IIB are identical in material pnysical
properties as they were produced by Pultrall Inc. in the same lot. The specimen cross
sections were varied for this phase, where the depth of the section was decreased from
300 to 250 mm. In addition, two different bottom covers were investig@® and 50

mm) but the side cover of 38 mm was maintained in all specimens., idsakmaterial
property of the bar, these specimens should exhibit simjlaallkes to those from Phase

lIA when the differences in their geometric properties are takienaocount usig the
modified Frosch equation (Equatifa7])

As the bars used in both phases are from the same lot, tladuks calculated from the

five identical specimens in Phase IIA can be used as a predictive tool for specimens B38
and B50. For this comparison, three differegtvialues were considered from two
different calculation approaches:

1 kp calculated using thetresslevel approach at 30% of the guaranteed ultimate
tensile strength (0.3Qf of the bars, as this is defined at the upper limit of the
service stress range.

1 An average kvalue calculated using théresslevel approach between 20 and
30% of the guaranteed ultimate tensile strength of the barsi(0.30f).

1 kp calculated using the slope approach over the entire range of calculated data
once the crack gauges are installed.

These k values are shown iifable 5.15 and were calculated from the initial loading
cycle. Different k values were applied depending on the location of formation of the

crack (side obottom face).
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Table 5.15- ky, values from Phase IlA used as a predictive tool for Phase IIB

ky (0.30f) ky (0.20:0.30f) Ky (slope)
Avg_]. side | Bottom Avg_;. side | Bottom Avg. side | Bottom
B1V5 0.95 0.81 0.59 0.55 2.08 2.04
B2V5 1.07 1.14 0.73 0.77 2.28 2.04
B3V5 1.13 0.61 0.84 0.50 2.43 1.01
B4V5 0.97 1.14 0.72 0.89 1.85 1.40
B5V5 0.85 0.73 0.60 0.56 1.49 1.10
Avg. 0.99 0.89 0.70 0.65 2.02 1.52

Shown inFigure 5.8 are the aforementioned, kalues plotted in conjunction with the
initial loading behaviour for specimens B38 and B50. As can be sdegure5.8(a),

the kg value of 0.99, calculated using the strkssel approach at 0.3Qfis a relatively

good fit to the data and best predicts the crack widths observed in testsgecimen

B38. It should be noted that B38 represents a specimen reinforced with #5 bars and the
recommended cover of 38 mm.The k value of 0.70 (stresevel appoach)
underestimates the cragkdths for the entire range of data, while thgvalue of 2.02
calculaed using the slope approach significantly over predicts crack widths. Considering
cracks on the tension face of the specinfegure5.8(b), both k values calculated using

the stresdevel approach are conservative up to approximatel$@b of the guaranteed
ultimate tensile strength of the bars (3280 MPa) at which point they begin to under
predict the crack widths sbrved in testing. d¢ craks on the tension face, the slope

approach greatly over predicts the crack widths.
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Figure 5.8 - Initial loading behaviour for Phase 11B specimens with k values from
Phase IIA for: (a) averageside crack width; and (b) tension facecrack width

Based on the previous plots, thevalues calculated using the strésgel approactare

the best overall predictors particular the values calculated at 0, 30However, in both
specimens, th&, values calculated using theopeapproachare very conservative. To
further investigate the slope approach, the@aduescalculated using this methddr the

25" loading cycle from Phase 114k, (slope)] were plotted in conjunction with the data
from specimens B38 and B50 on thé"2§cle of loading. As can be seenFigure5.9,

in both cases (sidand bottom crack widths) the, kalues of 1.17 and 0.93 are
unconservative and therefore under predict the crack widths observed in experimental
testing at equivalent stressds. addition, average slopes and intercepts were determined
from Phase IIA forthe 28" loading cycle as shown in Table 5.@&nd theaverage
equatiors, [Phase IIA], areplotted inFigure5.9(a) and (b) As the yintercepts folbwing
cycling are small, the average equations have good agreement,witfcklated using

the slope approach where thénjercept is neglected.
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Figure 5.9 - Loading behaviour (25" cycle) for Phase 1B specimens with slopeyk
values from Phase IIA for: (a) averageside crack width; and (b) tension facesrack
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CHAPTER 6 : RECOMMENDATIONS AND CONCLUSIONS

For this thesis, the recommendations are broken down into thresestitns relatig to
the test procedure, the calculation and interpretation of the bond dependent coefficient
and recommendations for future testing in the fidldstly, overall conclusions from the

study are presented.

6.1 TEST PROCEDURE

The test procedure provided BYCI Committee 440 was modified as required during
teding. The following recommendatiorsre suggested for future testing using this
procedure:

1 As observedluring testing, the first cracks to form are not necessarily the largest
at the end of the testlt is therefore recommended that a digital image analysis
system be used to measure all cracks that form within the constant moment region
of the specimen.

1 The test procedure also mentioned that this procedure was only applicable for
typical (or normal s&ngth) concrete mixes. Further testing is required to
determine if this procedure would be able to accurately calculaferkself
consolidating concrete (SCC), FRC and high performance concrete (HPC) mixes.

1 The specimen was to be loaded until the twacks being monitored reached 1
mm; however, this was difficult to achieyior to failure in some specimens
especially for the FRC mixes. As the maximum crack width guidelines are 0.5
and 0.7 mm for exterior and interior exposure criteria, the spean@ed not be
loadedsignificantlybeyond this point.

1 Crack gauges were to be installed one by one upon the immediate formation of
the crack. However, when the gauges were being anchored this was not possible
as the specimen required unloaditog complete nstallation In addition, for
Phases IIA and 1B, the adhesive setting time was approximatdly800minutes
and the sustained loading during this period of time would result in growth of the
crack and therefore, the three gauges were instaitedltan®usly to minimize

this effect.
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1 An important addition to the test procedure would be to further investigate cyclic
behaviour as there is a drastic change in behaviour between the first and

subsequent loading cycles.

6.2 CALCULATION AND | NTERPRETATIONOFK g

As discussed in Sectionsl3and 3.2 the most likely cause of variation fog i based on
calculation and interpretation approaches. In order to achieve consistency in this
calculation, the following recommendations are suggested:

1 As there are two appaches cited most commonly in literatu(Bakis et al,

2006; Leeet al, 2010) there needs to be clear definition on whether the stress
level or slope approach be used for the calculation tuf kncrease consistency.

1 Ifitis the intention that the misslevel approach be used for the calculationgf k
the service stress at which it should take place needs to be clearly defined in
current codes. In addition, there should be clarification for what is meant by
maximum crack width.

1 Although the slope @proach is best able to represent a large range of data, the
current design equation cannot accommodate the intercept and therefore, the
predictions provided by aylcalculated in this manner are typically conservative.
However, based on the plot linegrfor the specimens, hakes the most sense to
adopt a slopapproachwith a nonzero interceptvhich can accurately represent
all the data and provide reliable predictions.

1 Based on the results from Phases IIA and IIB, thedtue calculated using a
stresslevel approach at 30% of ultimate best predicts crack widths. This value of
kp is also typically similar to the values provided by the manufacturers.

1 Reloading behaviour needs to be considered and addressed in current codes as the
behaviour of the spémen is significantly affected. Structures in the field are
subject to continual loading and unloading and therefore, this should be integrated
into experimental testing to expatiie current database of results. In addition,
testing should be completéd determine if the maximum load (or crack width)
influences the reloading path of the specimen and therefore impacts the

calculation of k following cyclic loading.
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6.3 FUTURE TESTING

Based on the recommendations to the test procedure and the calcudaiib
interpretation of the bond dependent coefficient, the following experimental testing is
recommended:

1 Further investigative testing is required to determine if the modified Frosch
equation is best suited and most accurate for FRP crack pidthction. The
results from Phase 1IB indicate thatik not the same for bars produced from the
same lot despite the fact thatik defined asa material property of the bar. The
equation is meant to account for changes in geometric properties; mphesed
on the differences in mechanical and physical properties between steel and FRP,
the parameters affecting crack width may also be different.

1 The role of concrete needs to be examined with experimental testing. The results
from Phase IlIAand IIB testing indicate that the initial cracking phase of the
specimen is likely influenced by the mechanics of the concrete mix, as well as
corcrete consolidation and quality which influences the calculatiop. of k

1 The dependence of the reloading curve on maxiroad (or crack width) needs
to be further investigated using specimens where the tests are stopped at varying
locations.

1 The correlation between measured and calculation strains for the FRP
reinforcement needs to Herther verified with experimental testintp make

conclusive statements

6.4 OVERALL CONCLUSIONS
After completion of this study, the following conclusions can be made:

1 The variability of k, can be explained and linked to interpretation methods and
lack of clea definitions in codes and guidelines

1 Beam to beam consistencan be achieved in terntd cracking behavioubut
significant variability is introducetly the calculatiorand interpretatiompproach
usedfor the bond dependent coefficieror the identtal specimens in this study,
COVbdés f or t jwvaluexrangecfrorh Kl 2166cht lelvel of reinforcement
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and increase to 21 29% for cracks on the tension face when analyzing one
specific stresgevel. For each specimen acrossi2B0% of ultimatet he COV 6 s
are increasedndrange from 400 58% at the level of reinforcemerand 361

58% on the tension face.

Based on current design guidelines,a&lculated at 30% of ultimate is best for
predictionof crack widthsat the level of reinforcement

The approximatelylinear behaviourof crack growthdemonstrates that,kis
basically unchanged during testing. sfope approacltan better represete

range of behavioutbut requires a change in format of the current design
equations With the current fanat, predictions using the slope approach are very
conservativaas the nofzero intercept is neglected

The magr flaw to the slope approachtise fact that it cannot take into account
thenonzero intercept Some parameter required to modify EquatiofR.7] that
relates to initiation of cracking. For example, Leet al. (2010) used the
experimental cracking moment; howeyva value is required that can be used for
design without experimental testing.

The first cracking cycle is more variable than subsequent loading cycles as it is
primarily about concrete mechanics at this sthgeto inelastic phenomena.

The k value catulated using the slope approach is a better fit following cycling,
as the intercepts begin to approach the origin and thus, a nearintezcept.

Although a consistent test method has been proposed, there will still be variability
in the determinatiorof k, unless the interpretation of this coefficient is clearly
defined.

Despite the fact that a beam test is currently the standard for determinatign of k
the majority of FRP applications are likely to be slab specimens. Based on the
results from this teidy, the beam test may not be the most appropriate for
determination of K

The bottom crack width is more variable than those at the level of reinforcement
based on the COV. It is therefore better to use cracks at the level of
reinforcement for the d¢eulation of k. This is also beneficial as the stress in the

reinforcement is known at this location.
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APPENDIX A : CASE STUDIES

Measurements from all graphéa using 1:25 scale.
Al  CaAse STuDY 1

All specimens were 125 x 250 mm (width x height) and tested in four point bending with

a clear span of 1830 mm between supports.

Table A.1 - Bar properties for Case Study 1 (adapted from Lee et al., 2010)

Bar type| Bar size| . Nominal Elastic modulus| Tensile strength
diameter (mm) (GPa) (MPa)
GFRP #2 6.4 37.8 507
GFRP #3 9.5 43.3 769
GFRP #4 12.7 45.6 690
CFRP #2 6.4 137.8 2068
CFRP #3 9.5 132.3 2068
CFRP #4 12.7 132.3 2068

Table A.2 - Specimen details for Case Study 1 (adapted from Lee et al., 2010)

Specimen Bar type | Bar size Cc:;g;ete (I\IIFgg) (AICA?’E) bip (%0) | }b (%)
G2NO GFRP 2-#2 Plain 43 5.6 0.25 0.96
G2P1 GFRP 2-#2 FRC 31 5.2 0.25 0.78
G4NO GFRP 2-#4 Plain 39 5.4 0.98 0.61
G4P1 GFRP 2-#4 FRC 30 5.0 0.98 0.51
C2NO CFRP 2-#2 Plain 39 5.5 0.25 0.43
C2P1 CFRP 2-#2 FRC 35 5.2 0.25 0.39
C4NO CFRP 2-#4 Plain 42 5.7 0.98 0.45
C4P1 CFRP 2-#4 FRC 33 5.0 0.98 0.39
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Table A.3 - Calculation of geometric constant for Case Study 1

W [ = J2A00 2PI5 +— SIBq JO I2]U20 0] 121020 Wol (Tn 779/ ) W ¢ 24 0] pauwmsse seam Suoeds

w79 =P

W 0§ =p

W (7] =q

w07 =p
80-HS6'T  §°€9 0TFE OTFS  SE€6T  TI'S  00STET  1686T g € 86000 LTI 1d¥D
80-HLFE  £L9799 LLTT FLTF 9LTFI 8T¢  00ETET 50T ¢ €3 €5000 €6 1deD
80-H9TL  $8°69 SL0T 696  FEH9 81'S  008LE1  TT99T s o3 cTO00  +9 1dTD
80-HF6T  §£9 FO1E P18  SCEST FSF Q0ETET  £916T L F 86000 LTI  ON#D
80-HSKE  $L9°99 +681 9LBE 9L THI Sttt 00ETET 80567 s £t 65000 §6 ONED
80-HSTL  §3°69 ¥T 01 96'8T  FEF9 06F  008LET  TOI8T e 6t €T000  ¥9 ONZD
80-H9FS  §°€9 SSFT £OFE SLEST €81 0095+  8+9FT g 0t 86000 LTI 14D
LOFHTOT 549799 6L LEST  9LTHI 891 008 T158ST ¢ € €5000 €6 1deD
LO-H8ST  $8°69 o€ £9°91 FEF9 161 008LE  S50ST s 1£3 cTO00  ¥9 1d7D
80-HFF s  §£9 961 £9°7E  SLEST T9T 0095  TOIST Fe 6t 86000 LTI  ON#D
LOFHTOT  §L9°99 el oF¥T 9L THI FST 00€EF  TOIST 1'9 6¢ €5000 &6 ON£D
LO-H3ST  §3°69 96T REST FEF9 8T1 008LE 80567 9¢ o €T000  ¥9 ONTD
| s (oo 01 | (womy | (Em iy Cav | a0 | g | Edav a5 (o) wmmady

o P00 | dEy | q doN G P

100



Al.l #2 Bars

Horizontal axis (crack width)

0.2 mm = 40 units

Vertical axis (moment)

1 kNm = 19 units

Table A.4 - Calculation of slope and k for specimen G2NO

Crack 1
V=395 V,=113.5 B _ -
Hy= 0 H, = 209 Slope = 2.68 x 10 ko = 1.04
Crack 2
V1=69.5 V,=113.5 ~ ] B
Hy=0 H, = 229 Slope = 4.94 x 16 kp = 1.48
Avg. k, = 1.26

Table A.5 - Calculation of slope and k for specimen G2P1
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Crack 1
V=745 V,=132 ~ _ 3
H =0 H,= 1755 Slope = 2.90 x 10 kp=1.12
Crack 2
V1=69.5 V,=113.5 ~ ] 3
H,=0 H, = 229 Slope = 3.11 x 10 ky=1.2
Avg. k,=1.16
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Horizontal axis (crack width)

0.4 mm = 45 units

Vertical axis (moment)

4 KNm = 26 units

Table A.6 - Calculation of slope and k for specimen C2NO

Crack 1
V;=15.5 Vo= 104 3 ) -
Hi= 0 H, = 218 Slope = 1.42 x 16 k, = 1.96
Crack 2
V1=235 V,=104 _ ] ~
Hi= 0 H, = 105 Slope = 1.40 x 16 kp = 1.93
Avg. k, = 1.95

Table A.7 - Calculation of slope and k for specimen C2P1
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Crack 1
V,=26 V,=130 ~ ] B
Hi= 0 H,- 1675 | Slope=931x 10 ko = 1.28
Crack 2
Vi=27 V, =130 ~ ] B
Hi= 0 H, = 132 Slope = 7.41 x 18 kp = 1.02
Crack 3
V1=102.5 V, =156 ~ ] B
H =0 H,= 775 Slope = 8.37 x 10 ko = 1.15
Avg. k, = 1.15
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Al.2 #4 Bars

Horizontal axis (crack width)

0.1 mm = 28.5 units

Vertical axis (moment)

2 KNm = 16 units

Table A.8 - Calculation of slope and k for specimen G4NO

Crack 1
V1=275 V,=113 ~ ] B
Hi= 0 H, = 227 Slope = 7.45 x 18 ko = 1.37
Crack 2
V1=30 V, =80 B B
Hi=0 H, = 128.5 Slope =7.21 x 10° kp = 1.33
Crack 3
V=275 V,=97 ~ ] B
Hi= 0 H, = 146 Slope =5.90 x 18 ko= 1.08
Avg. k, = 1.26

Table A.9 - Calculation of slope and k for specimen G4P1
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Crack 1
Vi=29 Vp=112.5 ~ _ 3
Hi=0 H, = 1305 Slope = 4.39 x 18 kp = 0.8
Crack 2
V=24 V, =145 B _ 3
Hi=0 H, = 98.5 Slope = 2.29 x 18 ko = 0.42
Crack 3
Vi=155 Vo =145 B _ 3
H =0 H, = 159 Slope = 2.83 x 18 k, = 0.52
Crack 4
V1=325 Vo =145 _ ] ~
Hi= 0 H, = 120 Slope = 2.99 x 18 ko = 0.55
Crack 5
Vi=24 V, =145 ~ _ 3
Hi= 0 H, = 39 Slope = 9.05 x 10 ko = 0.17
Crack 6
Vy=42 V, = 145 B _ 3
Hi= 0 H, = 03 Slope = 2.53 x 18 k, = 0.46
Avg. k, = 0.49
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Horizontal axis (crack width)

0.4 mm = 34.5 units

Vertical axis (moment)

5 KNm = 21 units

Table A.10- Calculation of slope and k for specimen C4NO

Crack 1
V1=125 V,=125.5 ~ ] ~
Hi =0 H, = 199 Slope = 8.58 x 18 ko = 4.4
ack 2
Vi=45 V,=1255 B _ B
Hi= 0 H, = 154 Slope = 6.20 x 18 ko = 3.19
ack 3
V1=105 Vo= 167.5 ~ _ B
Hi =0 H, = 207 Slope = 6.42 x 18 k,=3.3
Avg. k, = 3.63

Table A.11- Calculation of slope and k for specimen C4P1
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Crack 1
V=125 V,=167.5 _ ~
Hi= 0 Hy = 72.5 Slope =2.28 x 107 kp=1.17
ack 2
Vi=125 Vp=167.5 B _ 3
Hi= 0 H, = 54 Slope = 1.70 x 18 k, = 0.87
ack 3
V1 =-20 V,=167.5 B _ 3
Hi= 0 H, =325 Slope = 8.44 x 18 k, = 0.43
ack 4
Vi=45 Vo= 167.5 B ) 3
H =0 H, = 315 Slope = 1.25 x 18 ko= 0.64
Avg. k, = 0.78
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A2 CASE STuDY 2

All specimens were 200 x 300 x 3000 mm (width x length x height) and tested in four
point bending over a simply supported clear span of 2750 mm and a shear span of 875

mm.

Table A.12- Bar properties for Case Study 2 (adapted from Kassem et al., 2011)

Type (rg?n) (mArfnz) E; (GPa) | fn (MPa) | G, (%) Surface texture
CFRP1| 9.50 71 114+ 11| 1506 £99| 1.2+0.12 Sandcoated
CFRP2 | 9.00 64 122 +5 | 1988 +22| 1.7 + 0.04| Ribbeddeformed
GFRP1 | 12.70 129 40+ 1 617 +16 | 1.5+ 0.06 Sandcoated
GFRP2 | 12.00 | 113 361 747 +34 | 1.8 £0.11| Ribbeddeformed
AFRP 9.50 71 52+ 2 | 1800+ 36| 3.3+0.03 Sandcoated

Table A.13- Specimen details for Case Study 2 (adapted from Kassem et al., 2011)

Series Beam f §MPa) | E;(GPa) 11 (%) 1l o EtAs (KN)
Cl14 40.4 31.6 0.6 1.2 32276
CFRP1 C1-6 39.3 29.8 0.9 1.9 48564
C1-8 39.3 29.8 1.2 2.5 64752
C24 39.9 29.8 0.5 1.7 31232
CFRP2 C2-6 40.8 30.2 0.8 2.5 46848
C28 40.8 30.2 1.1 3.3 62464
G1-6 39.1 29.3 1.6 15 30960
GFRP1 G1-8 39.1 29.3 2.2 2.0 41280
G2-6 39.1 29.3 14 1.9 24408
GFRP2 G2-8 39.1 29.3 1.9 2.5 32544
AERP AR-6 39.1 29.3 0.9 3.9 22152
AR-8 39.1 29.3 1.2 52 29536
2 M10 Steel 2 M10 Steel 2 MI10 Steel
il Steel stirrups_"_ Steel slirmp:’_ Steel stirrups
MI10 MI10 MI0
2 @ 80mm = @80mm o @80mm
il | {T i I t 1 i r
o g 20 3 2 3

Configuration of 4 Bars Configuration of 6 Bars Configuration of 8 Bars

Figure A.1 - Bar configurations for Case Study 2 (Kassem et al., 2011)
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Table A.14 - Calculation of geometric constant for Case Study 2
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A2.1 BeamsCl

Horizontal axis (crackvidth)

1 mm = 99.5 units

Vertical axis (moment)
20 KNm = 36 units

Table A.15- Calculation of slope and k for Beams C1

111

Specimen CB
Vi=4 Vo =108 _ _ 3
Hi= 0 H, = 64 Slope = 1.11 x 18 ko = 1.63
Specimen CbH
Vi=8 V2 =108 _ _ 3
H =0 H, = 90 Slope = 1.63 x 18 kp = 1.64
Specimen CH4
V=36 V,=108 ]
[ =227x1 kp = 1.
H.=49.5 H, = 140 Slope x 19 »=1.09
Avg. k, = 1.45
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A2.2 Beams C2

Horizontal axis (crack width)

1 mm = 101 units

Vertical axis (moment)
20kNm = 36 units

Table A.16 - Calculation of slope and k for Beams C2

113

Specimen C3B

Vi=0 Vo =108 _ _ 3

H.= 0 H, = 55.5 Slope = 9.16 x 18 ko = 1.27
Specimen CH

Vi=9 V, =108 ~ _ 3

H =0 H, = 88 Slope = 1.58 x 18 k, = 1.56
Specimen C2

V=36 V,=108 ~ ] B

H, = 56 H, = 151 Slope = 2.35 x 18 ko= 1.17

Avg. k, = 1.33
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A2.3 Beams G1 and G2

Horizontal axis (crack width)

1 mm = 99 units

Vertical axis (moment)
20 KNm = 36 units

Table A.17 - Calculation of slope and I for Beams G1 and G2

115

Specimen GB
V1= 36 V, =108 ~ ] B
H, = 34 H, = 82.5 Slope = 1.23 x 18 kp=1.13
Specimen G3B
V1=36 V,=108 ~ _ 3
H, = 43 H, = 88 Slope = 1.14 x 18 kp = 0.85
SpecimerG1-6
V=36 V,=108 ~ ] B
H, = 74 H, = 183.5 Slope = 2.77 x 18 k, = 1.83
Specimen G5
V1=36 V,=108 _ ] ~
Ho= 425 H, = 141 Slope = 2.49 x 10 ko= 1.31
Avg. k, = 1.28
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A2.4 Beams AR

Horizontal axis (crack width)
1 mm = 96.5 units

Vertical axis (moment)
20 kKNm = 35 units

Table A.18- Calculation of slope and I for Beams AR

Specimen AR3
Vl =35 V2 =70 ~ _ 3
H, =63 H,= 126 Slope = 3.26 x 10 ky = 2.24
Specimen ARG
Vl =35 V2 =70 ~ _ -
H,=81 H,= 1425 | Sope=3.19x 18 kp= 1.5
Avg. ky, = 1.87
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APPENDIXB : ACI440 TEST METHOD
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Test Method for Determining the BondDependent Coefficient
of Fibre-Reinforced Polymer (FRP) Rods $econd Draf}

Brahim Benmokrane, ACI 440 member
University of Sherbrooke, Sherbrooke (Qc), Canada

Submitted to:
ACI 440-K subcommittee

March 16", 2010

l1bScope

1.1 This test method specifies the test requirements for determining the bond
dependent coefficientkf) of the FRP rods used as flexural tensremforcement in
concrete members subjected to bending.

1.2 This test method is intended to determine the effects of surface treatment on
the bond dependent coefficientkf) of FRP rods. It can be used to test GFRP rods
ranging in size from No. 3 to N& and CFRP rods ranging in size from No. 3 to No. 5,
using a beam with minimum concrete strength of 28MPa.

2bRef erenced Document s
2.1 ASTM Standards

C 3971 94 Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens

C 1431 90a Standard Test Method for Slump of Hydraulic Cement Concrete

C 1921 95 Standard Practice for Making and Curing Concrete Test Specimens in
the Laboratory

C 2347 91a Standard Test Method for Comparing Concrete on the Basis of the
Bond Developed with Reiofcing Steel

C 6171 87 Standard Practice for Capping Cylindrical Concrete Specimens

D 5229/D 5229M92 Standard Test Method for Moisture Absorption Properties
and Equilibrium Conditioning of Polymer Matrix Composite Materials

E 4-01 Standard PracticesrfForce Verification of Testing Machines

D7205 / D7205M706. Standard Test Method for Tensile Properties of Fiber
Reinforced Polymer Matrix Composite Bars.

3bSignificance and Use
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3.1 This test method is used to determine the fmmpndent coefficienky) of
FRP reinforcing rods to be used in flexural members. Thus, this test procedure is based
upon beam testing in two points loading.

3.2 This test method is designated to provide bond behavior and strength for
material specifications, research and depmlent, quality assurance, and structural
design and analysis.

3.3 The beams specimens dimensions and reinforcement are designed so that they
will not fail in shear prior to concrete crushing, or having bar slip.

3.4 This test method may also be used to determine the conformance of a product
or a treatment to a requirement relating to its effect on the bond developed between FRP
rod and concrete.
4bTerminology

4.1 Bonddependent coefficienky): factor that accountfor the bond between a
bar and concrete.

4.2 Development length: length of embedded reinforcement required to develop
the tensile capacity.
5bTest Equipment and Requirements

5.1 A schematic of a suitable testing system is shown in

5.2Figure.

5.3 Beams dimensions should be close to L = 3608 b = 200mm h = 300
mm to be representative of real structural member.

5.4 Shear spana» should be at least equal &d3, or 3 times the height of the
beam. Bigger shear span is suitable to reduce shear but the maximum momeniegion «
should not be smaller than 560n

5.5Bar length from the loading point to the bar end must exceed the development
length to avoid any balip.

5.6Clear concrete cover for FRP bars is 1Y% inch for bars #2, #3, #4, #5 and 2
inches for bars #6, #7 and #8.

5.7The loading system shall be capable of measuring the forces to an accuracy
within ° 2% of the applied load, when calibrated in accordance AShM Practices E 4.
The load should be applied quasatically to the beam at a displacement rate close to 1.2
mm/min.

5.7 The hydraulic jack should be fixed between two hinges to ensure that the
applied load remains vertical along the test.
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5.8 Initial crack width of the two first flexural cracks should be measured with
hand optical or digital microscope, as showikrigu .

5.9 The opening of the two first flexural cracks should be monitored with one
displacement meter each.

5.10 Initial crack width of the two first flexural cracks should be added in the
aralysis to the readings of the displacement meters to have the real opening.

5.11 The displacement meters should be LVDTSs or similar apparatuses.

5.12 Mid-span deflection should be measured with minimum of two displacement
meters.

5.13 FRP bars strain ahid-span should be measured with a minimum of two
electrical strain gages. It is suitable to put strain gages 10 mm apart from the center line
of the beam.

6bSpeci men Preparation

6.1 FRP rods to be embedded into the specimen should be representdte/moof t
production being tested.

6.2 For each type of bars, the set of specimens should be casted in the same batch.

6.3 Transverse reinforcement may be placed over the entire length of the beam at
a uniform spacing to avoid a shear failure. However maxirnoment regionxe can be
transverse reinforcement free to avoid confinement effect.

6.4 FRP rods used in a given series of tests need to be of the same type and size,
and have the same pattern of any deformations or other means of mechanical and
frictional interlock with the concrete. The length of the individual rods over the loading
point should be such as to meet the requirements of the test specimens and the expected
development lengths.

6.5 The concrete should be a standard mix, and a minimum oftéwelard 150
by 300mm control cylinders should be made for determining compressive strength from
each batch of concrete. These cylinders and control tests should follow ASTM C39. The
concrete mix should be batched and mixed in accordance with the bfgplcations of
ASTM C192. The slump should conform to the measurements of ASTM C143, and have
a value of 10 £ 2 cm.

6.6 The concrete should be cast in approximately equal layers, not exceeding
250mm in depth. Each layer shall be adequately consolidatiecn internal vibrator to
ensure removal of entrapped air. The specimen may be cast on its side, or upside down
to control the amount of concrete under the bar during the cast.

6.7 The test specimen shall be cured in the forms using a curing compoand o
plastic membrane, or both, to prevent rapid evaporation of water for at least 48 hours.
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6.8 Molds should not be removed from the specimens earlier than 20 hours after
casting. Immediately after removing the molds, specimens should be cured in aceordanc
with ASTM C511 until the time of test. Specimens should be tested at an age of 28 + 3
days.

6.3 Two specimens constitute a set of test specimens. If a specimen is found to
have failed prematurely, an additional test should be performed on a separateispec
using FRP rods taken from the same lot as the failed specimen.

7bTest Conditions

7.1 Unless a different testing environment is specified as part of the experiment,
the tests should be conducted at the standard laboratory atmosphere @3and350+
10 % relative humidity).

8bTest Met hod
8.1 Beams should be simply supported and tested in two points loading.

8.2 Load is applied until the first flexural crack appears. At that stage loading is
held constant to measure initial crack width with a miapscas shown ifigu.

8.3 Displacement meter is installed at the level of reinforcing bars to monitor the
crack width until the end of testing (sEigure).

8.4 Resume loading until having ¥ flexural crack, and the same steps as for the
first crack are repeated.

8.5 Resume loading until havingack width exceeding Inm or until beam
failure if the ultimate performance is needed.

9bCalculations

9.1 The bonelependent coefficieri, should be determined from the measured
crack widths and strains in the FRP bars (at service stage) during testing and using Eq. 1
(ACI 440.1R06) if strain readings are poor or bad, stress calculated with elastic crack
theory can be used:

f, ,
w=2—Lp3k, 3 [d2+
f

(1)

O Qo
B
- OO |

Where

w : maximum crack width (mm)
Es: modulus of elasticity of FRP bar (MPa)
fi . stress in FRP reinforcement in tension (MPa)

ko : bonddependent coefficient
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b: ratio of distance from neutral axis to extreme tension fiber to distance from neutral
axis to centre of tensile reinforcement

dc: thickness of concrete cover measured from extreme tension fiber to centre of bar
(mm)

s: longitudinal FRP bar spacing (mm)

9.2 In Eq. 1, thew is measured experimentally using displacement meter. All
other terms in the equation are known values exceptthaich can be then calculated
(mean value). The crack width values,for calculatingk, should not exceed 0.7 mm.

1 OReport
The test report should include the following items:
10.1Properties of the concrete

10.1.1 The mix proportions of cement, fine aggregate, coarse aggregate,
admixture (if any used), and the water cement ratio

10.1.2 Slump of freshly mixed concrete as determineddoordance with ASTM
C 143

10.1.3 Twenty-eight day strength of control cylinders as determined in
accordance with ASTM C 39

10.1.4 Any deviation from the stipulated standards in such aspects as mixing,
curing, dates of demolding and testing of control cylinders

10.2 Poperties of the FRP rod

10.2.1 The trade name, shape and date of manufacture if available and lot number
of product tested

10.2.2 Type of fiber and fiber binding material as reported by the manufacturer,
fiber volume fraction, surface treatment and-poaditioning of FRP rod

10.2.3 Designation, diameter, and cressctional area

10.2.4 Modulus of elasticity and ultimate tensile strength as determined in
accordance withSTM D7205 / D7205M 06.

10.2.5 A closeup photograph of the rods showing surface deformations and
characteistics

10.3 Numbers or identification marks of test specimens
10.4 Date of test, test temperature, loading rate

10.5 Dimensions of test specimens, bonded length of FRP rod, clear cover above
the FRP test bar, and size, spacing, and type of transverfegaement .
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10.6 Average bondependent coefficienk, at service load and its standard

deviation.

P/ P/

m

2 steel

L
Steel %

2 2 FRP
a
— L -

2 steel bars

2\

Steel
h 2 FRP
7(§Iear
~p 4

Figure 1: The dimensions and reinforcement details of the specimens

!

Figure 2. Hand optical microscope for measuring initial crackwidth
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Figure 3: monitoring crack 1 width with displacement meter
crack 1 width with displacement meter
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