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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
powered the emergence of fibre reinforced polymers (FRP) as reinforcement in concrete.
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. Therefore, the area of FRP reinforcement provided is often greater than
the amount required for strength alone and this has significant impacts on the project
economics. The bond dependent coefficient (ky,) of FRP is required for serviceability
design purposes in order to account for the bonding capability of FRP to concrete. The
values of this coefficient reported in experimental studies are highly variable, resulting in
unreliable crack response predictions. Therefore, a more consistent interpretation and
calculation must be found for the bond dependent coefficient due to its critical
importance in design.

The bond dependent coefficient, as well as physical parameters which influence crack
width in GFRP reinforced concrete, were investigated experimentally in this study using
a total of 33 specimens. The test procedure was taken from a procedure being developed
by the American Concrete Institute (ACI) Committee 440 and was evaluated and
modified as required during testing. Phase I testing was used to investigate and
determine the physical parameters which had the most significant influence on cracking
behaviour and bonding capability. Using significant findings from Phase I, Phase II
testing was structured to focus on the interpretation of the bond dependent coefficient and
the statistical variation in a set of 5 identical test specimens. Current design equations, as
recommended by ACI 440.1R-06 and CHBDC CAN/CSA-S6-06, were used for the
calculation of the bond dependent coefficient for all specimens. Interpretation of the
bond dependent coefficient was considered using the stress-level approach and newly
developed slope approach.

Results of the study indicated that the high variability of ki, 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 addition, clear definitions of
service stress and maximum crack width are ambiguous, further complicating the
calculation of the bond dependent coefficient. This resulted in a range of ki, values for a
given beam despite the fact that k;, is inherently a material property of the bar. The
behaviour of specimens following load cycling was also very different than the initial
loading cycle and consequently, ki, was also significantly different. As structures in the
field will be subjected to continual loading and unloading, the effect of cyclic loading
becomes a consideration in 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 and thus, brittle behaviour. Tensile 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
1950’s as an alternative to steel reinforcement. Despite the fact that FRP applications
hold tremendous promise, design constraints can limit their application. Increased
deflection and crack width due to a reduced modulus of elasticity of FRP are problematic
in selecting an 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 recommended by ACI 440.1R-06 and CHBDC
CAN/CSA-S6-06, requires a bond dependent coefficient (ky,) to be used in prediction 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 treatment. The surface treatment of FRP is not regulated and
can therefore vary dramatically depending on the manufacturer. A variety of the surface

treatments that have been used in the industry are shown in Figure 1.1.

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 accurately calculate k,
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 coefficient. A more consistent interpretation and calculation approach must be

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

1.1 RESEARCH OBJECTIVES

In 2010, a test method was proposed to ACI Committee 440 for the purposes of achieving
consistency in the experimental determination of the bond dependent coefficient of FRP.
The test method was evaluated in this study using the experimental testing of 33 concrete
specimens reinforced with GFRP, while modifications were made as required. Various
parameters impacting cracking and bonding behaviour were examined in two phases of

testing.

The specific physical parameters that were investigated include:
e Reinforcement ratio/bar diameter,
e Concrete cover,
e Bar spacing,
e Member type (slab/beam),
e Synthetic fibre content, and

e Surface treatment.

One of the two main objectives of this research was to examine and explain the
significant variability of reported k, values. A literature review was completed to
identify possible interpretation and calculation approaches for this coefficient. Using the
results from this study, the second main objective was to determine an evaluation method

for ky, in order to achieve consistency in its calculation.



A secondary objective was to examine the statistical variability of cracking behaviour and
ky in FRP reinforced specimens. A test series of five identical specimens was used to
examine this variation. The ky, values calculated from this analysis were also applied and
used to predict the bond behaviour of other specimens with identical reinforcement.
Cyclic loading was also investigated to examine the 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 composite materials that are comprised of a matrix and reinforcing
fibres. FRP exhibits a much different stress-strain relationship than steel and is a brittle
material that does not exhibit yielding. As shown in Figure 2.1, the stress-stain
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 stress-strain relationship for
steel shown in Figure 2.2; a yielding plateau occurs following a linear elastic range due to

the material ductility.
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Figure 2.1 - Stress-strain relationship for FRP and its constituents (ISIS Canada
Corporation, 2001)
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Figure 2.2 - Stress-strain relationship for reinforcing steel (Wight & MacGregor,
2009)

Due to the differences in their stress-strain relationships, there are also different design
practices for FRP and steel reinforced concrete. Steel reinforced concrete is typically
designed to be reinforced such that the steel yields prior to concrete crushing. However,
for FRP reinforced concrete, it is preferable to fail in concrete crushing mode without

tension rupture of the FRP.

2.1.1 Fibre types

The most common types of fibres for FRP are carbon (CFRP), glass (GFRP) and aramid
(AFRP). CFRP are the most widely used in high-performance concrete structures due to
their superior tensile strength. In addition, CFRP also has the highest modulus of
elasticity of the three common fibre types. These fibres are extremely anisotropic, where
the modulus in the longitudinal direction can be 29 times the modulus in the transverse
direction (Campbell, 2010). Carbon fibres were first introduced in the 1960’s and it was

found that a bar surface 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 25 percent of steel reinforcement. This low modulus produces increased deflections

and crack widths which propose significant design challenges. E-glass is the most



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

composite applications.

AFRP is composed of organic fibres with stiffness and strength intermediate between
glass and carbon. Aramid fibres are formed by the reaction between a carboxylic acid
and an amine group to form aromatic polyamides. This ring structure contributes high
thermal stability (Campbell, 2010). However, aramid fibres are not surface treated 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 fibres and provides toughness, impact and abrasion resistance (Campbell,
2010). Two types of polymeric matrices are widely used for FRP composites:
thermosetting and thermoplastic. Thermosetting polymers are more commonly used and
are composed of low molecular weight liquids whose molecules are joined by chemical
cross-links (ISIS Canada Corporation, 2001). Once set, a rigid three-dimensional
structure is formed that cannot be reshaped using pressure or heat. Common
thermosetting polymers are epoxy, polyester and vinyl ester, whose properties are shown
in Table 2.1. Thermoplastic 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 Resins (ISIS Canada Corporation,

2001)
Resin Specific Tensile Strength Tensile Modulus | Cure Shrinkage
Gravity (MPa) (GPa) (%)
Epoxy 1.20-1.30 55-130 2.75-4.10 1-5
Polyester 1.10—-1.40 34.5-103.5 2.10-3.45 5-12
Vinyl Ester | 1.12-1.32 73 - 81 3-3.35 5.2-10.3

2.1.3 Manufacturing Processes

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

processes for FRP. Filament winding, as shown in Figure 2.3, has been in continuous use




since the mid 1940’s and is a highly repeatable process used to fabricate bodies of
practically any geometry and 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 minimizes the possibility of tow breakage (Campbell, 2010).
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Figure 2.3 - Filament winding fabrication process (Owens Corning Composite
Materials, 2011)

Pultrusion is the primary process used for manufacturing FRP bars, where the products
are formed using a continuous process where the base reinforcement material is pulled
through a resin bath and then a heated dye, as shown in the schematic in Figure 2.4. This
process allows for a wide variety of shapes, length and properties by modifying the resin
and reinforcement materials. The end product produced by pultrusion is non-corrosive,
non-conductive, neutral to electromagnetic fields and is also a thermal insulator (Pultrall
Inc., 2007). The main disadvantage of the pultrusion process is that the resin provides a
smooth surface which produces a low quality bond in concrete and reduces the load
transfer between the concrete and FRP reinforcement (Esfandeh ef al., 2008). However,
the FRP can be surface treated to improve the bond. Examples of surface treatments are

sand-coated, ribbed, helically wrapped, or braided.
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Figure 2.4 - Pultrusion process for FRP (Tighouart ef al., 1998)

2.2 FRP APPLICATIONS

Due to the various advantages associated with the use of FRP, the applications for these
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 the late 1990’s, designers
have chosen to move towards these innovative technologies to mitigate corrosion
problems and reduce overall life maintenance costs. However, meeting serviceability
criteria such as maximum crack width and deflection can be difficult to achieve and is

commonly the limiting factor in design.

2.2.1 Bridge Decks

According to Cheng & Van Zwol (2005), forty percent of the bridges in Canada were
constructed more than 30 years ago and significant deterioration of the deck has resulted
due to corrosion of internal steel reinforcement. Concrete bridge decks are in direct
exposure to harsh environments and de-icing chemicals, resulting in an accelerated
deterioration process. For this reason, FRP is being employed in bridge deck design in

order to extend the service life of the structure.

In 1997, the first continuous steel-free deck was constructed as part of the Crowchild
Trail Bridge in Alberta. This deck replaced the existing superstructure, although the piers
and abutments were first built in the 1960°s (Cheng & Van Zwol, 2005).



In December of 1997, the Joffre Bridge, shown in Figure 2.5(a), in Downtown
Sherbrooke, Quebec opened to vehicle traffic over the St. Frangois River. The bridge had
dimensions of 164.4 m in length and 16.8 m in width and was composed of five spans of
continuous steel girders. The deck slab for this bridge was 260 mm thick and was
reinforced with CFRP NEFMAC grids in the top mat, as shown in Figure 2.5(b). This
bridge was instrumented at critical locations 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 FRP reinforced concrete bridge decks has grown across

Canada and the United States.

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 East near Montreal. For this study, 18 full scale slabs, ranging from 280 —

350 mm in thickness were installed over 3 lanes of traffic, as shown in Figure 2.6.
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Figure 2.6 - Layout of test slabs on Highway 40 East (Benmokrane et al., 2008)

Instrumentation on the bars was completed in order to monitor the performance of the
pavement following construction. After one year in service, satisfactory performance
was achieved with no pumping, faulting, spalling or punch-out failure in the slab surface.
Crack spacing and crack width were also monitored as these are the critical factors that
control pavement performance. It was found that crack widths ranged from 0.75 — 0.9

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

2.2.3 Wharf

Hall’s Harbour is the only safe harbour on the Fundy Shore and is located north of Digby
in Nova Scotia. It is also home to the first marine structure in Canada utilizing GFRP
reinforcement and a steel-free deck (Newhook, 2006). This design was initiated due to a
collapse of the mid-section of the wharf during a storm in 1998. Due to the extreme
environmental exposure conditions, FRP was suggested as a feasible solution. This
innovative design was approximately 4.5% more based on the total project cost than its
steel counterpart and extended service life from 30 years to between 60 and 80 years. In
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 contained GFRP 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 Retrofit

Many structures in Canada require rehabilitation due to corroded steel reinforcement or
increases in load due to changes in the use of the structure. To demolish a structure and
rebuild can be very costly and is not always a viable solution. Many structures 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 concrete slab. Visible 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 were proposed and analyzed using
AASHTO specifications as a solution to the current situation. The laminates were
externally bonded on the bridge as shown in Figure 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 from 4.5 to 16 tons (a

320% enhancement).

Figure 2.7 - Location of CFRP Laminates for Bridge Strengthening (Galati ez al.,
20006)
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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 as shown 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 wall (Sheikh &
Homam, 2004). Repair of the structure was required as the factor of safety against shear
ranged from 0.45 — 1.28, while design values were 1.65. To minimize interference with
residents, retrofit with CFRP wraps and sheets was chosen. As of 2004, the repaired

components had satisfactory performance without any problems for 4 years.
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Figure 2.8 - Observed cracks in: (a) the slab; and (b) the foundation wall (Sheikh &
Homam, 2004)
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2.2.5 Design Challenge

In steel reinforced concrete, crack control is important to protect the 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 reduced modulus of 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 crack 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 varying results for properties such as surface treatment, reinforcement
ratio/bar diameter, clear cover and fibre content. This section discusses the literature to

date on these parameters and the reported results 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, unlike deformed steel reinforcement which relies heavily on
mechanical bearing (Tighouart et al., 1998). Because friction controls the quality and
strength of the bond, the surface configuration of the FRP rebar has a large impact on the
bond formed. Pull-out resistance is linked to a combination of both the static and friction
loads as well as normal forces attributed to surface configuration that are exerted on the
rebar and the surrounding concrete, as shown in Figure 2.9. Esfandeh ef al. (2008)
confirmed these phenomena with a series of pull-out tests on FRP rebars with four types
of surface configurations: one with a smooth surface, sand-coated surface, helically
wound ribs and a combination of sand-coated and helically wound ribs In this study, the
addition of any type of texture resulted in an increase in pull-out resistance. Based on
pull-out and load-displacement behaviour, the FRP bar with the sand-coated surface and

helically wound ribs had the best overall performance. Research carried out by
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Masmoudi et al. (1996) also determined differences in crack width and crack spacing

depending on the surface configuration of GFRP rebars.

(b)

Figure 2.9 - Schematic of forces on (a) deformed rebar; and (b) concrete during
pull-out testing (Esfandeh ez al., 2008)

2.3.2 Reinforcement Ratio/Bar Diameter

Lee et al. (2010) found no clear correlation between bond and reinforcement ratio or bar
size when evaluating k,. However, Masmoudi et al. (1996) found that an increase in
reinforcement ratio resulted in more numerous cracks in the constant moment region of
the specimen and thus, decreased crack spacing. These researchers also found that an
increase in reinforcement ratio resulted in decreased crack widths. Further investigations
by Tighouart et 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 be trapped beneath the bar, reducing the contact area available for bond.
With a smaller contact area, bond strength will be decreased in pull-out testing. This was
confirmed by Alves et al. (2011) where the bond strength of No.16 (¢15.875 mm) bars
was 30-50% greater than No.19 (¢19.05 mm) GFRP bars with 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
focused on durability, as FRP proposes increased durability to conventional steel
reinforcement. Based on work completed by Galati et al. (2006), small covers were more
susceptible to micro cracking due to stresses induced by thermal treatment. In addition,
local bond slip relationships were improved with increases in cover. Concrete cover was
also determined to be important in decreasing the temperature gradient and thus, the

expansion of the cross section of the bar (Alves et al., 2011).

Although the behaviour of steel is fundamentally different than FRP, the same crack
width prediction equations are used for both materials with variable bond dependent
coefficients. Cover is one of the variables used in crack control for steel and FRP
reinforced concrete and therefore, some conclusions can be drawn from steel reinforced
members. Broms (1965) determined that crack spacing in steel reinforced members was
determined primarily by the maximum concrete cover. Experimentally, 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 4900 B.C. when civilization in
Mesopotamia used straw to reinforce their mud brick buildings (Campbell, 2010). In
present times, fibre reinforced concrete refers to concrete that is reinforced with
randomly distributed fibres. Common materials 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 to concrete when they are being pulled in tension across
crack openings (Wight & MacGregor, 2009). Since the 1980’s, FRC has been used in
non-structural 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 fibres to FRP reinforced concrete has been investigated by several
researchers to determine the improvements they may provide for serviceability. Due to
the large variation of fibre materials commercially available, several types of fibres have
been tested in varying percentages. Wang & Belarbi (2005) used 0.5% by volume,
fibrillated, polypropylene fibres with FRP reinforcement and determined that there was a
negligible change in crack spacing between plain and FRC specimens at ultimate.
However, at a service stress of 40% of ultimate, the FRC specimens had more numerous
cracks and therefore, a 20% smaller crack spacing. The crack spacing in FRC specimens
was smaller as less bond stress was required to attain the cracking stress due to the tensile
component from the bridging of the fibres, as shown in Figure 2.10. 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 to 1% (polypropylene, crimped), a reduction in crack
width was observed, as well as increased bonding due to a lower value of k; for FRC
specimens over plain concrete specimens (Lee et al., 2010). It was also found that over-
reinforced beams with FRC had more numerous cracks due to the addition of fibres that
prevented localization of cracking. A 30-70 polyolefin-steel 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 plain concrete (Eswari et al., 2008). At ultimate and service
loads, the deflection was increased by 137.5% and 187.49% respectively and the FRC
specimens also exhibited increased ductility. Experimentally, more cracks were formed
and there was an observed 80% reduction in crack widths. Yang ef al. (2012) conducted
testing on six high-strength concrete beams with GFRP or CFRP flexural reinforcement,
and either 2.0% synthetic or 1.0% steel fibre content by volume. As predicted, the FRC
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 of the plain
concrete.  Crack widths were only controlled by the fibres up to a load of 100 kN;
however, the ductility index at failure was 70 - 80% higher for FRC specimens. As a final
conclusion, the researchers found that the synthetic fibers were more effective for

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 very distinctive, as shown in Figure 2.11. 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 reinforcement begins to accept 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 to re-attaining the tensile strength within the concrete. With increases
in load, this process can be repeated until the distance between cracks is not large enough
for the tensile stress of 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 to occur at
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 to the
temperature gradient within members and to the cooling of members due to the hydration

of cement (Comité Euro-International du Béton (CEB), 1985).

2.5 CRACK WIDTH PREDICTION IN 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.
Several crack width equations have been proposed by researchers since the 1960’s as a
means to address these concerns and since 1971, the American Concrete Institute (ACI)

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

In 1968, Peter Gergely and Leroy Lutz statistically derived the Gergely-Lutz equation for

predicting crack widths in steel reinforced concrete. With the data collected 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 side crack widths (Gergely & Lutz, 1968).

It was concluded that steel stress was the most important variable in the evaluation of

crack width. Two equations, [2.1] and [2.2], were considered to best predict the

maximum probable crack width at the side and bottom (tension) faces:

where,

Ws

Wb

ts
tp

Wy = 0.091 t (fs - 5) [2_1]
1445
1

wp = 0.0913/t,AR(f, — 5) [2.2]

is the maximum (measured or calculated) side crack width at the level of
the steel centroid in constant moment region, in

is the maximum (measured or calculated) bottom crack width in constant
moment region, in

is the side cover measured from the center of the outer bar, in

is the bottom cover measured from the center of the lowest bar, in

is the average effective concrete area around a reinforcing bar (=A./# of
bars), in’

is the steel stress calculated by elastic cracked section theory, psi

is the ratio of hy/h;

is the distance from neutral axis to center of reinforcement, in

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

more simplistic approach (Equation [2.3]) was suggested by these researchers for design

purposes:
w = 0.0768f,3/d A [2.3]

where,

W is the most probable crack width, in

B 1s the ratio of hy/h;

h, is the distance from neutral axis to tensile face, in

h; 1s the distance from neutral axis to center of reinforcement, in

d. is the thickness of cover from tension face to bottom of closest bar, in

The Gergely-Lutz equation was adopted by ACI in 1971 for steel reinforced concrete
using the z-factor approach (ACI Committee 318, 1971). By using a common value of
1.2 for B, the following equation (Equation [2.4]) was recommended for crack control
using a steel stress of approximately 60% of ultimate, where z is limited to 30000 N/mm

for interior exposure and 25000 N/mm for exterior exposure:

z= fdA 2.4]

2.5.2 Frosch Equation

In contrast to the Gergely-Lutz equation, the crack width equation proposed by Frosch is
based on a physical model. Robert Frosch (1999) 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 well-known Gergely-Lutz equation. For cracks on the bottom face, the controlling
cover dimension was determined by the larger of the side cover, or the bar spacing as
shown in Figure 2.12. The results from this comparison showed that no method
demonstrated better accuracy than the others when analyzing the ratio of calculated to

measured crack width, as shown in Figure 2.13.
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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 (Equation [2.5])

was proposed by Frosch for uncoated steel reinforcement:
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W= 2]];—5/3 dz + (%)2 [2.5]

where,
w is the maximum crack width at tension face, mm
fs is the stress in the steel reinforcement, 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
d. is the thickness of cover from tension face to center of closest bar, mm
S is the bar spacing, mm

Based on the tests conducted by Treece and Jirsa (1989), Frosch felt confident that epoxy
coated reinforcement resulted in increased crack width and spacing in the range 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 their Building Code
Requirements for Structural Concrete in 1999 by rearranging the equation to determine

the maximum allowable bar spacing to control cracking (ACI Committee 318, 1999).

2.6 FLEXURAL CRACKING PREDICTIONS IN 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 and FRP. Four methods of crack prediction in FRP reinforced

concrete will 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 modified version of

the Gergely-Lutz 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 Gergely-Lutz

equation (Equation [2.6]) for FRP is as follows:

where,

2.2
w = E—fykb frid:A [2.6]

is the maximum crack width at tension face, mm

is the stress in the FRP reinforcement, MPa

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

is the bond dependent coefficient

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

. . )
is the average effective area of concrete, mm

2.6.2 Modified Frosch Equation

In 2006, ACI 440.1R-06 and CHBDC CAN/CSA-S6-06 adopted the Frosch equation for

FRP reinforced concrete with the addition of a bond quality coefficient, ks, to account for

the bond between the FRP and concrete (Equation [2.7]). Maximum crack width

guidelines were defined as 0.5 mm for exterior exposure and 0.7 mm for interior

exposure.

where,

2

_Lkr s 2.7
W—ZE—fﬁkb d§+(§) [2.7]

is the maximum crack width at tension face

is stress in the FRP reinforcement

is the tensile modulus of elasticity of the FRP reinforcement

is the ratio between the neutral axis and tension face to distance between

neutral axis and centroid of reinforcement

23



d. 1s the thickness of cover from tension face to center of closest 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 and the design equation recommended by ACI 440.1R-03 when studying the
impact of FRC on the cracking behaviour of beams containing FRP longitudinal
reinforcement. Equation [2.6] forces a zero intercept; however, the behaviour of concrete
specimens indicates 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 Gergely-Lutz equation for FRP to include a non-zero intercept
using a regression 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 Equation [2.8].

w = % X %ykb(M ~ M) YdA, M > M, [2.8]
where,
w is the maximum crack width at tension face
E. 1s the elastic modulus of concrete
d is the depth from top of beam to centroid of tension reinforcement
Ver is the depth from top of beam to centroid of crack section
Y 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

M is the applied moment

M, s the experimentally observed cracking moment

d. 1s 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 area of 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 specifying
maximum permissible reinforcement bar spacing. Ospina & Bakis (2007) proposed an
indirect approach resulting from a rearrangement of flexural crack control provisions by
Frosch from ACI 440.1R-06. The proposed model accounts for the dominant effects (bar
cover, FRP reinforcement stress, stiffness and bond properties) on flexural cracking.
There are two advantages to this method: 1) bar spacing dependence allows the designer
to choose the level of flexural cracking that is to be controlled; and 2) if the bar spacing is
constrained, flexural cracking can also be controlled by prescribing a stress limit in the
FRP. Equation [2.9] represents the proposed model for interior exposure conditions,

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

(do).

s= O'Bfrl:b —2.5d, < 0'7ﬁEl:b [2.9]
where,
S is the maximum bar spacing
dc is the clear cover
E, is the modulus of elasticity of the FRP (assumed value of 40 GPa)
fi is the stress in the FRP (assumed value of 80 MPa)

ky is the bond dependent coefficient of FRP (1.4)
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Figure 2.14 - Proposed flexural crack control provisions for GFRP RC (Ospina &
Bakis, 2007)

The maximum bar spacing provisions are based on the B relationships that represent
conditions typical of shallow members (1+0.0062d.) and deeper members (1+0.0008d.),
as well as the value assumed by Frosch for steel reinforced concrete design (1+0.0031d.).
In addition, the value of 0.91 mm shown in Figure 2.14 corresponds to a 30% variation in

the crack width limit of 0.7 mm.
The effect of bond quality on these provisions was investigated using ky, values of 1.0 and

1.4. As shown in Figure 2.15, the higher k;, value of 1.4 requires a smaller bar spacing to

meet maximum crack width limits.
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CHAPTER 3: LITERATURE REVIEW ON THE BOND
DEPENDENT COEFFICIENT

This chapter discusses the current calculation method for ky at service stress and newly
developed slope approach. Additionally, literature on previously completed research on
the bond dependent coefficient will be presented, as well as case studies where ky, is
calculated using a slope approach to increase the current database of results. Lastly, there

is a detailed discussion on the ACI 440 test method that will be used in this study.

3.1 BoOND DEPENDENT COEFFICIENT AT SERVICE STRESS

The approach used in literature involves determination of ky at a specific service stress
using the corresponding crack width. Using Equation [2.7] and crack width data recorded
during testing, ky, can be calculated when geometric properties of the specimen are
known. As an example, Figure 3.1 depicts the typical cracking behaviour of a specimen
where kj, is calculated at 30% of the ultimate tensile strength of the bars (205 MPa) at a
corresponding crack width of 0.54 mm. Equation [2.7] forces a zero intercept and
calculates the bond dependent coefficient as the secant at the point of interest based on

the current linear format.
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Figure 3.1 - Calculation of ky, using stress-level approach

There are many issues with this method resulting from the lack of a consistent definition
of service stress and maximum crack width in current design standards. The service

stress of FRP reported in the literature and design documents ranges in value from 15 —

28



30% of the guaranteed ultimate tensile strength of the bars. As the value of ki, depends
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 prediction. This approach of
determining ky, is also inherently unable to represent a large range of data as it is only
representative of one specific data point. In addition, as multiple cracks form within the
specimen, there have been different interpretations of maximum crack width:

e 90" percentile crack width (mean plus 1.28 times the standard deviation) as
reported by Bakis et al. (2006), Giernacky (2002), Newhook (2000) and
Thiagarajan (2003).

e Maximum crack width at a service moment equal to 30% of the nominal moment
of the section as reported by Kassem et al. (2011).

e Widest crack across the length of the flexural zone as reported by Kassem (2004),
Masmoudi et al. (1998), Theisz (2004), Lee et al. (2010) and Theriault &
Benmokrane (1998).

3.2 BOND DEPENDENT COEFFICIENT USING SLOPE APPROACH

Based on the issues identified with the stress-level approach, an alternative slope
approach can also be used for determination of ky. Lee et al. (2010) briefly discussed this
method in their research findings where approximate plot linearity was observed in 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, the slope (W/ffp)
can be found using linear regression which can be used to back calculate k,. To expand
the current database of results in literature, case studies were completed where ki, was

calculated using this method and the results can be found in Section 3.4.

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

the large variability of ki, and cracking behaviour in specimens reinforced with FRP.
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A meeting of ACI Committee 440 in October of 2004 prompted a collaborative study to
compare the effects of ky, in previous and proposed equations for predicting crack widths
in FRP reinforced concrete members. At the time, ACI 440 was considering the adoption
of the Frosch equation from the current Gergely-Lutz equation. However, because the
forms of the two equations are different, the k, value that should be used in the absence
of experimental data is also different. Bakis et al. (2006) conducted this study to cover a
range of FRP types — GFRP, CFRP and AFRP. A total of 15 different experimental
studies were used for this analysis in a collaborative effort, using both bar strains that
were measured as well as those calculated using a cracked elastic section analysis
depending on the data available. Summaries of these experimental studies are shown in

Table 3.1 as well as the calculated k;, values.
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Table 3.1 - Summary of experiments and calculated k,, 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. 2005)
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
{Theisz, 2004) scrim textre
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 0.92 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
FRP Mean 0.92 1.10 1.19
ERP 5td. Dev. 0.25 .31 4.093
FRP CF (%) 27 28 &

The researchers found k;, to vary with bar strain and recommended that k;, be investigated
over a range of strain values typical for field applications. Mean ky values were also
found to be scattered for different beams, and also for any one beam at different load
levels. To calculate the default ky, value that should be used for the 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 Gergely-Lutz equation. A kg value of 1.4 is conservative in
all but one case from this experimental study where reinforcement 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 variation in ky

found.

31



A total of 12 concrete beams reinforced with GFRP and CFRP were tested by Lee et al.
(2010). All specimens were 125 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 (¢6.35) - #4 (¢12.7). 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 FRC. The researchers found kg to range from 1.04 —
2.98 depending on reinforcement ratio/bar diameter and fibre material (carbon or glass)

using the slope to calculate k, with Equation [2.8].

Toutanji & Deng (2003) conducted a study in order to verify design equations in ACI
440.1R-01 using three series of RC beams with GFRP longitudinal reinforcement. Each
series contained two identical test specimens that were 180 x 300 x 3000 mm (width x
depth x length) and contained 12.7 mm diameter bars although the configuration and
quantity of the bars varied between series. The researchers found that the provisions
from ACI 440.1R-01 (using the then recommended k;, value of 1.2) were accurate in
predicting crack widths when the reinforcement was placed in one layer (GB1 and 2
series). However, the provisions underestimated crack widths when reinforcement was
placed in two layers (GB3). These results were improved when k, was modified to 1.4
and are denoted by an asterix in Table 3.2. The average results for each series are shown

graphically in Figure 3.2.

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

Experimental Theoretical
Beam # p (%) 30% M, 90% M, 30% M, 90% M,
GBI 1 0.52 13 33 11 33
GBI -2 0.52 12 35 11 33
GB2—1 0.79 0.6 23 0.7 2.0
GB2 -2 0.79 0.7 23 0.7 2.0
GB3—1 1.10 0.6 18 0.6 1.7%
GB3 —2 1.10 0.5 1.9 0.6 1.7%

*modified crack width (ky, = 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 prediction and the bond dependent
coefficient of FRP in order to identify case studies that could be used for comparison of
calculated ki values. The case studies investigated in this section were chosen as the
necessary plots and parameters were provided in the paper to calculate k. In this section,
ky results calculated by the researchers will be presented in addition to a comparison with
values calculated using an alternative slope approach. Detailed information regarding the
test specimens and material properties of the reinforcement used in the case studies can

be found in Appendix A, as well as calculations and associated plots.

3.4.1 Case Study 1

The researchers in this study (Lee ef al., 2010) used a modified Gergely-Lutz equation,
Equation [2.8], for calculation of the bond dependent coefficient in order to account for

the non-zero intercept observed in experimental testing.
The data collected from the specimens was analyzed using linear regression and lines of

best fit were forced through y-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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calculate ky using Equation [2.8] and the results are summarized in Table 3.3. As can be
seen in Table 3.3, there is substantial variation for k,, depending on fibre type, as well as
bar size. In addition, the ky values found for the FRC specimens are significantly lower

than plain concrete, indicating better bond behaviour and thus, smaller crack widths.

Table 3.3 - kj, results for slope method with forced intercept (adapted from Lee ef

al., 2010)
Bart Bar si ky K vrc/Kp ot
ar type ar size Plain FRC b,FRC/Kb,plain
m 1.57 0.67 0.42
GFRP 44 1.04 0.57 0.55
0 1.74 0.92 0.53
CFRP 44 2.98 0.76 0.26

3.4.2 Case Study 2

For determination of the bond dependent coefficient, the researchers in this study
(Kassem et al., 2011) used the maximum crack width exhibited within the specimen at a
service moment equal to 30% of the nominal moment (M,). It should be noted that
0.3M,, does not represent any standard service stress condition defined in design codes
and guidelines. The modified Frosch equation was used for this calculation in
accordance with ACI 440.1R-06 and CHBDC CAN/CSA-S6-06. The results of this
calculation are shown 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 large effect on the results for k.
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Table 3.4 - k;, values at 0.3M,, (Kassem et al., 2011)

Specimen ky
Cl-4 0.95
C1-6 0.88
CI1-8 0.99
C2-4 0.97
C2-6 0.86
C2-8 0.86
G1-6 1.07
G1-8 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 the current database of results, a slope method was used to calculate ki, values
for both case studies using the modified Frosch equation, Equation [2.7]. This approach
involved using experimental plots of reinforcement stress (or one of its derivatives)
versus crack width to determine a slope which can be used to back calculate k,. The non-
zero intercept was neglected in this analysis as the current design equation cannot
accommodate this due to its mathematical form. All related calculations and plots can be

found in Appendix A.

The ky, values found using this method, as shown in Table 3.5, are significantly variable
depending on fibre type and bar diameter. In addition, this analysis was performed for
each crack within the specimen. For instance, in a beam where 4 cracks were reported, 4
sets of results were calculated along with the average of all 4. The variability that occurs

within cracks occurring in the same specimen can be demonstrated from this analysis.
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Table 3.5 - Case Study 1 kj, results using slope method

Specimen Crack Slope (x10°) | Constant (x10°®) ks,

1 268.0 1.04

G2NO 2 494.0 25.8 1.92
Average 381.0 1.48

1 290.0 1.12

G2P1 2 311.0 25.8 1.20
Average 301.0 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

1 142.0 1.96

C2NO 2 140.0 7.3 1.93
Average 141.0 1.95

1 93.1 1.28

2 74.1 1.02

C2Pl 3 83.7 73 1.15
Average 83.6 1.15

1 85.8 4.40

2 63.0 3.19

CANO 3 64.2 20 330
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 ky, values calculated for Case Study 2 using a slope approach, as shown in Table 3.6,
yielded variability based on both fibre type and bar diameter. For these specimens,
moment versus crack-width relationships for the first crack width formed in the specimen

were used to calculate ky, using a slope approach.
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Table 3.6 - Case Study 2 kj, values using slope approach

Specimen Slope (x10) Constant (x10) ky,
Cl-4 2.27 2.10 1.09
Cl1-6 1.63 99.4 1.64
Cl1-8 1.11 68.4 1.63
C2-4 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 1.51 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 ky

Shown in Tables 3.7 and 3.8 are the comparisons between the k;, values calculated by the
researchers and the k;, values calculated using a slope approach. It is important to note
that both researchers calculated their k, values using different equations and

interpretation approaches which introduces further variability into the results.

Table 3.7 - Comparison for Case Study 1

Specimen k;, from Paper Slope ky
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 k; from Paper Slope ky
Cl-4 0.95 1.09
Cl1-6 0.88 1.64
CI-8 0.99 1.63
C2-4 0.97 1.17
C2-6 0.86 1.56
C2-8 0.86 1.27
Gl1-6 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 that k;, values 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
(Mc;). This difference was more pronounced for the FRC samples; however, this is likely
due to the influence of crack bridging from the addition of the fibres. In addition, the
researchers used a modified form of the Gergely-Lutz equation (Equation [2.8]) to
calculate their ki, results, while the k, values found using the slope approach were
calculated using the modified Frosch equation (Equation [2.7]) as recommended by
current design standards. The major difference between these two equations is that
different geometric parameters are defined as the major contributors to crack width. For
the Gergely-Lutz equation, the geometric parameters defined to influence crack 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 Gergely-Lutz equation is based on a
statistical model, while the Frosch equation is based on a physical model due to

inconsistencies with Gergely & Lutz’s equation (Frosch, 1999).

For the second case study, the ky, values found using the slope approach are also more
conservative than those calculated using the maximum crack width at 0.3M,. In this
study, the researchers used a conventional stress-level approach and therefore, the

differences in k;, values can be mostly attributed to interpretation method as the modified
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Frosch equation was used for both methods. Current design guidelines recommend using
a ky value of 1.4 when experimental data is not available. For this case study, this value
would be conservative for all specimens using the stress-level 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 that ky, calculated using a stress-level approach would
significantly vary between specimens. This is because kp, 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 place. However, the loading behaviour of all specimens is essentially linear
although there are variations in slopes and intercepts, as shown by the plots in Appendix

A.

3.5 ACI CoMMITTEE 440 TEST METHOD

The test method that will be evaluated is entitled Test Method for Determining the Bond-
Dependent Coefficient of Fibre-Reinforced Polymer (FRP) Rods (Second Draft)
(Benmokrane, 2010) and was presented to ACI Committee 440 (K Subcommittee) in
March of 2010. This test method specifies requirements for determining ki, of FRP rods
used as reinforcement in concrete flexural members. A copy of the test method can be
found in Appendix B, while this section will discuss the most significant aspects of the

experimental test.

The test method suggests beam dimensions of 200 x 300 x 3000 mm (width x height x
length) in order to be representative of real structural members. Reinforcement should be
comprised of GFRP bars ranging from #3 - #8 or CFRP bars #3 - #5. The shear span
should be at least equal to a third of the span between supports or three times the height
of the beam but should not be smaller than 500 mm and shear reinforcement is to be
provided to prevent shear failure; however, the maximum moment region may be free of
stirrups to avoid confinement effect. The concrete used for these specimens should be of

a standard mix, with a minimum strength of 28 MPa. Clear concrete cover should be

39



dependent on the diameter of the bars, with 38 mm of cover recommended for bar sizes
#2 - #5 and 50 mm for bar sizes #6 - #8. Crack monitoring should be done using LVDT’s
or similar apparatuses. FRP bars at midspan are to be instrumented with two electrical
strain gauges. The test should also be conducted in a standard laboratory atmosphere

temperature and humidity.

The test is to be carried out on beams that are simply supported and tested in two points
loading, as shown in Figure 3.3. Load is applied until the formation 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 monitor crack growth during testing. 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 desired.

Using the data collected from the test, ky is then 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 be used for calculation of k.

P2 P2

2 I_r_|_ a oL

| + + L 2 stesl bars

L

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

For this study, two types of GFRP reinforcement were used: 1) V-Rod manufactured by
Pultrall Inc.; and 2) Aslan 100 manufactured by Hughes Brothers Inc. as shown in Figure
4.1. The V-Rod GFRP are a composite rebar that is manufactured to conform to CSA
S807-10 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 rebar also consists of a vinyl
ester matrix and is manufactured 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 concrete (Hughes Brothers Inc., 2011). Material properties of the
reinforcement are shown in Tables 4.1 and 4.2. Bar testing certifications from the

manufacturers can be found in Appendix C to verify tensile properties.

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

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

Bar Nominal Cross Sectional | Tensile Modulus of | Guaranteed Tensile
size Diameter (mm) Area (mm?) Elasticity (GPa) Strength (MPa)
#3 9.5 71.3 454 765

#4 12.7 126.7 46.3 708

#5 15.9 197.9 48.2 683

#6 19.1 285 47.6 656

#8 254 506.7 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 Tensile
size Diameter (mm) Area (mm?) 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. All results are reported in
Appendix D, as well as those from modulus of rupture (MOR) testing complying with
ASTM C78-10.

Manual crack width measurements were also taken throughout the duration of the test to

validate those recorded using crack gauges. These results can be found in Appendix E.

4.1 PHASEI

Testing for this phase comprised 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, bar spacing, member type (slab/beam) and synthetic fibre content. The

test specimens, the test method used and significant results from testing will be presented.

4.1.1 Test Specimens

The tests of 14 beams and 9 slabs were completed for this investigation. Beams 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 designed primarily to
examine the effect of bar spacing and slab thickness on crack width and the k; equation
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 3000 mm, and 600 x
225 x 3000 mm, respectively and contained V-Rod GFRP reinforcement. Grade 400 10M
(@11.3) steel stirrups were used for shear reinforcement in the 14 beam specimens and

conformed to CSA G30.18-09. 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 shown in Table 4.3.
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Shown in Figure 4.2 are the typical cross sections

Figure 4.2 - Typical cross sections for: (a) beam specimens; and (b) slab specimens

Table 4.3 - Detailed Properties of Test Specimens for Phase I

Longitudinal
Reint%)rcement Concrete
D # Dimqnsions (width Bar sizes p Cover . kd Cl;t;;t
x height x length) (%) | (mm) | (MPa) | (mm) (keg/m’)
BI 2-#5 | 0.78 | 38 31 55 0
B2 2-#6 | 1.19 | 30 31 62 0
B3 2-#5 | 0.78 | 38 36 52 1.8
B4 2-#6 | 1.19 | 30 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
BS 200x300x 3000 T 19 | 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
BI3 2-#5 | 0.78 | 38 28 57 4.6
Bl4 2-#6 | 1.19 | 30 28 64 4.6
BI5 2-#5 | 0.78 | 38 28 57 6.9
B16 2-#6 | 1.19 | 30 28 64 6.9
S1 10-#3 | 1.11 | 38 31 26 0
S2 6-#4 | 12 | 38 31 26 0
S3 600 x 150x 3000 5157 T 33 36 26 0
S4 3-#6 | 139 | 38 36 27 0
S5 10-#3 | 076 | 38 30 33 0
S6 6-#4 | 0.81 | 38 30 34 0
S7 600 x 200 x 3000 51786 | 38 29 36 0
S8 3-#6 | 093 | 38 29 34 0
S9 600 x 225x 3000 | 3-#8 | 1.56 | 50 25 52 0
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The specimens from Table 4.3 containing FRC will be used in a limited discussion in

Chapter 5 as it relates only to the bond dependent coefficient.

4.1.2 Test Methodology

The ACI 440 test method discussed in Section 3.5 was used for this phase of testing. The
specimens were simply supported and tested in four-point bending, as shown in Figure
4.3, with a shear span of approximately 933 mm. The specimens were tested with a 1.0
MN servo-controlled hydraulic actuator and values were recorded using al6 bit data
acquisition card. A steel distribution beam was used to distribute the load to the two
third-span points. A linear variable displacement transducer (LVDT) was used at
midspan to record the deflection of each specimen. Beams B9 and B10 were also
instrumented with strain gauges at midspan to record the strains in the GFRP longitudinal
reinforcement. Crack width transducers 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 LVDT’s were recorded to three decimal places (one

thousandth of a millimetre) which is within the resolution of the system.

R

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 widths. PI displacement transducers, shown in Figure 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 region were 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 underside (tension face) of the specimen. To
investigate the effects of repeated loading, the 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 - PI crack gauges (Tokyo Sokki Kenkyujo Co. Ltd., 2011)

With the exception of slabs S1 — S8, the specimens were loaded to failure in four-point
bending recording both load and deflection at midspan. To avoid shear failure, slabs S1 —

S8 were loaded to failure in single point loading at midspan, as shown in Figure 4.5.

Figure 4.5 - Failure Arrangement for Slabs S1 — S8
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4.1.3 Test Results

All specimens exhibited a typical cracking behaviour upon loading, shown in Figure 4.6.
This plot represents the load history of specimen B9, with the vertical axis representing
the stress in the FRP reinforcement calculated using elastic cracked section theory and
the horizontal axis representing the average crack 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 portion of crack
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 figure. It is

important to note that the line of best fit does not pass through the origin.
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Figure 4.6 - Typical cracking behaviour for specimen B9

As two of the specimens were instrumented with strain gauges, a comparison between
measured and calculated stresses was possible. As shown in Figure 4.7, there is good
correlation between the measured and calculated stresses with a slight 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 stresses are higher as the theory assumes the FRP reinforcement has taken
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all the tensile stress and that the concrete has become ineffective below the neutral axis.

Details of these calculations can be found in Appendix G.
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Figure 4.7 - Measured versus calculated stress for specimen B10

4.1.3.1 Cover

According to ACI 440.5-08, the recommended cover to primary reinforcement for beams
is 50 mm. However, according to the test methodology used, the recommended cover is
dependent upon the diameter of the bars: 38 mm for #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 with 2-#5 bars, or 2-#6 bars with both 38 and 50 mm
cover. For comparison, ratios of crack widths for 50 mm cover to 38 mm cover (wso/w3sg)
were compared from experimental testing to the predicted values from the modified
Frosch equation. Detailed results by service stress level are provided in Tables 4.4 and
4.5, with a summary shown in Table 4.6. As shown in Table 4.6, the average crack width
values observed in experimental testing are much less than those predicted using the
modified Frosch equation. However, the maximum values taken at low service stresses
(approximately 0.1 - 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 modified Frosch equation 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 - wso/w3g ratios from experimental testing for specimens with #5 bars

Cover = 38 mm

Cover = 50 mm

Sltress Stress | Crack | Crack Crack | Crack Ws0/W3g
evel . ) Average 0 ) Average
0.10f, 68 - - - - - - -
0.1251, 85 0.06 0.08 0.07 - - - -
0.151, 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
0.20f1, 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
0.251, 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
0.351, 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/w3g ratios from experimental testing for specimens with #6 bars

Stress

Cover = 38 mm

Cover = 50 mm

level Stress CrTck Cr;ck Average Cr'ilck Cr;ck Average W50/ W3g
0.10f, 66 0.12 0.04 0.08 0.07 0.09 0.08 1.01
0.1251, 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
0.1751, 115 0.26 0.20 0.23 0.18 0.22 0.20 0.86
0.20f1, 131 0.32 0.27 0.30 0.21 0.26 0.24 0.79
0.225f1, 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
0.2751, 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
0.351, 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

0.4f, 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 wsy/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 of the bars was varied as much as 24 mm due
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 by both a
variation in cover and spacing. Further testing could 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 found in the

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 the reinforcement 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 in Table 4.7, the weo/Wa00 and wigo/Waoo ratios increase as the
stress in the reinforcement increases; however, this trend is opposite for the wjso/Waoo
ratios which decrease as the reinforcement stress increases. Crack width measurements

at the level of reinforcement were used for this comparison with a 3 value of 1.
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Table 4.7 - Crack width ratios for: (a) 150 mm slabs; and (b) 200 mm slabs

(@ (b)
Stress Stress
(MPa) W60/W200 | W100/W200 | W1s0/W200 (MPa) W60/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, in Equation [2.7] and assuming all other values to be
constant, the ratio of crack widths can be determined and is labeled as ‘Frosch’ in Table
4.7. This can then be compared against the ‘Average’ of the experimental values.
According to the Frosch equation, smaller crack widths are expected with closer bar
spacing. For this set of specimens, crack width ratios for bar spacings of 60 (Wgo/W200)
and 100 mm (W;9o/Wa0) Were underestimated in the thinner slab and were overestimated

in the thicker slab, while there was a very significant increase in observed crack width at

a bar spacing of 150 mm.

4.1.3.3 Slab Thickness

The slab specimens also permitted the investigation of the effect of slab thickness on
crack width. Slabs S1 — S4 were 150 mm in thickness, whereas slabs S5 — S8 were 200
mm in thickness and contained the 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 width when using a thicker slab
as shown in Figure 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 shown in Figure

4.8(b).
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Figure 4.8 - Effect of slab thickness for: (a) #3 bars; and (b) #6 bars

The manual measurements 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 specimens; however, this could also be due to the large diameter bars in the

specimen.
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4.1.3.4 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 up to a crack width of 1
mm. The beam was then unloaded and loaded back up to this same point a total of 100
times and the 25™, 50", 75" and 100™ cycle are shown plotted in Figure 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 is plot 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 Phase I, several issues were deemed problematic and
required modification prior to moving forward with testing:

e The test methodology dictated that the first two flexural cracks that form within

the constant moment region of the specimen be selected for analysis. However,

there is no guarantee that these cracks will necessarily be the largest in the

specimen following testing simply because they were the first to form. This was

52



4.2

proven by taking manual measurements during testing and comparing them to the
data collected from the crack gauges. These 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 determination of k.

PI displacement transducers were used to monitor the growth of cracks for the
duration of the test. However, it was observed that often more than one crack
would form in the gauge opening, and therefore, the recorded measurements may
not be completely accurate. This was especially true for the mixes containing
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 formed. In order to continue testing, the alternative
was to anchor the gauges using plastic plugs and screws. After anchoring the
gauges into the specimen, cracks through the screw holes often formed and
several of the crack gauges came loose, especially during cyclic loading.
Potential error in the recording of crack width measurements could also be due 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 dictated that the
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.

Measured 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 were higher than those actually exhibited by the specimen.

PHASE 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 I,
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by expanding to two different surface treatments. In addition, the variability of cracking

behaviour and ky, for a set of identical specimens was investigated.

4.2.1 Test Specimens

Testing of 8 specimens was completed for this phase. All specimens had dimensions of
200 x 300 x 2810 mm (width x height x length) to maintain consistency in cross sectional
area with previous beams tested in Phase I. Based on the project objectives, a set of five
identical beams were cast with #5 GFRP V-Rod rebar to examine statistical variation in
cracking behaviour when properties and loading conditions were maintained. The
remaining three specimens were cast in order to compare the behaviour of the specimens
to variability in surface treatment. Two different reinforcement types, shown in Figure
4.10, were used in this phase in order to determine the effect of surface treatment on
cracking and bonding behavior: 1) V-Rod GFRP reinforcement manufactured by Pultrall
Inc.; and 2) Aslan 100 GFRP reinforcement manufactured by Hughes Brothers Ltd.
Grade 400 10M (¢11.3) steel stirrups were used for shear reinforcement in the specimens
and conformed to CSA G30.18-09. Stirrups were not provided in the maximum moment

region to avoid confinement effect. Table 4.8 provides specimen details.

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

Longitudinal
Reinforcement Concrete
Dimensions (width . p Cover .

ID # x height x length) Bar sizes (%) | (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
Bsvs | 200x300x 2810 P70 T 38 32 54

BAS5S 2 -#5 0.78 38 32 53

BV6 2 -#6 1.19 50 32 60

BA6 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 instrumented
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 I testing. The major issue
identified in Phase I was the shortfalls of the PI displacement transducers for this type of
testing. To rectify the issue, 10 mm stroke LVDT’s were used with the addition of a
fixture to aid in the application to the concrete specimen. This assembly is shown in
Figure 4.11(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 true LVDT was installed as shown in Figure
4.11(b). To avoid intrusion and compromising the crack formation of the sample by
unloading, a two part acrylic adhesive, Red Head A7 (Illinois Tool Works, 2013), was
used to secure the LVDT brackets. Several adhesives were tested on smaller concrete

samples in order to determine the adhesive best suited for the application prior to testing.
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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 also used for this phase of
testing with two modifications. As cracks on the tension face are of primary concern to
designers, a third crack gauge was installed on the tension face of the specimen. This
gauge was placed as close to the transition from vertical to horizontal as possible in the
specimen. The other two LVDT gauges were installed at the level of reinforcement. As
done in Phase I, the behaviour of the specimens following cyclic loading was also
investigated in this phase using 25 loading and unloading cycles at a frequency of 0.1 Hz.
Only 25 cycles were chosen for this phase as results from Phase I demonstrated that plot
linearity was achieved on the second reloading cycle and therefore, 25 cycles were more

than sufficient for characterization of this behaviour.
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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 treatment between the Aslan and V-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 within the service range of the bars up to 25 to 30% of ultimate (175 - 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) began to further
deviate around this point as shown in Figure 4.12(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) average side
crack width; and (b) tension face crack width
For all specimens, there was a major difference in behaviour between the first and
subsequent loading cycles. As shown in Figure 4.12, the plots from the 1* load cycle
demonstrate an initial cracking phase followed by the formation of cracks with an overall
approximately linear relationship. Shown in Figure 4.13 are the plots following 25
loading cycles that depict a much more linear relationship with significant changes in
slopes and y-intercepts from the first loading cycle. There is still some variation between
specimens; however, this may be due to the fact that each specimen was loaded to

slightly different crack widths which could affect the slope of the linear reloading curve.
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Figure 4.13 - Reinforcement stress versus crack width plots following 25 loading
cycles for: (a) average side crack width; and (b) tension face crack width

4.2.3.2 Aslan versus V-Rod
Although multiple specimens had 2 - #5 bars for reinforcement, specimen B5V5 was
chosen for comparison with BAS5 as both specimens were cast in the same pour and the

variability of concrete strength could be ignored from the analysis. Based on raw

cracking behaviour, the specimens behaved very similarly regardless of the type of
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longitudinal reinforcement used. As shown in Figure 4.14, the behaviour of specimens
B5V5 and BAS were very consistent for cracks at the level of reinforcement whereas

there are some deviations for the crack on the tension face.
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Figure 4.14 - Plots for BSVS and BAS comparison: (a) average side crack width; and
(b) tension face crack width
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Based on raw cracking behaviour, the specimens reinforced with #6 bars also behaved
similarly regardless of the type of longitudinal reinforcement. As shown in Figure 4.15,
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 crack width; and
(b) tension face crack 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 shown in Figure 4.16
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 of the two samples,
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 when applied to a large
number of specimens due to the results from Phase I:

e The strain gauges for this phase were applied to the GFRP longitudinal
reinforcement following removal of the surface coating and resin to ensure a
sufficiently smooth surface. This removal was done mechanically using a
grinding mill and based on the gauges’ poor performance in this phase of testing,
the gauges likely bonded to individual fibres as too much resin was removed. As
the specimen was loaded, the gauge unbonded from individual fibres resulting in
premature lifting of the gauge and therefore, the gauges broke off prior to
completing the cracking phase.

e The strain data that was acquired from this phase of testing was compared to those
predicted by the elastic cracked section theory. 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 upon initial loading.

4.3 PHASEIIB

Phase IIB testing was focused on attaining measured strain values for the GFRP
longitudinal reinforcement during cracking as this was unsuccessful in Phase IIA. In
addition, the depth and bottom cover of the two specimens were varied in order to have
two additional samples to compare to the #5 identical specimens previously cast in Phase
ITA. The goal was to determine whether the bonding and cracking behavior was
significantly affected by changes in parameters despite the fact identical #5 bars from the
same lot were used. This was chosen as ky, 1s supposed to be a mechanical property of the

bar.
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4.3.1 Test Specimens

The tests of 2 specimens were completed for this phase. Both specimens had dimensions
of 200 x 250 x 2810 mm (width x height x length) and contained 2 - #5 V-Rod GFRP
rebars manufactured by Pultrall Inc. as longitudinal reinforcement. Grade 400 10M
(@11.3) steel stirrups were used for shear reinforcement in the specimens and conformed
to CSA G30.18-09. Stirrups were not provided in the maximum moment region to avoid

confinement effect. Table 4.9 shows a summary of detailed properties of the specimens.

Table 4.9 - Detailed Properties of Test Specimens for Phase 11B

Longitudinal
Reinforcement Concrete
Dimensions (width : p | Cover £,
D# x height x length) Bar sizes (%) | (mm) (MPa) kd (mm)
B38 2 -#5 0.97 38 35 46
B50 200 x 250 x 2810 s 03 % = -

To enable comparison, the objective was to maintain concrete strengths between Phases
ITA and IIB. In Phase IIA, the concrete strengths were 29 and 32 MPa, whereas the
specimens in Phase IIB have a slightly 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 Section 4.2.2. For this phase, strain gauges were applied
by carefully 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

completed to ensure only the outer resin was removed and the fibres were not exposed.

4.3.3 Test Results

The typical cracking behaviour of B38 and B50 are shown in Figure 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 larger for B50
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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) average side
crack width; and (b) tension face crack width
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4.3.3.1 Comparison with Phase IIA

As shown in Figure 4.18(a), the cracking behaviour of specimens B38 and B50 differ
from the five identical V-Rod specimens at the beginning of loading for cracks on the
side of the beam at the level of reinforcement. However, near 200 MPa (approximately
30% of the guaranteed ultimate tensile strength of the bars), the plots begin to converge
and there is fairly good correlation for the remainder of the recorded data. For cracks on
the tension face, there is an overall good correlation for the service range of the bars
shown in Figure 4.18(b) with separation in behaviour following this point. The crack

widths corresponding to several service stresses are shown in Tables 4.10 and 41 1.
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Figure 4.18 - Comparison of Phases IIA and B specimens with #5 V-Rod bars for:

Table 4.10 - Average side crack widths (mm) at various stress levels for specimens
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(a) average side crack width; and (b) tension face crack width

reinforced with #5 V-Rod bars in Phases I1A and IIB

Stress | p1ys | B2vs | B3VS | B4VS | BSVS 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 face crack widths (mm) at various stress levels for specimens

reinforced with #5 V-Rod bars in Phases IIA and IIB

Stess | pivs | B2vs | B3VS | B4VS | BSVS B38 B50
(MPa)
125 0.11 0.12 0.13 0.15 0.10 0.19 0.28
150 0.19 0.28 021 0.36 0.16 0.30 0.40
175 034 0.47 031 0.58 0.39 0.43 0.46
200 0.50 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

67



faces as shown in Figure 4.19. For cracks at the level of reinforcement, all specimens
exhibit similar slopes, while cracks on the tension face have similar y-intercepts even
though the slopes do vary. In both cases, specimens B38 and B50 have the largest 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 specimens, the beginning of the loading
behaviour (initial cracking phase) of specimens B38 and B50 is different, which may be

due to the influence of concrete strength or quality due 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:

e The inability to collect measured strain data during testing did not allow for a
direct comparison to calculated values derived from elastic cracked section
theory. However, based on literature (Bakis et al., 2006) and ACI 440.1R-06,
both calculated and measured strains are acceptable for the calculation of ky. In
addition, the majority of the applications for the modified Frosch equation will be
for design purposes where measured values will not be available.

e With the absence of measured strain data, it is not possible to make conclusive
statements regarding the effect on the calculation of ky,. It is therefore required

that this issue be further investigated using additional test specimens.
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CHAPTER 5: INTERPRETATION OF EXPERIMENTAL kg

This chapter discusses the interpretation and calculation of the bond dependent

coefficient using the data collected from experimental testing in Chapter 4.

5.1 PHASEI

Two approaches were considered in order to determine the most consistent calculation
method for the bond dependent coefficient: 1) the typical stress-level approach; and 2)
the slope approach. The stress-level approach involves the calculation of ky, at a specific
service stress using the corresponding 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 calculate k. In both cases, the modified Frosch equation

(Equation [2.7]) was used for the analysis.

5.1.1 Stress-Level Approach

For the stress-level approach, k, was 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 uniform 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 stresses ranging from 15 — 30% of ultimate were chosen in order to
demonstrate the variability that results. Ignoring the variability for ki, across many
specimens, there should only be one k;, value for each beam as this is a material property
of the bar. However, as shown in Figure 5.1, the stress-level approach results in
significant variability depending on the stress chosen for analysis. For this specimen, ky
ranges from 0.31 — 0.98, with an average k over this range of 0.60. The reason for such
a wide fluctuation of values results from the fact that k;, at each stress level is calculated
as the secant at that point according to the equation recommended by ACI 440.1R-06
and CHBDC CAN/CSA-S6-06. Complete results for all specimens are shown in Table
5.1.
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Figure 5.1 - Variability of ky, using stress-level approach for specimen B9

Table 5.1 - Values of k;, at service stress levels

0.1f, 0.151f, 0.2, 0.251, 0.3f, Average ky

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 ky, lines shown in Figure 5.1 begin at the origin, as forced by current
design equations. However, this 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 calculated ky, value is only representative of one
point of the specimen’s behaviour. This could explain why there has been such large
variability reported by researchers, as the value used for this calculation is often

ambiguous.

To further analyze these results, groups of specimens were compared depending on the
bar diameter used. The comparison is shown in Figure 5.2, and demonstrates that k;, not

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 in Figure 5.3, the general observation is that the slab specimens tend to have
smaller average ky, values, and therefore, smaller crack widths. For these V-Rod GFRP
bars, the recommended ky, from the manufacturer is 0.8 which would be a 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 determination of ky, the
majority of FRP applications are likely to be slab specimens. Based on these results, the

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

5.1.2 Slope Approach

Due to the issues that arose using the stress-level approach, a slope approach was also
considered for the calculation of k, in an attempt to achieve better consistency with
experimental results. The approximately linear behaviour of the specimen suggests that
the bond behaviour is basically 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 calculate a ky, that is representative of a large
range of the data for each specimen. The recommended design equation (Equation [2.7])
can be rearranged to the form shown below in Equation [5.1] and the slope in conjunction

with a geometric constant can be used to solve for ks, for a given beam:

w
== k;, X CONSTANT [5.1]
f

S 2
where CONSTANT = dg + (i)

This calculated k, value is then plotted with a dashed line in Figure 5.4 to demonstrate
the result of neglecting the intercept, where predicted crack widths are much greater than
those observed 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 of the equation in

order to accommodate the non-zero y-intercept. This procedure was carried out on al

test specimens and the results are summarized in Table 5.2 and associated plots ca

found in Appendix F.
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Table 5.2 - Slope, w intercepts and R? values using slope approach

Initial cracking Following 100 cycles
Slope (x10™) | Intercept R’ Slope (x10™) | Intercept R’
B1 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 4.51 -0.271 0.925 2.63 0.139 0.995
B6 3.11 -0.132 0.996 2.46 0.093 0.999
B7 4.78 -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 4.17 -0.191 0.998 2.93 0.257 0.999
B14 3.55 -0.103 0.996 2.76 0.171 0.999
BI15 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 ky, values calculated from the 1% load cycle are shown plotted in Figure 5.5 with the
data following 100 cycles. It is clear that the k;, value from the slope approach still over
predicts the crack widths. The ky, value of 0.98 at 30% of ultimate actually under predicts
the crack widths, where the actual cracks are larger than those predicted by the equation.
In fact, this k, 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 what maximum crack width was

chosen.
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Figure 5.5 - Crack stabilization using cyclic loading

Figure 5.6 shows,d summary of the ky, values for the 1 and 100" load cycle using a slope
approach. Overall, cycling the specimen reduces some of the variability with the
coefficient of variation (COV) dropping from 49 to 37.8%. This is likely due to the fact
that the initial portion of the crack behaviour is unstable on the 1* cycle which introduces

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 cycle

To investigate the effect of slab thickness on ky, average k, values obtained from the
stress-level approach were used. The colors used in Figure 5.7 also correspond to the
same bar size in order to further classify the samples. The beam samples, which also
have the largest depth (300 mm), have overall larger k;, values than the remaining slab
samples. However, there is also significant variability within groups of each depth of

specimen.
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Figure 5.7 - Average kj, values depending on specimen depth
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5.2 PHASE IIA

The cracks used for this analysis were the first three cracks that formed within the
constant moment zone and hence, are labeled as 1, 2 and 3. For specimens B1VS5 —
B4V35, crack 3 was on the tension face; however, for specimen B5V5, crack 2 represents
the crack on the tension face. All k, values were calculated using the recommended
equation by ACI 440.1R-06 and CHBDC CAN/CSA-S6-06 for crack width prediction in
FRP reinforced concrete. This section will be further divided into two main sections: 1)

the five identical specimens; and 2) the comparison of Aslan versus V-Rod.

5.2.1 Five Identical Specimens

The five identical specimens were used to examine if consistency could be achieved in
the calculation of k,. Identical reinforcement was used in all specimens and loading

conditions were maintained.

5.2.1.1 Stress-Level Approach

Using the stress-level approach for the calculation of ki, yielded significant variation
depending on the stress-level at which this calculation was done. As shown in Table 5.3,
the general trend is that the calculated k;, values 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 ultimate which is also the most commonly reported service stress
limit for GFRP reinforcement. However, there is also a variation depending on which

crack is chosen for analysis within a given beam.
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Table 5.3 - Calculated ky, values using stress-level approach for Phase I1A

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

Kp1 0.21 0.35 0.58 0.79 0.93 0.57

v Kp2 0.29 0.37 0.63 0.82 0.97 0.62
2 AVg. Kpside 0.25 0.36 0.60 0.81 0.95 0.59
8 Kp3 0.31 0.40 0.54 0.67 0.81 0.55
Avg. Kpan 0.27 0.37 0.58 0.76 0.91 0.58

Kp1 0.20 0.35 0.55 0.85 1.00 0.59

v Kp2 0.41 0.77 0.93 1.08 1.13 0.86
E AVg. Kp side 0.30 0.56 0.74 0.96 1.07 0.73
Kp3 0.33 0.62 0.77 1.01 1.14 0.77

Avg. Kpan 0.31 0.58 0.75 0.98 1.09 0.74

Kp1 0.47 0.69 0.92 1.08 1.15 0.86

v Kp2 0.36 0.63 0.90 1.04 1.10 0.81
E AVg. Kp side 0.42 0.66 0.91 1.06 1.13 0.84
Kp3 0.36 0.44 0.51 0.58 0.61 0.50

AvVg. Kpan 0.40 0.59 0.78 0.90 0.95 0.72

Kp1 0.40 0.58 0.77 0.87 0.98 0.72

v Kp2 0.43 0.62 0.75 0.87 0.96 0.72
E AVg. Kpside 0.41 0.60 0.76 0.87 0.97 0.72
Kp3 0.53 0.76 0.99 1.05 1.14 0.89

Avg. Kpan 0.45 0.65 0.84 0.93 1.03 0.78

Kp1 0.36 0.45 0.67 0.68 0.78 0.59

. Kp3 0.32 0.41 0.64 0.81 0.92 0.62
E AVg. Kp sige 0.34 0.43 0.65 0.74 0.85 0.60
Kp2 0.26 0.39 0.64 0.76 0.73 0.56

Avg. Kpan 0.31 0.42 0.65 0.75 0.81 0.59

Table 5.4 depicts the variability of ky, in two ways: 1) the variability within a beam for ky
calculated from 20 — 30% of ultimate; and 2) the variability for ky, across all specimens at
a specific stress level. The coefficients of variation indicate that ky is 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 the
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entire set of specimens, the coefficients of variation are much smaller across a specific

load level.

Table 5.4 - Coefficients of variation for kj, calculated using stress-level approach

B1V5 B2V5 B3V5 B4V5 BS5VS  Average (E‘f/?) ;]
Average side
cracks
0.20f, 0.25 0.30 0.42 0.41 0.34 0.34 21.0
0.251, 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
0.201, 0.31 0.33 0.42 0.53 0.26 0.37 28.8
0.251, 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 44.3 359 45.9 44.3
All three
cracks
0.201, 0.27 0.31 0.40 0.45 0.31 0.35 21.4
0.251, 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

The calculated ky values using the slope method were much more conservative than those
found using the stress-level approach. As shown in Table 5.5, 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 beam ky values ranging from 1.35 — 2.2. The slopes used to calculate these k;
values, as well as y-intercepts and R? values to demonstrate a good linear fit are shown in

Table 5.6.
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Table 5.5 - k;, values using slope approach for first loading cycle

1D kb1 kb2 kb3 AVg. kb
B1V5 1.89 2.26 2.04 2.06
B2Vs5 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, y-intercepts and R* values for 1 loading cycle

D S’(l):’foe 31) Int.1 | R*1 S(l):’foe % Int.2 | R*2 S(z’fg 33) Int.3 | R*3
BIV5S | 513 -0.584 0980 6.13 -0.735 099 | 671 -0.816 0.995
B2V5 | 721 -0.826 0989 | 5.62 -0.544 0990 | 673 -0.688 0.987
B3V5 | 722 -0.795 0.995| 594 -0.635 0.996| 334 -0279 0.998
B4V5S | 524 -0.524 0994 | 483 -0480 0.996| 4.64 -0.307 0.905
B5V5S | 573 -0475 0998 | 3.64 -0306 0.984| 3.51 -0273 0.926
Aveg. 6.11 -0.641 0991 | 523 -0.540 0992 | 050 -0472 0.962
COV (%) | 200 250 07 | 197 300 06 | 335 549 45

The slope approach was also used to calculate k;, values following the application of 25

loading cycles. The k;, values calculated from the 25h cycle are much more reasonable

compared to the value of 0.8 that was provided by the manufacturer as shown in Table

5.7. From the 1% to the 25" cycle, there is a reduction in ky ranging from 29 — 52%. In

addition, the average ki, values for each beam are much less variable. The slopes, y-

intercepts and R? values found for the 1 and 25" loading cycles are shown in Tables 5.6

and 5.8 and depict the drastic change in values, in particular the y-intercepts that occurs.

The y-intercepts are reduced and begin to approach zero, similar to the current form of

the recommended equation by ACI 440.1R-06 and CHBDC CAN/CSA-S6-06.
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Table 5.7 - k, values using slope approach for 25" loading cycle

1D kb1 kb2 kb3 AVg. kb
B1V5 0.93 1.11 1.25 1.10
B2Vs5 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, y-intercepts and R? values for 25™ loading cycle

D il:i%i)l It.1 | R*1 ?E%i? Int.2 | R?2 2401%25 Int.3 | R?3
BIVS | 253 0064 0999| 3.01 -0.055 0999 414 -0.084 0.999
B2V5 | 324  -0052 0999 | 322 -0.042 0998 | 323 -0.059 0.997
B3V5S | 411 -0.088 0999 | 353 -0.078 0999 | 250 -0.044 0.999
B4V5S | 332 -0.089 1.000| 334 -0.078 1.000| 2.93 -0.108 0.999
BSVS | 322  0.173 0998 | 263 0102 0998 | 244 -0.092 0.999
Avg. | 328 -0.024 0999| 3.14 -0.030 0.999| 3.05 -0.077 0.999
COV (%) | 174 4650 0.1 | 110 2510 01 | 226 333 0.1

5.2.2 Aslan versus V-Rod

Pultrall Inc. recommends a ky, value of 0.8 for the V-Rod bars, while Hughes Brothers

Inc. recommends a k; value of 0.9 for the Aslan 100 bars regardless of bar diameter.

Calculation of the bond dependent coefficient using the stress-level approach produced k

values consistent with those provided by the manufacturers of the bars. All monitored

cracks in specimen B5VS5 reach approximate k;, values of 0.8 near 25 — 30% of ultimate,

whereas only one crack (tension face) in specimen BAS reaches a k;, value of 0.9 at the

same stress-level on the tension face as shown in Tables 5.9 and 5.10. Using the slope

approach for calculation of ky, yielded a value of 1.35 for both specimens on the first

loading cycle.

respectively for specimens B5V5 and BAS.
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Table 5.9 - k;, values calculated using stress-level approach for BSVS

Level 0.2f, 0.225f, 0.25f, 0.275f, 0.30f,
Average
SIess | 1366 153.675 170.75 187.825 204.9 8
(MPa)
Kp1 0.36 0.45 0.67 0.68 0.78 0.59
v Kp3 0.32 0.41 0.64 0.81 0.92 0.62
E AVg. Kpsige | 0.34 0.43 0.65 0.74 0.85 0.60
Kp2 0.26 0.39 0.64 0.76 0.73 0.56
Avg. Kpan | 0.31 0.42 0.65 0.75 0.81 0.59
Table 5.10 - k;, values calculated using stress-level approach for BAS
Level 0.2f, 0.225f, 0.25f, 0.275f, 0.30f,
Stress Average
(MPa) 144.8 162.9 181 199.1 217.2
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
w
é 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. kpan | 0.21 0.44 0.63 0.73 0.78 0.56

The calculation of the bond dependent coefficient for the #6 bars using the stress-level
approach yielded ki, values that were higher than the #5 bars. The recommended ky
values from the manufacturers were also reached at lower service stresses (approximately
20% of ultimate) than the #5 bars as shown in Tables 5.11 and 5.12. Based on these
results, the bond performance of the larger bars is inferior to the smaller diameter bars
and therefore, they require different ki, values in design. The slope approach was also
used to calculate k, and the values found were higher than the stress-level approach.
However, specimens BV6 and BA6 had similar average ki, values on the first loading
cycle using this method at 1.94 and 1.89. Following cycling, nearly all of this variability

was reduced with the k;, values decreasing to 1.25 and 1.26, respectively.
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Table 5.11 - k;, values calculated using stress-level approach for BV6

Level 0.2f, 0.225f, 0.25f, 0.275f, 0.30f,
Stress Average
(MPa) 131.2 147.6 164 180.4 196.8
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
Z AvVg. Kpsige | 0.79 0.93 1.03 1.12 1.21 1.01
Kp3 0.81 1.03 1.09 1.15 1.22 1.06
Avg. kpan | 0.80 0.96 1.05 1.13 1.22 1.03
Table 5.12 - ky, values calculated using stress-level approach for BA6
Level 0.2f, 0.225f, 0.25f, 0.275f, 0.30f,
Stress Average
(MPa) 138 155.25 1725 189.75 207
Kp1 0.75 0.89 1.09 1.08 1.02 0.97
Ky 1.16 1.28 1.38 1.44 1.53 1.36
o
é AvVg. Kpsige | 0.95 1.09 1.23 1.26 1.28 1.16
Kp3 0.80 0.95 1.09 1.17 1.25 1.05
Avg. Kpn | 0.90 1.04 1.19 1.23 1.27 1.13

5.3 PHASEIIB

As shown in Table 5.13, the k, values calculated using a stress-level approach are
variable for a given crack depending on the stress-level chosen for analysis. However,
for both specimens, this variability is significantly reduced when analyzing the first crack
to form in the specimen (crack 1). Over the service stress range of 20 — 30% of the
ultimate tensile strength of the bars, ky, for crack 1 remains essentially constant using this

method of interpretation.
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Table 5.13 - k;, values using stress-level approach for Phase I11B

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

Kp1 1.27 1.27 1.27 1.28 1.29 1.29

Kp3 0.55 0.56 0.59 0.64 0.69 0.53

§ AVg. Kp side 0.91 0.92 0.93 0.96 0.99 0.91
Kp2 0.51 0.61 0.70 0.77 0.83 0.59

Avg. Kpan 0.78 0.81 0.85 0.90 0.93 0.80

Kp1 1.14 1.16 1.19 1.20 1.20 1.17

Kp3 0.42 0.51 0.69 0.86 0.95 0.60

E AVg. Ky side 0.78 0.84 0.94 1.03 1.07 0.88
Kp2 0.50 0.61 0.69 0.75 0.79 0.57

AvVg. Kpan 0.69 0.76 0.85 0.93 0.98 0.78

The ky, values calculated using a slope approach are shown in Table 5.14 and are higher
than those calculated using a stress-level approach. This is especially true for crack 2,
which is located on the tension face of the specimen. The average k;, values for this crack
calculated using a stress-level approach are 0.59 and 0.57 for specimens B38 and B50.
As shown in Table 5.14, the k;, values calculated for this crack using a slope are 1.85 and
1.99 respectively, which are more than double those calculated using a stress-level
approach. The manufacturer, Pultrall Inc., recommends a k;, value of 0.8 for these bars
which would be sufficient for the majority of the cracks monitored using the stress-level
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 IIB

Crack 1 | Crack3 | 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 IIA

The #5 V-Rod bars used in Phases IIA and IIB are identical in material and physical
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 investigated (38 and 50
mm) but the side cover of 38 mm was maintained in all specimens. As ky, is a material
property of the bar, these specimens should exhibit similar k;, values to those from Phase
ITA when the differences in their geometric properties are taken into account using the

modified Frosch equation (Equation [2.7])

As the bars used in both phases are from the same lot, the ky, values 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 different k, values were considered from two
different calculation approaches:

e k;, calculated using the stress-level approach at 30% of the guaranteed ultimate
tensile strength (0.30f,) of the bars, as this is defined at the upper limit of the
service stress range.

e An average k;, value calculated using the stress-level approach between 20 and
30% of the guaranteed ultimate tensile strength of the bars (0.20 — 0.30f,).

e ky, calculated using the slope approach over the entire range of calculated data

once the crack gauges are installed.

These ki, values are shown in Table 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 of bottom face).

87



Table 5.15 - ky, values from Phase IIA used as a predictive tool for Phase IIB

ky (0.301,) ky (0.20-0.301,) 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
B5V5S 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 in Figure 5.8 are the aforementioned k;, values plotted in conjunction with the
initial loading behaviour for specimens B38 and B50. As can be seen in Figure 5.8(a),
the ky, value of 0.99, calculated using the stress-level approach at 0.30f,, is a relatively
good fit to the data and best predicts the crack widths observed in testing for specimen
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 (stress-level approach)
underestimates the crack widths for the entire range of data, while the ky, value of 2.02
calculated using the slope approach significantly over predicts crack widths. Considering
cracks on the tension face of the specimen, Figure 5.8(b), both ki, values calculated using
the stress-level approach are conservative up to approximately 25-30% of the guaranteed
ultimate tensile strength of the bars (175- 200 MPa) at which point they begin to under
predict the crack widths observed in testing. For cracks 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 IIB specimens with k; values from
Phase IIA for: (a) average side crack width; and (b) tension face crack width

Based on the previous plots, the k,, values calculated using the stress-level approach are
the best overall predictors, in particular the values calculated at 0.30f,. However, in both
specimens, the k;, values calculated using the slope approach are very conservative. To
further investigate the slope approach, the k;, values calculated using this method for the
25" loading cycle from Phase IIA, [k, (slope)], were plotted in conjunction with the data
from specimens B38 and B50 on the 25" cycle of loading. As can be seen in Figure 5.9,
in both cases (side and bottom crack widths) the k, values of 1.17 and 0.93 are
unconservative and therefore under predict the crack widths observed in experimental
testing at equivalent stresses. In addition, average slopes and intercepts were determined
from Phase IIA for the 25™ loading cycle, as shown in Table 5.8, and the average
equations, [Phase IIA], are plotted in Figure 5.9(a) and (b). As the y-intercepts following
cycling are small, the average equations have good agreement with ky, calculated using

the slope approach where the y-intercept is neglected.
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width
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CHAPTER 6: RECOMMENDATIONS AND CONCLUSIONS

For this thesis, the recommendations are broken down into three sub-sections relating to

the test procedure, the calculation and interpretation of the bond dependent coefficient

and recommendations for future testing in the field. Lastly, overall conclusions from the

study are presented.

6.1

TEST PROCEDURE

The test procedure provided by ACI Committee 440 was modified as required during

testing. The following recommendations are suggested for future testing using this

procedure:

As observed during testing, the first cracks to form are not necessarily the largest
at the end of the test. It 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.

The test procedure also mentioned that this procedure was only applicable for
typical (or normal strength) concrete mixes. Further testing is required to
determine if this procedure would be able to accurately calculate k; for self-
consolidating concrete (SCC), FRC and high performance concrete (HPC) mixes.
The specimen was to be loaded until the two cracks being monitored reached 1
mm; however, this was difficult to achieve prior 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 specimen need not be
loaded significantly beyond this point.

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 unloading to complete installation. In addition, for
Phases IIA and I1B, the adhesive setting time was approximately 10 — 30 minutes
and the sustained loading during this period of time would result in growth of the
crack and therefore, the three gauges were installed simultaneously to minimize

this effect.
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6.2

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.

CALCULATION AND INTERPRETATION OF Kg

As discussed in Sections 3.1 and 3.2, the most likely cause of variation for ky is based on

calculation and interpretation approaches. In order to achieve consistency in this

calculation, the following recommendations are suggested:

As there are two approaches cited most commonly in literature, (Bakis et al.,
2006; Lee et al., 2010), there needs to be clear definition on whether the stress-
level or slope approach be used for the calculation of k;, to increase consistency.

If it is the intention that the stress-level approach be used for the calculation of ky,
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.

Although the slope approach is best able to represent a large range of data, the
current design equation cannot accommodate the intercept and therefore, the
predictions provided by a ki, calculated in this manner are typically conservative.
However, based on the plot linearity for the specimens, it makes the most sense to
adopt a slope approach with a non-zero intercept which can accurately represent
all the data and provide reliable predictions.

Based on the results from Phases IIA and IIB, the k, value calculated using a
stress-level approach at 30% of ultimate best predicts crack widths. This value of
ky 1s also typically similar to the values provided by the manufacturers.

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

calculation of ky, following cyclic loading.
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6.3

FUTURE TESTING

Based on the recommendations to the test procedure and the calculation and

interpretation of the bond dependent coefficient, the following experimental testing is

recommended:

6.4

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

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

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

The correlation between measured and calculation strains for the FRP
reinforcement needs to be further verified with experimental testing to make

conclusive statements.

OVERALL CONCLUSIONS

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

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

Beam to beam consistency can be achieved in terms of cracking behaviour but
significant variability is introduced by the calculation and interpretation approach
used for the bond dependent coefficient. For the identical specimens in this study,

COV’s for the calculated k;, values range from 11 — 21% at level of reinforcement
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and increase to 21 — 29% for cracks on the tension face when analyzing one
specific stress-level. For each specimen across 20 — 30% of ultimate, the COV’s
are increased and range from 40 — 58% at the level of reinforcement and 36 —
58% on the tension face.

Based on current design guidelines, a k;, calculated at 30% of ultimate is best for
prediction of crack widths at the level of reinforcement.

The approximately linear behaviour of crack growth demonstrates that ki is
basically unchanged during testing. A slope approach can better represent the
range of behaviour but requires a change in format of the current design
equations. With the current format, predictions using the slope approach are very
conservative as the non-zero intercept is neglected.

The major flaw to the slope approach is the fact that it cannot take into account
the non-zero intercept. Some parameter is required to modify Equation [2.7] that
relates to initiation of cracking. For example, Lee ef al. (2010) used the
experimental cracking moment; however, a 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 stage due to inelastic phenomena.

The k;, value calculated using the slope approach is a better fit following cycling,
as the intercepts begin to approach the origin and thus, a nearly zero-intercept.
Although a consistent test method has been proposed, there will still be variability
in the determination of ky, unless the interpretation of this coefficient is clearly
defined.

Despite the fact that a beam test is currently the standard for determination of ky,
the majority of FRP applications are likely to be slab specimens. Based on the
results from this study, 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 calculation of ki,. 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 graphs taken using 1:25 scale.

Al

CASE 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 9.5 433 769
GFRP #4 12.7 45.6 690
CFRP #2 6.4 137.8 2068
CFRP #3 9.5 1323 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 C(lr;;r:te (l\/fl\’lga) (1;\/[/[(121; Prp (%0) Py (%)
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 52 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
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Al.1 #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 kj, for specimen G2N0

Crack 1
V1=39.5 V2= 113.5 7
S1 =2.68x10 ky, =1.04
H, =0 H, = 209 ope X b
Crack 2
V1 =69.5 Vz =113.5 _ -7 _
H =0 H, = 229 Slope =4.94 x 10 ky, =1.48
Avg. k, =1.26

Table A.S - Calculation of slope and k;, for specimen G2P1
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Crack 1
V=745 V, =132 5
S1 =290x10 ky=1.12
H, =0 H,=175.5 ope X b
Crack 2
V1=69.5 V,=113.5 B 4 B
H,=0 H, = 229 Slope =3.11 x 10 ky=1.2
Avg. ky,=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 C2N0

Crack 1
V=155 V, =104 7
1 =142x1 ky=1.
Hi =0 H, =218 Slope x 10 b 96
Crack 2
V=235 V., =104 E
S1 =140x10 ky, =1.93
H, =0 H, = 195 ope x b
Avg. k,=1.95

Table A.7 - Calculation of slope and kj, for specimen C2P1
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Crack 1
V=26 V,=130 -8
1 =931x1 ky=1.2
Hi =0 Hy = 167.5 Slope =9.31 x 10 b 8
Crack 2
V] =27 sz 130 _ -8 _
H, =0 Hy= 132 Slope =7.41 x 10 ky =1.02
Crack 3
V] =102.5 V2 =156 -8
S1 =837x10 ky,=1.15
H, =0 H, =775 ope X b
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 kj, for specimen G4N0

Crack 1
V=275 V,=113 B 3 B
F— H, = 227 Slope =7.45x 10 ky =1.37
Crack 2
V1:30 V2:80 -8
1 =721x1 ky, = 1.
H, =0 H, = 128.5 Slope =7.21 x 10 b 33
Crack 3
V1 =275 V2 =97 -8
1 =35, 1 ky, = 1.
H =0 H, — 146 Slope =5.90 x 10 b 08
Avg. k, =1.26

Table A.9 - Calculation of slope and k;, for specimen G4P1
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Crack 1
Vi=29 Vo-112.5 -
lope =4.39x 10 kn=08
Hi =0 Hy— 1305 | Slope=4.39x b
Crack 2
Vi=24 V,=145 R
lope =2.29x 10 ky, =0.42
H; =0 H, =98.5 Slope 9x b
Crack 3
V=155 V, =145 j ; -
H; =0 H, = 159 Slope =2.83 x 10 Ky = 0.52
Crack 4
VvV, =325 V, = 145 B - -
H =0 H, = 120 Slope =2.99 x 10 ky = 0.55
Crack 5
Vi=24 V, = 145 B - -
H, =0 H, = 39 Slope =9.05 x 10 ko =0.17
Crack 6
Vl =42 V2 =145 ;
1 =2. 1 ke =0.4
H =0 H, =93 Slope =2.53x 10 »=0.46
Avg. ky = 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 kj, for specimen C4N(

Crack 1
V=125 V,=125.5 3 » -
H, =0 H, = 199 Slope =8.58 x 10 ky=4.4
Crack 2
V=45 V,=1255 B P ~
H,=0 H, — 154 Slope = 6.20 x 10 ky =3.19
Crack 3
V;=10.5 V,=167.5 3
1 =642x1 ky, = 3.
H, =0 H, = 207 Slope = 6.42 x 10 b=23.3
Avg. k, =3.63

Table A.11 - Calculation of slope and k; for specimen C4P1
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Crack 1
Vi=125 V,=167.5 j - 3
Crack 2
Vi=12.5 Vo= 167.5 3 - -
H; =0 H, = 54 Slope = 1.70 x 10 ky = 0.87
Crack 3
Vi=-20 Vo= 1675 -
lope =8.44x 1 kn=04
Hi =0 H,=32.5 Slope = 8.44 x 10 b =0.43
Crack 4
Vi=45 Vo= 167.5 )
lope =1.25x 10 ke = 0.64
Hi =0 H, =31.5 Slope X b
Avg. k, =0.78




(Ul-3]) JUIWO

(wur) YapiaA yoea

0 m _

.ﬁvm |- “ |||||| " IIIIIII
[ ¥R - 1dyD —e— |

001 -+ | € ¥oRID - [dPD ——
- PR - 14D —e—L

01 -t |1 yov1) - 144D ——m

i "€ NORID - ONPD » T
1T WD - ONPD . o= |

osz + |1 PHO - ObO- o)
||||||| |l A i i o L e = e

00€ | N

= ” xk.- "
0sg L " ,

1 01

vy i L
™y £ et |
(m-NY) Judmo

)
=

108



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 (nil;l) (m/?; o) | E(GPa) | fu(MPa) | e (%) | Surface texture
CFRP1 9.50 71 114+11 | 150699 | 1.2+0.12 Sand-coated
CFRP2 9.00 64 12245 | 1988+22 | 1.7+0.04 | Ribbed-deformed
GFRP1 12.70 129 40+ 1 617+16 | 1.5+0.06 Sand-coated
GFRP2 12.00 113 36 +1 747 +£34 | 1.8+0.11 | Ribbed-deformed
AFRP 9.50 71 52+2 1800+36 | 3.3+0.03 Sand-coated

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

Series Beam . (MPa) | E.(GPa) pr (%) pe/ Pt EfA¢ (kN)
Cl4 40.4 31.6 0.6 1.2 32276
CFRP1 Cl-6 39.3 29.8 0.9 1.9 48564
Cl-8 39.3 29.8 1.2 2.5 64752
C24 399 29.8 0.5 1.7 31232
CFRP2 C2-6 40.8 30.2 0.8 2.5 46848
C2-8 40.8 30.2 1.1 33 62464
Gl1-6 39.1 29.3 1.6 1.5 30960
GFRP1 G1-8 39.1 293 2.2 2.0 41280
G2-6 39.1 29.3 1.4 1.9 24408
GFRP2 5% 39.1 293 19 25 32544
AR-6 39.1 29.3 09 39 22152
AFRP 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 S @ 80mm

i

200

Configuration of 4 Bars

Iy
1

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 Beams C1

Horizontal axis (crack width)

1 mm = 99.5 units

Vertical axis (moment)
20 kNm = 36 units

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

111

Specimen C1-8
V1 =4 V2 =108 8
Slope=1.11x 10 ky =1.63
H, =0 H, = 64 ope X b
Specimen C1-6
V1 =8 V2 =108 -8
lope = 1. 1 ky =1.64
H, =0 H, = 90 Slope 63x10 b 6
Specimen C1-4
V] =36 V2 =108 -8
Slope =2.27 x 10 ky =1.09
H, = 49.5 H, = 140 ope X b
Avg. ky, =145
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A2.2 Beams C2

Horizontal axis (crack width)

1 mm = 101 units

Vertical axis (moment)
20 kNm = 36 units

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

113

Specimen C2-8
V1 =0 V2 =108 9
Slope =9.16 x 10 ky,=1.27
H, =0 H, = 55.5 ope X b
Specimen C2-6
V1 =9 V2 =108 -8
lope = 1. 1 ky=1.
H, =0 H, = 88 Slope 58x 10 b 56
Specimen C2-4
V] =36 V2 =108 -8
lope = 2. 1 ky=1.1
H, = 56 H, = 151 Slope 35x 10 b 7
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 kj, for Beams G1 and G2

115

Specimen G1-8
Vi =36 V, =108 R
Slope=1.23x 10 ky=1.13
H, =34 H,=82.5 Ope X b
Specimen G2-8
Vi=36 V,=108 R
lope=1.14x 1 ki = 0.
H, =43 H, - 88 Slope x 10 »=0.85
Specimen G1-6
Vi=36 V,=108 R
lope = 2. 1 k, = 1.
H, =74 H,=183.5 Slope =2.77x 10 p=1.83
Specimen G2-6
Vi =36 V, =108 j R 3
H, =425 H, = 141 Slope =2.49 x 10 k, = 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 kNm = 35 units

Table A.18 - Calculation of slope and kj;, for Beams AR

117

Specimen AR-8
V=35 V,=170 8
lope =3.26x 1 k, =2.24
H, = 63 H, = 126 Slope=3.26x 19 °
Specimen AR-6
V=35 V,=70 -8
Slope =3.19x 10 ky=1.5
H, =8l Hy = 142.5 ope * b
AVg. kb =1.87
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APPENDIX B: ACI 440 TEST METHOD
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Test Method for Determining the Bond-Dependent Coefficient
of Fibre-Reinforced Polymer (FRP) Rods (Second Drafft)

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

Submitted to:
ACI 440-K subcommittee

March 16™, 2010

1—Scope

1.1 This test method specifies the test requirements for determining the bond-
dependent coefficient (k;) of the FRP rods used as flexural tension reinforcement in
concrete members subjected to bending.

1.2 This test method is intended to determine the effects of surface treatment on
the bond- dependent coefficient (k;) of FRP rods. It can be used to test GFRP rods
ranging in size from No. 3 to No. 8 and CFRP rods ranging in size from No. 3 to No. 5,
using a beam with minimum concrete strength of 28MPa.

2—Referenced Documents
2.1 ASTM Standards

C 39 — 94 Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens

C 143 —90a Standard Test Method for Slump of Hydraulic Cement Concrete

C 192 — 95 Standard Practice for Making and Curing Concrete Test Specimens in
the Laboratory

C 234 — 91a Standard Test Method for Comparing Concrete on the Basis of the
Bond Developed with Reinforcing Steel

C 617 — 87 Standard Practice for Capping Cylindrical Concrete Specimens

D 5229/D 5229M-92 Standard Test Method for Moisture Absorption Properties
and Equilibrium Conditioning of Polymer Matrix Composite Materials

E 4-01 Standard Practices for Force Verification of Testing Machines

D7205 / D7205M —06. Standard Test Method for Tensile Properties of Fiber
Reinforced Polymer Matrix Composite Bars.

3—Significance and Use
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3.1 This test method is used to determine the bond-dependent coefficient (k) 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 development, 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.

4—Terminology

4.1 Bond-dependent coefficient (kp): factor that accounts for the bond between a
bar and concrete.

4.2 Development length: length of embedded reinforcement required to develop
the tensile capacity.

5—Test Equipment and Requirements
5.1 A schematic of a suitable testing system is shown in
5.2 Figure .

5.3 Beams dimensions should be close to L = 3000 mm, b = 200 mm, h = 300
mm, to be representative of real structural member.

5.4 Shear span «a» should be at least equal to € /3, or 3 times the height of the
beam. Bigger shear span is suitable to reduce shear but the maximum moment region «x»
should not be smaller than 500 mm.

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

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

5.7 The loading system shall be capable of measuring the forces to an accuracy
within £2% of the applied load, when calibrated in accordance with ASTM Practices E 4.
The load should be applied quasi-statically 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 shown in Figu .

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
analysis to the readings of the displacement meters to have the real opening.

5.11 The displacement meters should be LVDTs or similar apparatuses.

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

5.13  FRP bars strain at mid-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.

6—Specimen Preparation

6.1 FRP rods to be embedded into the specimen should be representative of the lot
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 maximum moment region «x» 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 of five standard 150
by 300-mm 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 applicable portions 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 consolidated with an 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 compound or a
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 accordance
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 separate specimen
using FRP rods taken from the same lot as the failed specimen.

T—Test 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 (23 + 3 °C and 50 +
10 % relative humidity).

8—Test Method
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 microscope as shown in Figu.

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

8.4 Resume loading until having a 2™ flexural crack, and the same steps as for the
first crack are repeated.

8.5 Resume loading until having crack width exceeding 1 mm or until beam
failure if the ultimate performance is needed.
9—Calculations

9.1 The bond-dependent coefficient k; should be determined from the measured
crack widths and strains in the FRP bars (at service stage) during testing and using Eq. 1
(ACI 440.1R-06) if strain readings are poor or bad, stress calculated with elastic crack
theory can be used:

L0 gk w45
w—ZEf,[)’ k, d6+(2j (1)

Where

w : maximum crack width (mm)
Ey: modulus of elasticity of FRP bar (MPa)
Jr: stress in FRP reinforcement in tension (MPa)

ky : bond-dependent 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

d.: 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, the w is measured experimentally using displacement meter. All
other terms in the equation are known values except the &, which can be then calculated
(mean value). The crack width values, w, for calculating k; should not exceed 0.7 mm.

10—Report
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 determined in accordance 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 Properties 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 pre-conditioning of FRP rod

10.2.3 Designation, diameter, and cross-sectional area

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

10.2.5 A close-up photograph of the rods showing surface deformations and
characteristics

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 transverse reinforcement .
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10.6 Average bond-dependent coefficient k, at service load and its standard
deviation.

P/ P/

‘ 4 2 steel

7 2 FRP Steel
L

2 steel bars

L

A
Y

Steel

2 FRP
f

[ Clear

Sy o

Figure 1: The dimensions and reinforcement details of the specimens

!

Figure 2: Hand optical microscope for measuring initial crack-width
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Figure 3: monitoring crack —width with displacement meter
crack —width with displacement meter
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APPENDIX C: MANUFACTURER BAR CERTIFICATIONS
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APPENDIX D: CONCRETE PROPERTIES

Concrete compressive strength testing was completed on 101.6 x 203.2 mm (diameter x
length) cylinders at 28 days unless otherwise noted. Modulus of rupture testing was

completed on 152.4 x 152.4 x 538 mm (width x height x length) concrete blocks.

D1 PHAsSel

Table D.1 - Pour #1 Compressive Strength (Cast June 23, 2010)

Strength Average Fibre content
(Ibs) (MPa) strength (MPa) (kg/m®)
. 57000 31.2
Plain 57000 312 31.2 0
66000 36.1
66150 36.2
FRC 67000 367 36.2 1.8
65250 35.7

Table D.2 - Pour #2 Compressive Strength (Cast June 29, 2010)

Strength Average Fibre content
(Ibs) (MPa) strength (MPa) (kg/m®)
. 67000 36.7
Plain 64000 351 35.9 0
58300 31.9
57000 31.2
FRC 57250 314 31.5 24
57500 315

Table D.3 - Pour #3 Compressive Strength (Cast July 7, 2010)

Strength Average Fibre content
(Ibs) (MPa) strength (MPa) (kg/m*)
. 54000 29.6
Plain 56500 30.9 30.3 0
58000 31.8
60750 333
FRC 53000 318 322 3.0
58500 32.0
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Table D.4 - Pour #4 Compressive Strength (Cast August 23, 2010)

Strength Average Fibre content
(Ibs) (MPa) strength (MPa) (kg/m®)
. 51000 27.9
Plain 52000 29 28.5 0
52250 28.6
51500 28.2
FRC 49500 71 27.9 4.6
50750 27.8

Table D.5 - Pour #5 Compressive Strength (Cast August 29, 2010)

Strength Average Fibre content
(Ibs) (MPa) strength (MPa) (kg/m*)
. 45000 24.6
Plain 47500 26.0 253 0
48000 26.3
52000 28.5
FRC 53000 29.0 28.1 6.9
52500 28.8

D2 PHASEIIA

Table D.6 - Pour #6 Compressive Strength (Cast June 5, 2012)

Age at Curing Strength Average (MPa)
testing (days) (Ibs) (MPa)
7 Room temp. 47500 26.0
28 Room temp. 51000 28.0 28.5
28 Room temp. 57500 31.5
28 Moist-cured 57500 31.5
28 Moist-cured 63000 34.5 33.8
28 Moist-cured 64500 353
Table D.7 - Pour #6 MOR Testing (Tested July 20, 2012)
Peak load (kN) M., (kNm) P (kN) MOR (MPa)
Bl 33.07 15.57 17.89 5.17
B2 32.17 15.15 17.41 5.03
B3 35.57 16.75 19.25 5.56
B4 39.98 18.83 21.64 6.25
BS5 30.48 14.35 16.50 4.76
Average 34.25 16.13 18.54 5.35
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Table D.8 - Pour #7 Compressive Strength (Cast June 12, 2012)

Age at Curing Strength Average (MPa)
testing (days) (Ibs) (MPa)
7 Room temp. 53000 29.0
28 Room temp. 60000 32.9 31.7
28 Room temp. 60500 33.1
28 Moist-cured 67500 37.0
28 Moist-cured 70000 38.3 37.1
28 Moist-cured 66000 36.1

Table D.9 - Pour #7 MOR Testing (Tested July 20, 2012)

Peak load (kN) MOR (MPa)
B6 38.01 5.94
B7 40.61 6.35
B8 41.42 6.47
B9 38.90 6.08
B10 38.71 6.05
Average 39.53 6.18

Table D.10 - Pour #7 M., and P, based on average MOR

M., (kNm) P (kN)
B5V5 18.61 21.39
BV6 18.63 21.41
BAS 18.60 21.38
BA6 18.62 21.41
Average 18.62 21.40

D3 PHASeEIIB

Table D.11 - Pour #8 Compressive Strength (Cast November 7, 2012)

Strength
Age at Curing Average (MPa)
testing (days) (Ibs) (MPa)

7 Room temp. 53500 29.3

28 Room temp. 62500 34.2 35.2

28 Room temp. 66000 36.1

14 Moist-cured 57500 31.5

28 Moist-cured 71000 38.9 387

28 Moist-cured 68500 37.5 '

28 Moist-cured 72500 39.7
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Table D.12 - Pour #8 MOR Testing (Tested January 29, 2013)

Peak load (kN) MOR (MPa)
B1 38.38 6.00
B2 36.50 5.70
B3 36.69 5.73
B4 42.17 6.59
B5 38.81 6.06
B6 35.70 5.58
Average 38.04 5.94

Table D.13 - Pour #8 M., and P, based on average MOR

M., (kNm) P, (kN)
B38 11.68 13.42
B50 11.67 13.41
Average 11.68 13.42
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APPENDIX E: MANUAL CRACK WIDTH MEASUREMENTS

This section presents a summary of manual crack width measurements taken during
testing. All crack widths within the constant moment region are reported in the tables
below and the cracks monitored with gauges are represented as /, 2 and 3.

E1l PHASEI

E1l.1 Beam Specimens

Table E.1 - Beam B1 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.06;
Initial measurements 19 2.0.08
After 100 cycles at level of 60 1-0.6;
reinforcement (front face) 2-0.8
After 100 cycles at level of 60 1-1;0.8;0.43;0.81; 2 -
reinforcement (back face) 1.25
After 100 cycles on tension 60 1-1,1,0.8;
face (back to front face) 2-0.8,0.8,1.25

Table E.2 - Beam B2 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.09;
Initial measurements 23 2-0.06
After 100 cycles on tension 123 1-125,1.5,1.5;
face (back to front face) 2-1,1.25,1.25
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Table E.3 - Beam B3 manual crack width measurements

Load (kN) Crack width (mm)
1-0.08;
Initial measurements 20 0.06;
2-0.09
Initial loading at level of 23 2-1.25;1;0.8;1;1-0.8;
reinforcement (front face) 0.9; 0.42
Initial loading at level of 23 0.6;04;1-1;0.5;0.5;0.8;
reinforcement (back face) 2-1
2-08,1,1.25;
1.25,1.25,1;
Initial loading on tension 15,125, 1;
face (back to front face) 88 L 1.25 1
1-1,1,0.8;
0.8, 0.6, 0.6;
0.4,04,0.25
After 100 cycles at level of 23 2-14;12;1.1;1.1;1-1.1;
reinforcement (front face) 1;0.5
After 100 cycles at level of 23 0.5;04;1-0.8;04;0.5;
reinforcement (back face) 0.8;2-0.7
2-0.8,0.8,1;
1.5,1.25,1;
After 100 cycles on tension L3, 1'25’1,’
face (back to front face) 88 0.8,0.8, 1;
1-125,1.251;
1,1,1.5;
0.8,0.6,0.4
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Table E.4 - Beam B4 manual crack width measurements

Load (kN) Crack width (mm)
1-0.12;
Initial measurements 20 0.05;
2-0.04
Initial loading at level of 100 2-0.32;1.25;0.87; 0.95;
reinforcement (front face) 0.6; 1 -0.95
Initial loading at level of Cho. 1. 1.
reinforcement (back face) 100 508 151.25 1 2
2-1,1,1.25;
>1.5,>1.5, 1.25;
Initial loading on tension 100 1.25,1.25,1.5;
face (back to front face) 1,0.8,1.5;
0.6, 0.6, 0.8;
1-08,08,1
After 100 cycles at level of 100 2-0.4;1.25;0.9;0.95;0.8;
reinforcement (front face) 1-1
After 100 cycles at level of 100 1-1;1;1.25;1.25;1;2-
reinforcement (back face) 1.1
2-1,1.25,1.25;
>1.5,>1.5, 1.25;
After 100 cycles on tension 100 1.5,1.5,1.5;
face (back to front face) 1,1, 1.5;
0.8,0.8, 1;

1-1.25,1.25,1.25
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Table E.5 - Beam B5 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.04;
Initial measurements 18 5.0.03
Initial loading at level of 65 0.29;0.57; 2-1.1; 0.32;
reinforcement (front face) 04;71-1.05;0.14;1.3
Initial loading at level of 65 1.1;0.27; 1; 0.3; 0.4; 2;
reinforcement (back face) 0.45; 0.35
0.4,0.5,0.35;
0.8, 0.6, 0.6;
2-15,1.5,1.5;
Initial loading on tension 65 0.4, 0.3, 0.6;
face (back to front face) 1,0.8,0.8;
1-1.25,1,0.8;
0.4,0.5,0.3;
1.5,1.25,1.25
After 100 cycles at level of 65 0.3;0.5; 2-1.2;0.36; 0.52;
reinforcement (front face) 1-1.3;0.23;1.6
After 100 cycles at level of 65 0.95;0.47; 1-0.85;0.27;
reinforcement (back face) 0.38;2-1.1; 0.86; 0.37
0.5,0.5,0.5;
0.8,0.8, 1;
2-15,1.5,1.5;
After 100 cycles on tension 65 0.5,04, 04,
face (back to front face) 1,1, 0.8;
1-1.25,0.8,1;
0.5,0.5,04;

1.25,1.25,1.25
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Table E.6 - Beam B6 manual crack width measurements

Load (kN) Crack width (mm)
1-0.06;
Initial measurements 21 0.04;
2-0.05
Initial loading at level of 100 2-0.86;0.9;0.73; 0.15;
reinforcement (front face) 093;7/-1.7;0.9
Initial loading at level of 100 0.62; 1;0.25; 0.55;0.47;
reinforcement (back face) 1.1;2
2-0.8,0.8,0.8;
0.8, 1.25,1.25;
Initial loading on tension 0.8,1,0.8
face (back to front face) 100 L, 1.25,1.25;
0.5,0.8,1.25;
1-0.8,0.8,1.25;
0.8,0.8,1.25
After 100 cycles at level of 100 2-0.85;0.65;0.85; 0.15;
reinforcement (front face) 1.2;71-1.3;0.95
After 100 cycles at level of 100 0.8; 1-0.65;0.35;0.67;
reinforcement (back face) 046;1;2-1.1
2-1251,1;
1, 1.25, 1.25;
After 100 cycles on tension 0.3,1,0.5; )
face (back to front face) 100 125,15, 1.5;
0.8,0.8, 1.25;
1-0.8,0.8,1.25;
0.8,0.8,1.25
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Table E.7 - Beam B7 manual crack width measurements

Load (kN) Crack width (mm)
0.05;
Initial measurements 20 1-0.04;
2-0.04
Initial loading at level of 65 2-1;0.14;1; 0.23; 0.35; 1 -
reinforcement (front face) 0.95;0.3; 0.75
Initial loading at level of 65 0.5,0.35; 7;0.5;0.4; 0.4;
reinforcement (back face) 0.8;2
2-1,0.8,04;
1,0.6,0.5;
Initial loading on tension 0.4,0.5,0.3;
face (back to front face) 65 0.5,0.6,0.8;
1-04,1,1.25;
0.6,0.4, 0.4;
0.6,0.6,0.4
After 100 cycles at level of 65 2-1.1;0.22; 1; 0.27; 0.34;
reinforcement (front face) 1-1;045;1.1
After 100 cycles at level of 65 0.7;0.28; 1 -1.2;0.45;0.4;
reinforcement (back face) 0.35;0.87; 2-0.6
2-0.8,0.8,0.4;
1,0.6, 0.4;
After 100 cycles on tension 0.3,0.3, O'Sf
face (back to front face) 65 0.8,0.6, 0.6;
1-1,1.25,0.5;
0.8,04,0.4;
0.6,0.5,0.3
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Table E.8 - Beam B8 manual crack width measurements

Load (kN) Crack width (mm)
1-0.09;
Initial measurements 20 2-0.04;
0.05
Initial loading at level of 100 1.1; 0.37; 2-0.93; 0.76;
reinforcement (front face) 0.5;0.88;0.31; /1 -0.48
Initial loading at level of 100 1;0.25;0.26; 0.38; 0.25;
reinforcement (back face) 0.13;0.1; 2; 0.35; 0.65
1.25,1.5,1.25;
1,1, 0.6;
2-1,0.5,0.5;
Initial loading on tension 100 0.5,0.3,0.8;
face (back to front face) 1,1, 1;
1.25,1.25,1;
0.35, 0.35,0.3;
1-04,1,1.25
After 100 cycles at level of 100 1.3; 0.25; 2 - 0.85; 0.88;
reinforcement (front face) 0.9; 0.58;0.41; 1 - 0.38
After 100 cycles at level of 100 1-0.3;0.2;0.58;0.38; 0.2;
reinforcement (back face) 0.4;0.3; 2-0.35;0.5;0.65
1.5,1.5,>1.5;
1.25,1.25,1;
2-05,04,1;
After 100 cycles on tension 100 0.5,0.5, 1;
face (back to front face) 1.25,1.25, 1;
1.25,1.25,1;
0.4,04,0.5;
1-08,04,04
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Table E.9 - Beam B9 manual crack width measurements

Load (kN) Crack width (mm)
1-0.07;
Initial measurements 20 2-0.07;
0.09
Initial loading at level of 71 2-0.35;0.5;0.23; 0.55;
reinforcement (front face) 0.3;0.12; 1 -0.7; 0.15; 0.05
Initial loading at level of 71 0.95;0.25; 1; 0.25; 0.3; 1.1;
reinforcement (back face) 0.95; 2
2-0.5,0.5,0.4;
0.2,0.25,0.35;
0.5,0.8,0.8;
Initial loading on tension 0.5,06,0.4;
face (back to front face) 7 08,08, 1,
0.35,0.35,0.2;
1-0.8,1,04;
0.6,0.4, 0.4;
0.5,0.6, 0.6
2-0.65;0.75; 0.68; 0.73;
Afjcer 100 cycles at level of 71 0.24: 0.07: - 0.68: 0.23:
reinforcement (front face) 0.93
After 100 cycles at level of 71 0.95;0.4; 1-0.3;0.22;
reinforcement (back face) 0.35; 0.98; 0.85; 2-0.58
2-0.5,04,0.3;
0.3,0.3,0.4;
0.8,1,0.8;
After 100 cycles on tension 0.6,0.6,0.0.3;
face (back to front face) 71 11,125,
04,04,04;
1-0.5,0.6,0.3;
0.5,0.5,0.5;
0.35,0.6,0.8
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Table E.10 - Beam B10 manual crack width measurements

Load (kN) Crack width (mm)
0.05;
Initial measurements 19 1-0.11;
2-0.06
Initial loading at level of 93 0.18; 2-0.73;0.37; 0.08; 1
reinforcement (front face) -2.1;0.65; 0.32; 0.55
Initial loading at level of 93 0.68;0.26; 1.3;0.2; 1; 0.2;
reinforcement (back face) 0.2;2;03
0.35,0.35,0.3;
2-1,1.25,1.25;
0.35,0.4,0.5;
Initial loading on tension 0.1,0.1,0.1;
face (back to front face) 23 [-1.5,15, 1.5
0.8,0.8, 0.6;
1.5,1.25,1.25;
0.35,0.35,0.2;
0.8,1.25,1.25
After 100 cycles at level of 93 0.36; 2-0.73;0.28;0.2; I -
reinforcement (front face) 1.7; 0.62; 0.5; 0.58
After 100 cycles at level of 93 0.7;0.28; 1.4;0.35; 1 - 1.5;
reinforcement (back face) 0.21; 0.32; 2 - 0.66; 0.35
0.35,0.5,0.5;
2-1,1.25,1;
0.4,04,0.6;
After 100 cycles on tension 0.2,02,0.2; )
face (back to front face) 23 1-03,1.5,>1.5;
0.8,0.8,0.8;
1.5,1.25,>1.5;
0.35, 0.35, 0.35;
1,1.25,1
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Table E.11 - Beam B13 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.09;
Initial measurements 14 2-0.08
.. ) 2-0.17;0.12; 0.5; 0.13;
Ir}ltlal loading at level of 65 0.1: 0.25: 0.23: 0.5: 0.6:
reinforcement (front face) 065 1-0.65
.. ) 1;0.48; 0.25;0.4; 0.18;
Initial loading at level of 65 0.23; 0.12; 0.09; 0.63; 0.43;
reinforcement (back face) 5
2-1,1,0.5;
0.25,0.35,0.1;
0.5,0.5,0.5;
0.1,0.1,0.1;
Initial loading on tension 0.1,0.1, 0'15
face (back to front face) 65 82’ 82’ 8?’
0'39 =
0.3,0.5,0.5;
1,0.8,0.5;
1-1,0.8,0.5;
2-04;0.2; 0.55;0.25;
Afjcer 100 cycles at level of 65 0.17: 0.45: 0.3: 0.6: 0.12;
reinforcement (front face) 055 7-0.65
1-1.05;0.7;0.26; 0.35;
?ffﬁrf(}r‘iﬂniiﬁ?ﬁbiﬂji;f 65 0.19; 0.21; 0.24; 0.05; 0.6;
0.52-0.7
2-06,1,1;
0.2,04,0.2;
0.6,0.6,0.5;
0.2,0.2,0.2;
0.3,0.3,0.3;
After 100 cycles on tension 65 0.6,0.5,0.8;
face (back to front face) 0.35, 0.35, 0.35;
0'29 =7
0.35, 0.6, 0.6;
0.1,0.1,0.1;
1.5,0.8, 0.6;
1-1.5,0.8, 0.6;
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Table E.12 - Beam B14 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.08;
Initial measurements 17 2-0.06
.. ) 0.85;0.5; 0.65; 0.5;0.18; 2
Ir}ltlal loading at level of 97 2028 0.09: 0.12: 1 - 1.1:
reinforcement (front face) 0.95
Initial loading at level of 97 0.75; 1; 0.25; 0.13; 2; 0.15;
reinforcement (back face) 0.38; 0.46; 0.23; 0.5
1.25,1, 1;
04,04, 04,
1,0.8,0.8;
0.8,0.6,0.8;
Initial loading on tension 97 0.25, 0.25, 0.25;
face (back to front face) 2-1.25,1.25,1.25;
0.4,0.45,0.35;
0.5,04,04;
1-0.8,0.6, 1;
0.6,1,0.5
0.95;0.45; 0.8; 0.58; 0.19; 2
Afjcer 100 cycles at level of 97 Z0.4:0.2: 0.35: 1 - 0.65:
reinforcement (front face) 0.93
After 100 cycles at level of 97 0.75; 1-0.65;0.25;0.3; 2 -
reinforcement (back face) 0.3; 0.1; 0.5; 0.45; 0.3; 0.6
1.25,1.25,1;
0.5,0.5, 0.4,
0.6,0.8,0.8;
1,1,0.8;
After 100 cycles on tension 97 0.35, 0.35, 0.35;
face (back to front face) 2-1251,1;
0.35,0.35,0.5;
0.6, 0.5, 0.5;
1-1.25,0.8,0.8;
0.6,1,0.8
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Table E.13 - Beam B15 manual crack width measurements

Load (kN)

Crack width (mm)

Initial measurements

21

1-0.13;
2-0.07

Initial loading at level of
reinforcement (front face)

100

0.45; 0.6; 0.35; 0.43; 0.75;
0.3;0.7,2-0.72;04; I -
0.5; 0.08

Initial loading at level of
reinforcement (back face)

100

1;0.58; 2; 0.19; 0.53; 0.15;
0.77;0.2; 1; 0.22; 0.95

Initial loading on tension
face (back to front face)

100

0.8,0.8, 1;
1-0.35,0.5,0.5;
0.8,0.8,0.5;
2-1251,1;
1,0.8,0.5;
0.6, 0.6, 0.3;
0.3,0.5,0.5;
1.25,0.5, 1;
0.2, 0.6, 0.6;
0.5, 1.25, 1;
0.3,0.3,0.3;
0.6,0.6,0.3

After 100 cycles at level of
reinforcement (front face)

100

0.4; 0.63;0.2; 0.45; 0.73;
0.35;0.8; 2-0.8; 0.53; / -
0.65;0.11

After 100 cycles at level of
reinforcement (back face)

100

1-0.75;0.13; 0.65; 2 - 1.3;
0.15; 0.65; 0.18; 0.45; 0.2;
0.7,0.32; 1.1

After 100 cycles on tension
face (back to front face)

100

08, 1,1;
1-04,0.6,0.6;
0.8,0.8,0.8;
2-125,1,1;
0.8,1,0.8;
0.8,0.5,0.5;
0.35,0.4,0.5;
1.5,0.8, 1;
0.2, 0.6, 0.6;
0.8, 1.5, 1.5;
0.3,0.4, 0.4;
04,04,04
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Table E.14 - Beam B16 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.15;
Initial measurements 24 2-0.06
.. ) 0.76; 0.09; 0.23; 2 - 0.38,;
rﬁﬁgiﬁgﬁggﬁgﬁﬁ;’é 100 0.35; 0.58: 0.23; 0.25; 0.61;
1-0.8;0.58
Initial loading at level of 100 0.45; 1; 0.89; 0.25; 0.65;
reinforcement (back face) 0.51; 2; 0.6; 0.18; 1.5
0.5,1,1.5;
0.3,1,1.5;
0.8,0.8,0.8;
2-04,0.8,0.8;
Initial loading on tension 100 0.8,0.8,0.5;
face (back to front face) 0.2,0.2,0.2;
0.4,04,0.3;
0.6, 0.6, 0.3;
1-0.8,0.6,0.8;
1.51,1
0.55;0.11;0.15; 2-0.8;
ﬁ‘gsrfolrggrfﬁf(sffgéfgieo)f 100 0.4; 0.55; 0.25; 0.25; 0.65; /
-0.8;0.65
0.5;71-0.72;0.85;0.35;
After 100 cycles at level of ’ ’ ’ ’
reinforcem};nt (back face) 100 0.65;0.55; 2-0.9;045;
0.35;1.25
1,1.5,1.5;
0.5,1.5,1.5;
0.6,0.6,0.8;
2-0.35,0.8,0.8;
After 100 cycles on tension 1,03, 0'6;'
face (back to front face) 100 0.6,0.6,0.3;
0.4,04,0.3;
0.2,0.5,0.5;
0.5,0.5,0.8;
1-0.5,0.8,0.8;
1.5,1.25,1
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E1.2 Slab Specimens

Table E.15 - Slab S1 manual crack width measurements

Load (kN)

Crack width (mm)

Initial measurements

17

1-0.02;
2-0.03

Initial loading at level of
reinforcement (front face)

65

0.48; 0.5; 0.19; 0.61; 2 -
0.63; 0.53; 0.32; 0.21; 0.42;
1-0.51;0.34

Initial loading at level of
reinforcement (back face)

65

0.8;7;0.5;0.26;0.4; 2;
0.19; 0.09; 0.31; 0.4; 0.45

Initial loading on tension
face (back to front face)

65

1.5, 1.25, 1.25;
1.25,0.4, 0.6;
1.25,0.8,0.8;
1.5,0.8,1.5;
0.5,0.6, 1.5;
1.25,0.6, 1.5;

2-0.35,0.35,1.5;
06,1, 1;
0.5, 1, 1.25;

1.25,0.6, 0.6;
0.8, 0.6, 0.6;
1-1,1,0.6;
1.25,1.25, 0.6

After 100 cycles at level of
reinforcement (front face)

65

0.56; 0.51; 0.21; 0.61; 2 -
0.76; 0.43; 0.33; 0.65; 0.49;
1-0.6;0.35

After 100 cycles at level of
reinforcement (back face)

65

0.8;7/-0.45;0.51;0.27;
0.65; 2-0.35;0.6; 0.11;
0.18; 0.48; 0.83

After 100 cycles on tension
face (back to front face)

65

1.5, 1.25,1.25;
1.5, 0.6, 0.6;
1.5,1,0.8;
1.5, 1.5,>1.5;
0.5, 1.5,>1.5;
1.5,0.8,1.5;
2-0.5,038,1.5;
0.6, 1.25, 0.6;
06,1,1;
06,1,1;
1,1,0.8;
1-1.5,1251;
1.25,1.25,0.8
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Table E.16 - Slab S2 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.06;
Initial measurements 17 2.0.06
.. . 0.46; 0.36; 2-0.39;0.21; 1
Ir}ltlal loading at level of 65 ©0.29: 0.33: 0.23: 0.11:
reinforcement (front face) 0.25- 0. 14
Initial loading at level of 65 0.56; 0.21; 0.68; 0.88; 0.3;
reinforcement (back face) 1;0.29; 2; 0.29; 0.24
1,1,1;
0.8,0.6,0.8;
2-0.5,0.5,0.8;
0.5,0.5, 1;
Initial loading on tension [-1,1,1;
65 0.6, 0.6, 1;
face (back to front face) 0.5 0.5.08:
0.35,0.35,0.2;
1.5,1.5,1.5;
0.2,0.2, -
1,1,1.25
0.42;0.51;2-0.4;0.38; 1 -
After 100 cycles at level of 65 0.49; 0.29; 0.3; 0.18; 0.24;
reinforcement (front face) 031
0.45;0.4; 0.63;0.82;0.45; 1
Afjcer 100 cycles at level of 65 _0.74: 0.26: 2 - 0.49: 0.29;
reinforcement (back face) 0.45
1,1, 1.25;
0.8,0.8, 1;
2-0.6,0.8,1;
0.6, 0.6, 1.25;
After 100 cycles on tension [-1,1,1.25;
face (back to front face) 65 0'§ ’60'(23 ,81 '12.5;
0.5,0.5,0.3;
>1.5,>1.5,>1.5;
0.3,0.3, -;
1,1.25,1.25
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Table E.17 - Slab S3 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.31;
Initial measurements 17 5.028
Initial loading at level of 60 0.29; 0.36; 0.21; 0.43; 2 -
reinforcement (front face) 0.35; 1-0.96; 0.45
Initial loading at level of 60 0.83; 1;0.72; 2, 0.25; 0.79;
reinforcement (back face) 0.42; 0.70
1,1,1;
0.6, 0.6, 1;
0.6,0.8, 1;
Initial loading on tension 60 1.25,1,1;
face (back to front face) 2-1.25,1,0.8;
0.5,0.3,0.2;
1-08,1,1.25;
1,>1.5,>1.5
After 100 cycles at level of 60 0.31; 0.36; 0.41; 0.45; 0.17;
reinforcement (front face) 2-059;1-1;047
After 100 cycles at level of 60 1.05; 1-0.76;0.82; 2 -
reinforcement (back face) 0.86; 0.38; 0.84; 0.53; 0.67
1,1,1;
0.6, 0.8, 0.8;
1.25,1,1;
After 100 cycles on tension 60 1.25,1,1;
face (back to front face) 2-1.5,1.25,1.25;
0.8,0.5,0.5;

1-1.5,1.25,1.25;
>1.5,>1.5,>1.5
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Table E.18 - Slab S4 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.07,
Initial measurements 19 2021
Initial loading at level of 65 0.21;0.71; 2-0.65; 0.59; 1
reinforcement (front face) - 0.81; 0.93
Initial loading at level of 65 0.47;0.19; 0.36; 1; 0.42; 2;
reinforcement (back face) 0.49; 0.53; 0.63
0.8,0.6,0.8;
1,08, 1;
0.8,1,0.5;
Initial loading on tension 2-08,1,0.5;
face (back to front face) 65 L1
1-0.5,0.6,1.25;
0.8,0.6, 1.25;
1.5,1.25,1.25;
0.2,0.2,0.5
After 100 cycles at level of 65 0.42;0.63; 2 -0.65;0.68; 1
reinforcement (front face) - 0.82; 0.83
0.63;0.31; 0.37; 1 - 0.45;
Af‘Fer 100 cycles at level of 65 0.63: 2 - 0.69: 0.56: 0.75-
reinforcement (back face) 0.69
0.5,1.25,0.6;
1.25,1, 1.25;
0.8,0.8,0.5;
After 100 cycles on tension 2-08,08, 9'5;
face (back to front face) 65 L 1,1.25;
1-0.6,1,1.5;
0.8,1,1.5;
1.5,1.25,1.25;
0.3,0.3,0.3
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Table E.19 - Slab S5 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.08;
Initial measurements 19 2001
Initial loading at level of 65 0.26;0.47;0.25;0.21; I -
reinforcement (front face) 0.39; 0.24; 0.26; 0.3; 0.41
Initial loading at level of 65 0.3; 0.32; 0.22; 0.18; 0.39;
reinforcement (back face) 1;0.19; 0.15; 2; 0.2; 0.16
1.25,1.25, 1;
0.5,0.8, 1;
1,1,1;
0.6,1,0.3;
Initial loading on tension 65 1-04,0.5,0.3;
face (back to front face) 0.2,0.3,0.4;
1,0.8,0.8;
0.6,0.6,0.2;
1.5,1.5,0.8;
1,1.5,0.8
After 100 cycles at level of 65 0.29; 0.45;0.28;0.2; I -
reinforcement (front face) 0.41; 0.29; 0.3; 0.25; 0.45
0.27;0.35; 0.34; 0.24;0.4; 1
After 1 1 level of ) ’ ’ DN
re‘i[relfor(():gn?;flte(sbjltcke\fi;cs 65 -0.52;0.21;0.19; 2 - 0.07;
0.2;0.25
1.25, 1.5, 1.5;
0.5,0.8,1.25;
1.25,1.25, 1.25;
0.6,1.25,0.3;
After 100 cycles on tension 65 1-0.4,0.6, 0.6;
face (back to front face) 0.25, 0.4, 0.6;
1,1, 1;
0.6, 0.6, 0.4;
>1.5,>1.5,1.5;
0.6,>1.5,1.5
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Table E.20 - Slab S6 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.02;
Initial measurements 32 5.0.08
Initial loading at level of R0 0.14; 0.4; 0.34; 0.12; 0.33; 2
reinforcement (front face) -0.45;0.29; 1 -0.46; 0.34
Initial loading at level of R0 043;1;041; 2;,0.33;0.17;
reinforcement (back face) 0.18; 0.07; 0.16
0.6,0.8, 0.4;
0.35,0.4,0.5;
0.8,1,1;
Initial loading on tension 0.2,02,0.2;
face (back to front face) 80 0.8,0.3,0.3;
2-0.8,0.6,0.5;
0.8,04,04;
1-0.8,0.8,1;
1,1,1
After 100 cycles at level of 20 0.21; 0.45; 0.47; 0.24; 0.35;
reinforcement (front face) 2-0.41;0.26; 1-0.38;0.36
0.42;1-0.35;0.29; 2 -
After 100 cycles at level of 80 0.38; 0.23; 0.13; 0.28; 0.19;
reinforcement (back face) 091
0.8,0.8,0.5;
0.4,0.5,0.8;
0.6,0.8,0.8;
After 100 cycles on tension 0.3,0.2, 0'2%
face (back to front face) 80 0.8,0.8,0.8;
2-0.6,0.8,0.6;
0.6,0.8,0.8;
1-0.8,0.8,0.8;
0.6,0.6, 1

157




Table E.21 - Slab S7 manual crack width measurements

Load (kN) Crack width (mm)
Initial measurements 23 [-0.16;
2-0.13
Initial loading at level of 77 0.43;0.58; 2-0.63; 0.51;
reinforcement (front face) 0.42;1-0.71
Initial loading at level of 77 1;0.45;0.46; 2; 0.15; 0.53;
reinforcement (back face) 0.75
1.25,0.8, 0.8;
0.8,0.4,0.8;
Initial loading on tension 0.6,0.6,0.8; )
face (back to front face) 7 2-06,0.4,04;
0.8, 0.6, 0.3;
0.5,0.5, 1;
1-1.25,0.6,0.6
After 100 cycles at level of 77 0.41; 0.63; 2-0.74; 0.53;
reinforcement (front face) 0.39; 1-0.78
After 100 cycles at level of 77 1-1.05;0.59;0.6; 2-0.64;
reinforcement (back face) 0.51;0.72; 0.68
1.25,1, 1;
1,0.5, 1;
After 100 cycles on tension 0.8,0.8, 1; )
face (back to front face) 7 2-06,06,1;
1,1,0.4;
0.8,0.8, 1;
1-1,0.8,0.5
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Table E.22 - Slab S8 manual crack width measurements

Load (kN) Crack width (mm)
.. 1-0.06;
Initial measurements 26 5.0.23
Initial loading at level of 34 0.79; 2-0.86; 0.65; I -
reinforcement (front face) 0.44; 0.41; 0.98
Initial loading at level of ] o s
reinforcement (back face) 84 1.05,0.75; 1, 0.25; 2, 1.05
0.25, 0.25,0.8;
2-1.25,05,1;
Initial loading on tension 34 1.25,0.8, 1;
face (back to front face) 1-125,1,0.8;
0.3,0.5,0.8;
0.5,1,1
After 100 cycles at level of ’4 0.96; 2-0.8;0.73; 1 -0.51;
reinforcement (front face) 0.46; 0.95
After 100 cycles at level of ’4 1.1; 0.83; 1 - 0.86; 0.27; 2 -
reinforcement (back face) 1.09; 0.78
1.5,0.4,1.25;
2-1.25,06,1;
After 100 cycles on tension 24 1,0.8, 1;
face (back to front face) 1-15,1,0.8;
0.4,04,0.8;
1,0.5,>1.5
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Table E.23 - Slab S9 manual crack width measurements

Load (kN) Crack width (mm)
Initial measurements 26 [-0.10;
2-0.12
Initial loading at level of R0 0.24; 2-0.35;0.55; 1 -
reinforcement (front face) 0.85;0.23
Initial loading at level of o s
reinforcement (back face) 80 0.35; £;0.52; 2, 0.45
0.8, 0.6, 0.8;
Initial loading on tension 2-04,0.6,0.4;
face (back to front face) 80 11,08,
1-0.8,1,0.8;
0.8,0.8,0.4
After 100 cycles at level of 20 0.43; 2-0.65;0.75; 1 -
reinforcement (front face) 0.85; 0.36
After 100 cycles at level of 20 0.48; 1-0.69;0.55; 2 -
reinforcement (back face) 0.52; 0.65
1,1, 0.6;
After 100 cycles on tension 2-08,04, ,0'8’
face (back to front face) 80 I, 1,06;
1-0.8,0.8,1.25;
0.8,1,04

E2 PHASE IIA

Table E.24 - Beam B1V5 manual crack width measurements

Load (kN) Crack width (mm)
1-0.06;
Initial measurements 27 2-0.09;
3-0.10
Initial loading at level of 60 0.35; 0.95; 0.81; 0.88; 0.26
reinforcement (front face)
After 25 cycles at level of 60 0.39; 0.98; 0.87; 0.31; 0.83;

reinforcement (front face)

0.39
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Table E.25 - Beam B2V5 manual crack width measurements

Load (kN) Crack width (mm)
1-0.05;
Initial measurements 25 2-0.11;
3-0.10
Initial loading at level of 55 0.77; 0.35; 0.47; 0.54; 0.45;
reinforcement (front face) 0.66
After 25 cycles at level of 55 0.82; 0.40; 0.51; 0.57; 0.65;
reinforcement (front face) 0.68

Table E.26 - Beam B3V5 manual crack width measurements

Load (kN) Crack width (mm)
1-0.13;
Initial measurements 25 2-0.08;
3-0.10
Initial loading at level of 65 0.75; 0.51; 0.65; 0.58; 0.89;
reinforcement (front face) 0.85
After 25 cycles at level of 65 0.93; 0.53; 0.61; 0.6; 0.87;
reinforcement (front face) 0.78

Table E.27 - Beam B4V5 manual crack width measurements

Load (kN) Crack width (mm)
1-0.09;
Initial measurements 25 2 -0.06;
3-0.10
Initial loading at level of 65 0.66; 0.76; 0.61; 0.8; 0.83;
reinforcement (front face) 0.98
After 25 cycles at level of 65 1.05; 0.81; 0.63; 1.05; 0.83;
reinforcement (front face) 0.95

Table E.28 - Beam B5VS5 manual crack width measurements

Load (kN) Crack width (mm)
1-0.12;
Initial measurements 27 2-0.10;
3-0.10
Initial loading at level of 85 0.90; 0.73; 0.68; 0.67; 0.12;
reinforcement (front face) 0.71; 0.53; 0.80
After 25 cycles at level of 35 1.2; 0.88; 0.84; 0.90; 0.23;
reinforcement (front face) 0.72; 0.44; 0.81
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Table E.29 - Beam BAS manual crack width measurements

Load (kN) Crack width (mm)
1-0.13;
Initial measurements 28 2-0.10;
3-0.05
Initial loading at level of 90 1.2;0.47; 0.35; 0.76; 1.3;
reinforcement (front face) 0.38; 1.05; 1.1
After 25 cycles at level of 90 1.2; 0.63; 0.45; 0.78; 1.3;
reinforcement (front face) 0.49;1.2;1.2

Table E.30 - Beam BV6 manual crack width measurements

Load (kN) Crack width (mm)
1-0.13;
Initial measurements 28 2-0.12;
3-0.10
Initial loading at level of 35 0.99; 0.82; 0.55; 0.72; 0.28;
reinforcement (front face) 0.83
After 25 cycles at level of 35 1; 0.86; 0.60; 0.75; 0.35;
reinforcement (front face) 0.93

Table E.31 - Beam BA6 manual crack width measurements

Load (kN) Crack width (mm)
1-0.11;
Initial measurements 27 2-0.23;
3-0.10
Initial loading at level of 30 1.02; 0.91; 0.55; 0.89; 0.19;
reinforcement (front face) 0.86
After 25 cycles at level of 30 1.09; 0.93; 0.48; 0.35; 0.89;
reinforcement (front face) 0.45; 0.79
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E3 PHASE IIB

Table E.32 - Beam B38 manual crack width measurements

Load (kN) Crack width (mm)
1-0.37;
Initial measurements 18 2-0.10;

3-0.09
Initial loading at level of 60 0.08; 0.59; 0.47; 0.77; 0.58;
reinforcement (front face) 0.69
Initial loading at level of 60 0.63;0.48; I; 2; 3; 0.52;
reinforcement (back face) 0.12
After 25 cycles at level of 60 0.12; 0.61; 0.62; 1.1; 0.55;
reinforcement (front face) 0.73
After 25 cycles at level of 60 1.05;0.63; 1; 2; 3; 0.72;
reinforcement (back face) 0.14

Table E.33 - Beam B50 manual crack width measurements

Load (kN) Crack width (mm)
1-0.35;
Initial measurements 28 2-0.10;

3-0.11
Initial loading at level of 35 0.80; 0.17; 0.93; 1.1; 0.26;
reinforcement (front face) 0.45; 0.93
Initial loading at level of 35 3;0.82;041;1;2;,1.2;
reinforcement (back face) 0.25; 0.66
After 25 cycles at level of 25 0.92;0.27; 0.93; 1.2; 0.29;
reinforcement (front face) 0.46; 0.9; 0.06
After 25 cycles at level of 25 3;093;045;1;2;,1.2;
reinforcement (back face) 0.27; 0.75
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APPENDIX F: EXPERIMENTAL PLOTS

Reinforcement stress versus crack width plots for all specimens can be found in this

section. Lines of best fit and the corresponding regression equations are also shown for

all monitored cracks.
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Figure F.10 - Typical cracking behaviour for B10
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Figure F.11 - Typical cracking behaviour for B13
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Figure F.12 - Typical cracking behaviour for B14
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Figure F.13 - Typical cracking behaviour for B15
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Figure F.14 - Typical cracking behaviour for B16
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Figure F.15 - Typical cracking behaviour for S1
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Figure F.16 - Typical cracking behaviour for S2
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Figure F.17 - Typical cracking behaviour for S3
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Figure F.18 - Typical cracking behaviour for S4
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Figure F.19 - Typical cracking behaviour for S5
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Figure F.20 - Typical cracking behaviour for Sé6
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Figure F.21 - Typical cracking behaviour for S7
1.6
14 y1=0.005x - 0.347
' R2=0.982 /
1.2 -
T y2 = 0.005x - 0.257 /
£ 1 R2=0.997
£ /
T 0.8
3 /
< 0.6
z / e Crack 1
© 04

0:2 {/ e Crack 2

0 50 100 150 200 250 300 350
ffrp (MPa)

Figure F.22 - Typical cracking behaviour for S8
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Figure F.23 - Typical cracking behaviour for S9
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Figure F.24 - Typical cracking behaviour for B1V5S
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Figure F.26 - Typical cracking behaviour for B3V5
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Figure F.25 - Typical cracking behaviour for B2VS5S
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Figure F.27 - Typical cracking behaviour for B4V5
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Figure F.28 - Typical cracking behaviour for BSVS
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Figure F.29 - Typical cracking behaviour for BAS
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Figure F.30 - Typical cracking behaviour for BV6
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Figure F.31 - Typical cracking behaviour for BA6
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Figure F.32 - Typical cracking behaviour for B38
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Figure F.33 - Typical cracking behaviour for BS0
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APPENDIX G: CALCULATIONS FOR FRP STRESSES

For this study, the stress in the FRP reinforcement was calculated using elastic cracked
section theory. This theory assumes the section is cracked but remains linear elastic with
a strain distribution as shown in Figure G.1. In addition, the concrete in tension is

considered to be ineffective while the FRP reinforcement takes all tensile stress.

d F
Afip A fep 4

Figure G.1 - Assumed strain distribution

The location of the neutral axis (kd) can be determined by calculating k using Equation
[G.1]. The moment arm (jd) between the tension and compression force can be found

using relationships between j and k, as shown in Equation [G.2].

k= 2pn+ (pm)? - pn G-1]
where,
n is the modular ratio (Egp/Ec)
p is the FRP reinforcement ratio
1
j=1-2k [G2]

The moments can then be computed using the compression force (Equation [G.3]) or the

tension force (Equation [G.4]), which give equivalent values.

1
M = Ekjfcbd2 [G.3]
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M == Afrpffrpjd [G'4]

To determine the stresses in the concrete (f.) and the FRP reinforcement (fsp), the

following equations can then be used:

M
_ 2 G5
f.=2 i bd [G.5]
forp = M G.6
frp - Afrp]d [ i ]
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