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RESUMO

Embora as barras de reforco de polimero reforcado com fibra de vidro (GFRP) estejam se
tornando comuns, suas propriedades mecénicas — baixo mddulo de elasticidade e alta resisténcia
a tracdo — fazem com que o projeto de membros de concreto reforcado com GFRP (GFRP-RC)
seja frequentemente governado pelo controle de flechas e fissuras no Estado Limite de
Utilizagdo. O desempenho de aderéncia das barras de GFRP impacta o controle de fissuras
fornecido e, devido a natureza empirica da caracterizacdo da aderéncia no projeto, a aderéncia
das barras de GFRP é descrita em relacdo a do aco. Para descrever o desempenho da aderéncia
das barras de GFRP, um coeficiente dependente da ligacéo, ks, € adotado em normas de projeto.
Os comportamentos de aderéncia e fissuracdo das barras de GFRP no concreto — incluindo a
estimativa de ky, — foram investigados a partir de 80 testes de arrancamento e 12 testes de tensao
de prisma ndo-padronizados. Neste trabalho é proposta a avaliacdo de ky utilizando o ensaio de
arrancamento preconizado pela norma ASTM D7913, confirmando o desempenho da aderéncia
utilizando um menor namero de testes de tensdo do prisma. Esse teste ndo padronizado tem a
vantagem de fornecer comparacdo quantitativa, além de qualitativa, do comportamento de
fissuracdo, uma vez que é afetado pelas caracteristicas da barra de reforco. Os dados obtidos
neste programa experimental complementaram um banco de dados existente de 137 resultados
de testes de arrancamento comparaveis, incluindo uma variedade de parametros de barras de
GFRP e concreto. Com o objetivo demonstrar a influéncia de alguns parametros na estimativa
de kp, esse trabalho também apresenta um estudo paramétrico de kp baseado em 157 dados
disponiveis em 19 estudos publicados nos quais ky foi previsto a partir de testes experimentais

de flexdo utilizando barras de GFRP.

Palavras-chave: comportamento de aderéncia, coeficiente de aderéncia, fissuracao, barra

GFRP, ensaio de tracdo de prisma, ensaio de arrancamento.



ABSTRACT

Although Glass Fiber-Reinforced Polymer (GFRP) reinforcing bars are becoming
commonplace, their mechanical properties — low modulus of elasticity and high tensile strength
— result in design of GFRP-reinforced concrete members (GFRP-RC) often being governed by
deflection and crack control at the serviceability limit state. Bond performance of GFRP bars
impacts the crack control provided and, due to the empirical nature of bond characterisation in
design, bond of GFRP remains described in relation to that of steel. To describe the bond
performance of GFRP bars, a bond-dependent coefficient, ks, is adopted in design guides and
standards. The bond and cracking behaviours of GFRP bars embedded in concrete — including
the estimation of k, — were investigated through 80 pull-out and 12 non-standard prism tension
tests. The evaluation of k, using ASTM D7913 pull-out, confirming the bond performance using
a smaller number of prism tension tests, is proposed. This non-standard test has the advantage
of providing quantitative, in addition to qualitative comparison of cracking behaviour as it is
affected by reinforcing bar characteristics. The data obtained in this experimental programme
supplemented an extant database of 137 comparable pull-out test results covering a range of
GFRP bar and concrete parameters. In order to demonstrate the influence of some parameters
in the estimation of ky, this work also presents an parametric study of k, based on 157 data
available in 19 published studies in which k, was predicted from experimental flexural tests
using GFRP bars.

Keywords: Bond behaviour, bond-dependent coefficient, cracking, GFRP bar, prism tension

test, pull-out test.
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NOTATION

A— effective tension area of concrete surrounding the flexural tension reinforcement and having
the same centroid as that reinforcement, divided by the number of bars.

Ap —nominal area of bar;

Ac — area of concrete;

At — total area of reinforcement;

Ag — gross area of concrete;

b — width;

Cc — concrete clear cover;

. — lateral clear cover;

d— effective depth;

do— nominal bar diameter;

dc — thickness of concrete cover measured from extreme tension fiber to center of bar;
ds— thickness of stirrups;

Eb — modulus of elasticity of bar;

Ec — modulus of elasticity of concrete;
fo — tensile stress in bar;

f’c— concrete compressive strength;

fr — bar stress;

fru — tensile strength of the GFRP bar;
fs — stress in reinforcement at service load;
fsp — splitting tensile strength;

fce— tensile strength of the concrete;

fu — guaranteed tensile strength of bar;
fy — yield strength of steel;

h — height;
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ko — bond-dependent coefficient;

L — length;

¢o— bonded length;

M — applied moment;

Mn — nominal moment;

N — applied load;

Np— load in bar;

Nc— load in concrete;

P1— measured load at first crack;

P, — measured load at final crack;

Ps— measured load at end of test;

p — nominal perimeter of the bar;

psand — force required to shear the sand from the perimeter of the bars;
Ppre13 — force acting on a portion of the bar perimeter;
R? - coefficient of determination;

Rr— relative rib area;

s — longitudinal bar spacing;

Savg— average crack spacing;

2gaps —sum of the lengths of the gaps or chords between edges of deformations, plus the width
of any continuous longitudinal protrusions used to represent the grade of the bar;

2Bn = sum of the chord angles between edges of deformations relative to the bar axis inclusive
of any continuous longitudinal protrusions used to represent the grade of the bar; then, Xgaps/p
= 2'Bn/360°;

sr— lug spacing;
w — crack width;
Wavg — average crack width;

X — depth of neutral axis;
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S — ratio of the distance from the neutral axis of the member to the extreme tension fiber to the
distance from the neutral axis to the centroid of the tensile reinforcement;

o — average height of deformations;

on— lug height;

ep— strain in bar;

gc— strain in concrete;

n — modular ratio;

pt— reinforcement ratio;

7 — bond stress;

Tavg — average bond stress;

terrp — bond stress of GFRP reinforcement;
Tmax — Maximum bond stress;

Tmax, avg — average maximum bond stress;
Tsteel — bONd stress of steel reinforcement;
70.05 — bond stress at 0.05 mm slip;

70.10 — bond stress at 0.10 mm slip;

70.25 — bond stress at 0.25 mm slip.



1

INTRODUCTION

1.1 STATEMENT OF THE PROBLEM

Many reinforced concrete (RC) structures are subjected to deicing salts, salt water exposure, or
to harsh environments that reduce the alkalinity of concrete, leading to corrosion of steel
reinforcement and, consequently, affecting the service life of structures. Fiber-Reinforced
Polymer (FRP) reinforcing bars are resistant to corrosion and have emerged as an alternative to

steel as internal reinforcement in concrete structures to mitigate the problem of corrosion.

FRP is a composite material made of continuous fibers, usually glass (GFRP), carbon (CFRP),
and more recently, basalt (BFRP), embedded in a polymeric (typically vinyl-ester) matrix.
GFRP reinforcing bars have been most frequently used in RC structures due to their lower cost
compared to the other FRP bars. The design of GFRP-reinforced concrete is standardized by
ACI Committee 440 (ACI CODE 440.11-22, 2022) and specification standards for GFRP bars
have been established (ASTM D7957). There is no current Brazilian document addressing
utilization of FRP in civil construction. The Brazilian Committees “Special Study of Non-
Conventional Materials as Reinforcement in Reinforced Concrete Structures” (CEE-193) —
Comisséo de Estudo Especial de Materiais Ndo Convencionais para Reforco de Estruturas de
Concreto, in Portuguese — and “Studies for Fiber Reinforced Concrete Structures” (CE-
002:124.026) — Comissdo de Estudos de Estruturas de Concreto Reforcado por Fibras, in
Portuguese — are responsible for the formulation of future Brazilian documents that will address
requirements for testing GFRP bars and the utilization of these bars in RC structures,

respectively.

GFRP bars are unidirectional composites; the glass fibers are oriented along the axis of the bar
and exhibit essentially linear-elastic behaviour to rupture (i.e., no yield behaviour). They have
tensile strength about 2 to 3 times greater than conventional steel reinforcing bars although their
modulus of elasticity is only about one quarter that of steel. Because of their high degree of

anisotropy, GFRP bars exhibit poor shear strength (dominated by weak polymer matrix) and



bond performance (affected by shear lag, weak polymer matrix and Poisson effects) (ACI PRC
440.1, 2015).

Although GFRP bars are established for use as concrete reinforcement, the mechanical
properties of the bars lead to changes in the design paradigm for GFRP-reinforced concrete
(GFRP-RC) structures (Ribeiro and Diniz, 2013). While conventional steel RC structures are
typically designed based on the strength limit state and then checked for serviceability
requirements, design of GFRP-RC members are often governed by deflection and crack control
at the serviceability limit state (Tegola, 1998; Mota et al., 2006; Soltani et al., 2013; ACI PRC
440.1-15, 2015). Furthermore, whereas RC structures are designed to achieve their inherent
ductility through steel yielding, GFRP-RC structures are designed to ensure that the GFRP does
not rupture. GFRP-RC design is based on, and ductility attributed to, the concrete crushing limit
state (ACI CODE 440.11-22).

Due to the differences in the material properties of GFRP and conventional reinforcing steel
and their respective interactions with the surrounding concrete, the bond performance of GFRP
differs from that of steel bars. Studies have been reported that show, in addition to the
mechanical properties of GFRP bars, surface configuration, bar diameter, concrete strength,
and service stress level in the reinforcement may all be expected to influence the bond
performance of GFRP bars (Baena et al., 2009; McCallum and Newhook, 2012; Noel and
Soudki, 2013). In order to improve bond characteristics in concrete, GFRP bars are
manufactured with a variety of surface treatments, preparations and conditions. These include:
a) bars that are continuously pultruded with deformations (typically resembling steel
reinforcing bars); b) bars that have a post-pultrusion-applied helical GFRP wrap forming

deformations; ¢) smooth bars that are sand-coated; and d) hybrids of these; typically of b) and

c).

The bond behaviour between conventional steel and concrete is relatively well established and
documented (e.g., ACI PRC 408-03(12), 2012). Nonetheless, provisions for bond are mostly
empirical in nature and therefore calibrated to the ‘standard’ steel reinforcing bars used.
Deformation geometry is a critical parameter affecting bond. The so-called “relative rib area”
(Rr), is often used (and will be adopted in this study) to quantify bar geometry as it affects the
mechanical bond between reinforcing steel and concrete. By combining the minimum

requirements for steel reinforcing bar deformations prescribed by ASTM A615, the de facto



requirement that Rr > 0.05 is found — although not specifically stated. The condition that R >
0.05 is understood to be an indicator of “adequate bond performance” of steel reinforcing bars
— meeting the minimum requirements of ASTM A615. Due to the different material properties
and behaviour, extension of bond requirements for steel to GFRP is not necessarily appropriate

and requires investigation.

The expanded use of GFRP in construction is dependent, among other factors, on a better
comprehension of the bond interaction between GFRP bars and concrete. The bond
performance affects cracking behaviour — including crack spacing and width — and ultimately
deflections and durability. Permitted crack widths, w, for GFRP-RC elements are typically
assumed to be greater than those for steel-reinforced concrete members due to the corrosion-
resistance of GFRP. This is an arbitrary assessment that has come about because, to design with
GFRP, one must accept larger crack widths; these have been justified by the improved
durability of GFRP bars.

The mechanisms involved in bonding are described in terms of chemical adhesion, surface
friction and mechanical interaction at the bar-concrete interface. The latter is the dominant
component of bond strength and is affected by bar deformations. Due to the empirical nature of
bond characterisation in design, it is necessary to consider the bond of GFRP in relation to that
of steel. In order to normalise bond performance for GFRP bar types and permit the use of
single design equations, a bond-dependent coefficient, ky, is adopted which allows the designer
to treat other materials or bar geometries in a manner similar to conventional deformed steel
bars. Since bond behaviour models of conventional steel reinforcing bars embedded in concrete
are relatively well-known and considered to be adequate, steel bars conforming to the geometry
requirements of ASTM A615 are the ‘norm’ for which ky = 1.0. For other bars, a factor 1/ky is
applied to normalise bond properties to those of deformed steel bars. That is, when FRP bars
exhibit bond behaviour similar that to deformed steel bars, k, = 1.0; for FRP bars having bond
behaviour inferior to steel bars, ky is greater than 1.0; and for FRP reinforcement presenting
bond performance superior to steel, ky is less than 1.0 (ACI PRC 440.1-15).



1.2 RESEARCH SIGNIFICANCE

There are no agreed standards for determining k, or for values of ky itself. Research on
assessment of the bond behaviour of GFRP in concrete through the estimation of a ky factor is
not extensive. ACI PRC 440.1-15 (2015) identifies the test method prescribed in Annex S of
CSA S806-12 (2012) as a means for determining k, of GFRP bars. This test consists of a beam
measuring 200 mm wide x 300 mm deep x 3,000 mm long loaded in four-point bending. The
test also requires a means of reliably maintaining a constant load for 24 hours. The dimensions
of the beam make handling difficult and are a barrier to performing such tests with the large
number of specimens required to establish reliable results. Thus, it is necessary to establish
practical protocols for establishing and verifying (for quality assurance/quality control —
QA/QC — purposes) bond performance and values of ky for the large variation of GFRP bars
available in the market. Additionally, confirming crack control performance of these bars is

required for improved design standard recommendations.

In this context, this thesis proposes two relatively simple tests — the ASTM D7913 pull-out and
non-standard prism tension tests developed further as part of this work — to assess the bond
performance and cracking behaviours of GFRP bars, respectively. This work presents the
evaluation of k, using ASTM D7913 and confirming bond performance using a smaller number
of prism tension tests. Data from the seven GFRP bar types considered in this study are used to
supplement and extend an earlier database of 36 GFRP bar types reported by S6lyom and Balazs
(2020). Additionally, this work presents a parametric study based on data available in published

literature in order to analyze the influence of different parameters in the estimation of kp.



1.3 OBJECTIVES

The objective of this work is to investigate the bond behaviour of GFRP bars in concrete
including the estimation of the bond-dependent coefficient ks, and determining how the bond
performance affects the cracking behaviour (crack spacing and width) of GFRP-reinforced

concrete elements.
For these purposes, the following specific tasks were undertaken:

— literature review on the estimation of k, through experimental tests to identify how
different factors were involved in the prediction of ky;

— investigate, through a parametric study, the main parameters that could affect the
estimation of k, from an assembled database of published works;

— experimentally investigate the bond behaviour and estimation of k, of GFRP bars in
concrete using ASTM D7913 pull-out tests;

— experimentally investigate the cracking behaviour and estimation of ky of GFRP bars
using prism tension tests;

— assemble and analyze a database from the experimental results obtained in this work

and comparable results from a study reported by S6lyom and Balazs (2020).



1.4 ORGANIZATION OF THE THESIS

Chapter 2 provides a literature review on the main mechanical properties of concrete and GFRP
bars. A summary of cracking predictions and bond-dependent coefficient, k», for GFRP-
reinforced concrete members is also presented. Additionally, a brief literature review of
parameters that can influence the estimation of ky is presented.

In Chapter 3, a parametric study of the k, coefficient is performed. The influence of some

parameters on ky estimation is presented and discussed.

Chapter 4 describes the characterisation and details of the materials used in the experimental

program carried out in this work.

Chapter 5 presents the pull-out test experimental program performed in this work. Details of
the specimens and instrumentation are reported. A database including the results of the pull-out
tests performed in this research and results of a study carried out by collaborators S6lyom and

Balazs (2020) is assembled. Finally, a general discussion of the results is also presented.

Chapter 6 contains the description of the experimental prism tension tests performed in this
study. The discussion of test results and their relationship to those reported in Chapter 5 are

also included in this chapter.

Results from sand-coated bars reported in Chapters 5 and 6 exhibited inconsistent behaviour in
some instances. Chapter 7 reports the details and results of additional “sand adhesion tests”
used to evaluate the shear capacity of the sand-coated GFRP bars tested in an attempt to better

understand the previous results.

Chapter 8 summarizes the main conclusions of this work. Recommendations for future research

are also given.

Appendix A reports the characteristics of the specimens that are included on the experimental

database presented in Chapter 3.
Appendix B shows an example of the calculation of k, for crack width equal to 0.70 mm.

Appendix C shows the calculation of tensile strength for C2 concrete based on the appearance

of the first crack in the concrete prisms tested by prism tension test.



Appendix D presents the results of the pull-out tests for the 80 specimens tested in the work.

Appendix E reports the details of the complete database of the pull-out tests results for the 80
specimens tested in this work and 137 specimens tested by S6lyom and Balazs (2020).



2

LITERATURE REVIEW

This chapter includes a review of the mechanical properties of concrete and of GFRP bars used
as internal reinforcement in reinforced concrete structures. Next, an overview of the cracking
behaviour of FRP-RC members and the bond-dependent coefficient, ks, is presented. The main
equations available in North American design codes and guidelines for cracking predictions are
described in this context. A review of published studies related to the experimental prediction
of ky is also presented. Finally, a summary of the main aspects addressed in this chapter is
reported.

2.1 MECHANICAL PROPERTIES OF MATERIALS

2.1.1 Concrete

Concrete is a brittle material that behaves well under compression but poorly in tension due to
aggregate mortar interface that has low tensile strength. Although concrete members subjected
to pure axial load do not often occur in practice, an assumed uniaxial stress condition can be
justified in many cases (Park and Paulay, 1975) — at the tension face of a member subject to
flexure, for instance. Tension behaviour of the concrete is critical when analysing bond
behaviour of a member subjected to a tension load (as will be experimentally deployed in

Chapter 6) and is therefore described below.

As show in Figure 2.1, concrete subjected to tensile stresses behaves linearly until it reaches its
ultimate tensile strength (fc). For values of strain larger than that corresponding to the maximum
tensile strength, the stresses decrease exponentially with an increase of the measured strain
(MacGregor, 1997).



Q_h

/7 Exponential tension softening

Tensile stress

. : >

o Tensile strain

Figure 2.1- Concrete uniaxial tensile stress-strain behaviour (Rafi et al., 2007).

In a steel or GFRP reinforced concrete member loaded gradually in pure tension, cracking will
occur in one or more locations along the length of the member as the tensile stress exceeds the
local tensile strength of the concrete. A primary crack will form and the stress crossing that
crack is entirely transferred — by bond — to the reinforcement crossing the crack. In situ, primary
cracks often form at internal stress raisors such as at the locations of transverse reinforcing bars.
Between two consecutive primary cracks, the load carried by the reinforcement acting at the
crack is transferred back into the concrete by bond. This phenomenon is known as tension
stiffening and results in an increment of the stiffness of the member (Soltani et al., 2013).
Assuming bond is sufficient to transfer stress, secondary concrete cracks will develop between
primary cracks as the concrete tensile capacity is again exceeded. This process is described in

greater depth in Section 2.1.4.3 in the context of the prism tests used in the present study.
2.1.2 Glass Fiber-Reinforced Polymer Bars

Glass Fiber Reinforced Polymer (GFRP) reinforcing bars consist of unidirectionally oriented
glass fibers embedded in a vinyl-ester matrix. While S2-glass is typically used today, older
GFRP bars used E-glass fibers. Early studies included the use of polyester matrices, although
these were found to have significant durability concerns and are no longer permitted (ASTM

D7957-22). Epoxy matrices are not known in practice.
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GFRP bars exhibit some advantages compared to conventional steel bars that make them
suitable for use as structural reinforcement: GFRP bars do not corrode (although they can
degrade in certain environments) and present higher tensile strength. Tensile modulus,
however, is on the order of 20% to 30% that of steel. In comparison to carbon FRP (CFRP)
bars, GFRP is dominant in RC structures primarily because of its lower cost and availability of
design guidance (e.g., ACI PRC 440.1-15) and, more recently, standards (ACI CODE 440.11-
22).

While steel reinforcement exhibits ductile behaviour, GFRP is brittle. GFRP bars exhibit no
plastic behaviour (yielding) prior to rupture and are characterized by a linear-elastic stress-
strain relationship until failure. GFRP reinforcing bars are characterized by high tensile strength
in the longitudinal direction of the fibers (ACI PRC 440.1, 2015). Due to internal shear lag
effects, tensile strength of GFRP bars varies with diameter; for example, Faza and GangaRao
(1993) observed a reduction of tensile strength of up to 40% as GFRP bar diameter increased
from 9.5 mm to 22.2 mm for bars of three different manufactures. ASTM D7957-22 (2022) is
the standard specification for GFRP reinforcing bars in the United States (and has been adopted
elsewhere as it is the only extant standard specification). This standard prescribes minimum bar
force (not strength) as a function of nominal diameter. For example, a 9.5 mm diameter bar has
a prescribed minimum capacity of 59 KN (nominal stress = 831 MPa) whereas a 22.5 mm
diameter bar has a minimum capacity of 241 kN (623 MPa), a 25% reduction in stress. ASTM
D7957 also prescribes a minimum tension modulus of 45 GPa for GFRP reinforcing bars. The
values prescribed by ASTM D7957 are minimum compliant values and most bars on the market
exceed these. A new standard, ASTM 8505-23, now addresses GFRP and basalt FRP (BFRP)
bars having a minimum modulus of 65 GPa and marginally greater tension capacities. Test
methods for determining tensile strength of a GFRP bar should conform to the methodology
described in ASTM D7205-21 (2021), as referenced in ASTM D7957 and D8505.

The anisotropic behaviour of GFRP bars affects their shear strength and bond performance
(Nanni, 2003). According to ACI PRC 440.1 (2015), GFRP bars exhibit little shear strength
since this is governed by the polymer matrix behaviour. ASTM D7957-22 (2022) prescribes a
minimum transverse shear strength of 131 MPa determined by the test method of ASTM D7617
(2017); ASTM D8505 prescribes 152 MPa. ASTM D7957 prescribes a minimum bond stress
for GFRP bars of 7.6 MPa determined in accordance with ASTM D7913 whereas ASTM D8505

prescribes a minimum bond stress of 9.6 MPa. However, as will be established in the present
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work, these values are minimum standards appropriate for QA/QC (quality assurance/quality
control), not appropriate values for use in design. Bond capacity of GFRP bars is affected by a
number of factors including surface treatment, bar diameter, mechanical properties of the bar,
compressive strength of concrete, the effects of confining reinforcement (if present), and
concrete cover (Al-Dulaijan et al., 1996; Nanni et al., 1997; Bakis et al., 1998; Bank et al.,
1998; Freimanis et al., 1998, Baena et al., 2009).

2.1.3 Mechanisms of Reinforcing Bar Bond to Concrete

Bond (or force transfer) mechanisms can be described in terms of: (i) chemical adhesion, in
which the bond force is transferred by adhesion at the bar-concrete interface; (ii) frictional
resistance of the interface against slip; and (iii) mechanical interlock arising from bearing of
the surface deformations of the bar against the concrete (ACI PRC 408.3R-12) (Figure 2.2a).
Adhesion and friction are rapidly overcome at very small strains. Mechanical interlock is the
dominant mechanism of bond strength forming a resultant stress that can be decomposed into
longitudinal and radial components (Figure 2.2b) (Platt and Harries, 2018). Thus, the geometry

of the bar is an important parameter for determining bond behaviour.

Diagonal Compressive St Tensle Tie Tenside Ring

\:_ baaring and friction S
farces on bar - g -y

- -

_ry/\ Y \?ﬁ 7z '51

R P o E Jr=

< 5 %
‘Z-' adhesion and friction forces = § = 4 = «
along the suracs of the bar - - = - Bar Lugs
Surrounding Concrete
a) Bearing and frictional forces (ACI PRC b) Compressive and radial forces at angle o
408.3R-12). (Maekawa et al., 2003).
Figure 2.2 — Transfer of forces from concrete to reinforcement.
2.1.3.1 “Relative Rib Area” Parameter

The so called “relative rib area” (Ry) is a ratio that can be used to quantify bar geometry as it
relates to the mechanical component of bond between reinforcing bar and concrete. The
“relative rib area”, Ry, is calculated as (ACI PRC 408.3R-12):

R, = (g) x (1 _ Zg;ps) _ (%) x (1 - E;’;) (2.2)

where:

o = average height of deformations;
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sr = average longitudinal spacing of deformations;

2gaps = sum of the circumferential lengths of the gaps or chords between edges of
deformations, plus the width of any continuous longitudinal protrusions used to represent the
grade of the bar;

p = nominal perimeter of the bar;

2Bn = sum of the chord angles between edges of deformations relative to the bar axis inclusive
of any continuous longitudinal protrusions used to represent the grade of the bar; thus, Xgaps/p
= 2'Bn/360°.

Deformation geometry of A615 steel bars is shown in Figure 2.3.

Rib/ Lug
R——
Height (hy/ 8,)

Rib/ Lug
Spacing (S

" Gap/ Chord (B,)

A

% YV
Figure 2.3 — Definitions of A615 steel geometry (Platt, 2018).

Although Ry is not explicitly specified in ASTM A615, by combining the minimum ASTM
A615 requirements for bar deformations, one infers a minimum required value of Ry > 0.05. It
is important to recognize that ASTM A615 prescribes deformation geometry requirements
intended for use with steel materials having a modulus of 200 GPa embedded in “conventional”
concrete. Clark (1946, 1949), Soretz and Holzenbein (1979), Vos (1983), Choi et al. (1990),
Lorrain et al. (2010), and Farshadfar et al. (2014) have demonstrated that steel reinforcing bars
with Ry > 0.05 are considered to provide adequate bond performance with respect to the
equations used for steel-reinforced concrete design. Hao et al. (2009) performed pull-out tests

with bars of different rib geometries and suggested an optimal R, equal to 0.06.
2.1.4 Assessing Bond of Reinforcing Bars to Concrete
2.1.4.1 Bond Development in Flexural Member

In a reinforced concrete flexural member, the tension force in the bar is in equilibrium with the
compression force in the concrete. The tension force is transferred to the bar from the

surrounding concrete so that the tensile stress in the reinforcement varies over the length of the
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bar. Consider an incremental length, dx, of the simply-supported reinforced concrete beam
shown in Figure 2.4.

lP
|
» | dx —ﬁ-

Figure 2.4 — Simply-supported beam subject to flexure.

P

Figure 2.5 shows the equilibrium condition of the reinforced concrete element dx and

reinforcing bar traversing this element.
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Figure 2.5 — Equilibrium conditions (Pezeshk, 2008).

From Figure 2.5:

T = M (2.2a)
=7 ,
ryar=MraM o _dM (2.2b)
jd jd
For equilibrium of the embedded bar (Figure 2.5b):
T+Udx=T+dT (2.3a)

Udx = dT (2.3b)



14

_dar _amMm 1 (2.3¢)
dx jd dx

M _y uY (2.3d)
dx jd

where:
U = bond force;
V = shear force; and

jd = moment arm between tension and compression force.

Equation [2.3d] is the “elastic cracked section equation” for flexural bond force and is applied

to the tension bars in a concrete zone that is assumed to be fully cracked.
The average bond stress, z, is calculated as:

U V
T=—= -
Yo Xojd

where o is the sum of perimeters of the n bars at the section considered, e.g., nrtdp.

(2.4)

Considering a segment of a conventional beam subjected to pure bending shown in Figure 2.6:
between adjacent cracks, the concrete resists tension (Figure 2.6a) transferred to it by the bond
force acting along the interface concrete-reinforcement (Figure 2.6b); this reduces the tensile
force in steel (Figure 2.6¢). At a crack, the tensile force in steel reaches its maximum value
(Equation 2.2a) and bond stress along the bar is zero (Figure 2.6d). The same behaviour is
observed in a reinforcing bar embedded in a concrete prism subjected to tension, as described
in Section 2.1.4.3.
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Figure 2.6 — Variation of steel force and bond stress in reinforced concrete member subject to pure
bending: (a) cracked concrete segment, (b) bond stress acting on reinforcing bar, (c) variation of
tensile force in steel, and (d) variation of bond stresses along steel (Pezeshk, 2008).

The approach described is idealized; in particular, a discrete crack location is shown in Figure
2.6 and bond is affected immediately adjacent to this. In situ, this is not exactly the case. There
is a region of concrete to either side of the crack — typically assumed to extend approximately
5 bar diameters (5d») — to which more complex behaviour is attributed (CEB 1990).
Additionally, bond stress varies between cracks and cannot be reliably determined
experimentally. As a result, bond stress is most often described as an average value between

adjacent cracks as given by Equation [2.4](2.4). The following sections describe means of

assessing average bond stress.
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2.14.2 Bond Development in Member Subjected to Direct Pull-out

Pull-out tests are frequently used in the evaluation of bond characteristics of steel reinforcing
bars. Although the stress conditions developed in the concrete pull-out specimen during the test
do not reflect those in most reinforced concrete members, pull-out tests have been widely used
due primarily to their ease of use and repeatability. Pull-out tests also offer an economical
solution for evaluating the bond performance of reinforcing bars.

The ASTM D7913-14 (2020) pull-out test consists of a length of reinforcing bar cast into a
concrete cube or cylinder with both ends exposed where one end is loaded in tension while the
other is monitored for slip relative to the concrete (Figure 2.7).

/////%’///////1

test bar

Figure 2.7 — ASTM D7913-14 (2020) pull-out test set-up (Platt 2018).

The bonded length of the bar is set to only five bar diameters (5dp). Such a short bonded length
has been shown to overestimate the actual average bond stress for a corresponding full
development length (Feldman and Bartlett 2005; Osofero et al. 2014). In addition, pull-out tests
are less realistic because as the bar is loaded in tension, the surrounding concrete is placed
entirely into compression; unlike a flexural member in actual service condition, whose
reinforcing bar and adjacent concrete are in tension (see Section 2.1.4.1). The average bond

stress over the 5dy, embedment, , is calculated as:

N N
= = 2 (2.5)
T[dblb ST[db

where:

N = tensile force applied to the bar;
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db = nominal bar diameter;
I, = bonded length (5db).

2.1.4.3 Bond Development in Tension Member

When a reinforcing bar embedded in concrete is loaded in tension, the bar deformations engage
the surrounding concrete and affect the rate at which force is transferred to the concrete along
the length of the bar; this is the bond behaviour. Bond behaviour, in turn, affects the transverse
crack spacing and therefore crack widths along the length of the bar. At a given bar elongation,
improved bond will result in a greater number of cracks having a reduced spacing and smaller

crack widths.

As shown schematically in Figure 2.8, bond stress can be idealized by loading in tension a
single reinforcing bar embedded in a concrete prism (Figure 2.8a); critically, the external load
is applied only to the bar. Conceptually, this arrangement is similar to the tension zone of a
beam in flexure between two cracks: at each crack the reinforcing bar carries 100% of the load
and the concrete immediately surrounding a reinforcing bar can be idealized as being in pure

tension.

As the bar is loaded, a portion of the stress is transferred to the concrete through bond. Once
the tensile stress in the concrete is exceeded, “primary” tensile cracks form in the concrete
(Figure 2.8b). After cracking, the slip that occurs between the concrete and the reinforcing bar
at the crack location relieves the tensile stress in the concrete adjacent to the crack. The transfer
of tensile stress from bar to concrete between concrete cracks continues. As in a flexural
member (see Section 2.1.4.1), at the crack locations the applied load is resisted entirely by the

bar and the tensile stress in the bar (fy) is:

_N 2.6
where N is the applied load and Ay is the area of the embedded bar.
From the Hooke’s Law, the strain in the bar at the crack (&) is:
B 2.7)
Ep = — .
"

where Ey is the modulus of elasticity of the bar.
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Figure 2.8 — Schematic representation of prism tension test and stresses in bar and concrete.

Between cracks — like at the initial condition — beginning at the crack location, a portion of the
load is transferred to the concrete through bond and the process repeats between adjacent cracks
(Figure 2.8c). No further cracks develop once the bond stress development between adjacent
cracks is insufficient to develop the tensile capacity of the concrete (Reis et al., 1964). At this
stage, additional load applied to the bar results in increases to existing crack widths and at

higher loads some “secondary” cracks may appear.

The concrete between primary cracks carries less stress than its tensile capacity and the
reinforced concrete prism response is stiffer than the response of the reinforcing bar alone.
Since the concrete and reinforcement are composite, this results in lower bar strains between
the cracks than at cracks (Figure 2.8, parameter ). At any load level, the difference in strain
between the composite concrete member and the bar alone (at the cracks) is a measure referred
to as “tension stiffening” which represents the contribution of the intact concrete between

primary cracks to the member stiffness (Collins and Mitchell, 1997).
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Considering two adjacent cracks in the schematic representation in Figure 2.9: at each crack,
the stress in the concrete is zero and the concrete between the two primary cracks remains elastic
while the load is resisted. At this point, the maximum concrete stress is less than the tensile
strength of the concrete. The concrete tensile stress gradually increases as the distance from the
cracks increases due to the bond stress developed between the bar and the concrete, reaching a
maximum value between the two cracks. Bond stress is zero at the location of the cracks because
the concrete and the bar are not in contact and is also zero midway between the adjacent cracks.
Increased applied load that will result in a widening of existing cracks is associated with
increasing slip.
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Figure 2.9 — Schematic representation of concrete stress, bond stress, and slip between two primary
cracks (Wu and Gilbert, 2009).

The average bond stress, z, from a prism tension test, therefore, can be calculated as:

ACfCt

nd, Sazvg (2.8)

T =

where:



20

A = area of concrete (Ag— An, Where Ag is the gross area of concrete and Ay is the nominal area
of the bar);

fce = tensile strength of concrete;

d» = nominal bar diameter; and

Savg = average crack spacing.

Once all cracks are established, for a given elongation of the reinforced concrete prism, the
resulting deformation is the sum of the crack widths; strain between cracks is assumed to be
negligible. To ensure good serviceability, ductility and continued adequate bond, it is desirable
that the member develop a large number of smaller cracks, thereby distributing strain along the
member rather than concentrating it at a single dominant crack. Crack width is inversely
proportional to bar modulus whereas crack spacing is inversely proportional to the stiffness of
the initial bond-slip response — which can be obtained from ASTM D7913 tests described
previously. Therefore, lower modulus of elasticity GFRP bars exhibit larger crack widths at a
given applied tensile force, unless bond characteristics are improved proportionally. Average

crack width, wayg, can be estimated as:

_ Acfctsavg
Wavg =" 4, (2.9)

where Epand Ay are the modulus of elasticity and area of the embedded bar, respectively.
2144 Discussion on the Bond Mechanisms

Bond between reinforcement and concrete can be assessed by means of a bond stress
relationship as seen in Sections 2.1.4.1 — 2.1.4.3. Generally, the evaluation of such behaviour
is performed through direct pull-out tests, that are characterized by a short embedment length
(5db) and do not reflect the stress conditions of reinforced concrete members in practical
construction. Unlike direct a pull-out test, a reinforced concrete prism in tension is suitable to
predict stress values very close to those occurring in reinforced concrete members. Prism tests

exhibit behaviour similar to that of the tension zone in flexural members.
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2.2 CRACKING PREDICTIONS AND BOND-DEPENDENT
COEFFICIENT

2.2.1 General Design Considerations

Serviceability Limit Sate (SLS) can be defined as satisfactory performance under service load
conditions. Design guides for steel-reinforced concrete members are typically controlled by
strength with the failure mode governed by steel yielding (ductile failure). The higher tensile
strength and lower modulus of elasticity of GFRP reinforcing bars compared to conventional
steel result in GFRP-RC elements governed often by serviceability requirements — allowable
deflections and crack control. In GFRP-RC elements, concrete crushing failure (brittle failure)
is more desirable compared to brittle rupture of FRP bars (Nanni, 1993; ACI CODE 440.11,
2022).

GFRP-reinforced concrete members have lower stiffness after cracking comparing to steel-RC
elements having the same longitudinal reinforcement ratio; this results in wider crack widths.
Although it is often argued that the corrosion-resistant property of GFRP bars enables a
relaxation of crack width limits of GFRP-RC members, excessive crack width is undesirable
for other serviceability criteria, such as aesthetic reasons or where water tightness is required
(ACI CODE 440.11, 2022).

ACI PRC 440.1 (2015) recommendations propose limiting crack widths at SLS to the range of
0.40to 0.70 mm for FRP-RC members in situations where crack widths are limited by aesthetic
concerns. Likewise, Japan Society of Civil Engineers guidance (1997) establishes a maximum
crack width equal to 0.50 mm considering aesthetics. Similarly, CAN/ CSA S6-06 guidelines
adopt an allowable crack width of 0.50 mm for members subjected to aggressive environments
and 0.70 mm for other members. For comparisons purposes, ACI 318 (2014) implies a
maximum crack width that ranges approximately between 0.46 and 0.56 mm for steel-

reinforced concrete structures.

Cracks can result from the shrinkage effect, flexural or direct tension stresses, or internal
expansion resulting from the products of corrosion or deleterious aggregates. The embedded
bars serve to control the opening of cracks once they appear. Serviceability checking of crack

width requires evaluation of the bond behaviour. Since GFRP bars can be fabricated with
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different types of surface treatments, the development of adequate bond is a critical aspect of
the structural design. The combination of crack width and crack spacing is strongly influenced
by, among other factors, bond properties of the reinforcing bar used (Salib and Abdel-Sayed,
2004; EI-Nemr et al. 2013).

Cracking behaviour of GFRP-RC elements can be controlled in design through two means: (i)
a direct method of calculating crack width and its comparison with acceptable limits (allowable
crack width); or (ii) an indirect method of limiting bar spacing. ACI 318 (1999) replaced the
previously prescribed ‘z-factor’ (Gergely and Lutz, 1968) in which the cracking behaviour was
assessed directly for steel-reinforced concrete members with an indirect approach, which
controls flexural crack widths by prescribing a maximum reinforcing bar spacing. The latter
method was calibrated, when developed, to the assumed crack widths used by the earlier

approach.

Predictions for cracking behaviour of GFRP-reinforced concrete flexural members are
generally based on similar formulations to that of conventional steel-RC members, although
bond properties are different for steel and GFRP bars. In order to permit single design equations,
bond capacity of GFRP bars is often normalized to that of steel bars using the so-called bond-
dependent coefficient ky. In another words, kp is an adjustment factor that allows the designer
to treat other materials or bar geometries in the same manner as conventional deformed steel
bars. Since bond behaviour models of conventional steel bars in concrete are relatively well-
known and considered to be adequate, steel bars conforming to the geometry requirements of
ASTM A615 have ky equal to 1.0. For other bars, a factor 1/ky, is applied in order to normalize
bond properties to those of deformed steel bars. That is, when GFRP exhibits bond behaviour
similar to that of deformed steel bars, ky is equal to 1.0. For GFRP bars having bond behaviour
inferior to steel bars, ky is greater than 1.0 and for GFRP reinforcement presenting bond

performance superior to steel, ky is less than 1.0.

Many values of ky are reported in literature in an attempt to encompass the different surface
configurations of GFRP bars available, although there is no consensus. It is reported that k is
influenced by factors such as bar type, bar diameter, concrete strength, and service stress level
in the reinforcement (McCallum and Newhook, 2012; Noel and Soudki, 2013). The lack of
consensus on the nature of the ky coefficient and its measurement makes it difficult to adequately

model bond performance, and consequently, cracking behaviour of GFRP bars in concrete.
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ISIS M-03 (2007) recommended k, to be 1.2 in the absence of significant test data. The
Canadian Highway Bridge Design Code CAN/ CSA S6-06 prescribed a bond coefficient equal
to 0.8 and 1.0 for sand-coated and deformed FRP bars, respectively. ACI PRC 440.1R-01
(2001) recommended values of ky by Gao et al. (1998) equal to 0.71, 1.00, and 1.83 for three
types of GFRP bars and 1.2 for deformed FRP bars in the absence of experimental data. Bakis
et al. (2006) recommended k, values ranging from 0.60 to 1.72 — excluding smooth bars and
grids — with a mean value of 1.10; this latter study is cited in ACI PRC 440.1-06 and -15 (2006,
2015). ACI PRC 440.1-15 (2015) recommends that in the event ky is not known from
experimental data, a value of 1.4 should be assumed. ACI CODE 440.11-22 (2022) specifies a
value of k, = 1.2 for all GFRP bars.

2.2.2 Equations for Cracking Control of GFRP-Reinforced Concrete Members
2.2.2.1 Modified Gergely-Lutz Equation

The Gergely-Lutz equation (1968) modified by the addition of the corrective coefficient ky to
account the bond behaviour of FRP bars was first introduced by ACI PRC 440.1 (2001) to

estimate the crack width of FRP-RC members as:

w=22 g—sﬁkbf/ch [ST units] (2.10)
b
where:

w = maximum crack width at tension face;

fs = stress in reinforcement at service load;

Eb = modulus of elasticity of bar;

/5 = ratio of the distance from the neutral axis to extreme tension fiber to the distance from the
neutral axis to the center of the tensile reinforcement;

ko = bond-dependent coefficient; in the absence of experimental data, ACI PRC 440.1 (2001)
recommended a value of ky = 1.2;

dc = thickness of concrete cover measured to from extreme tension fiber to center of bar; and
A= effective tension area of concrete surrounding the flexural tension reinforcement and having

the same centroid as that reinforcement, divided by the number of bars.
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2.2.2.2 Modified Frosch Equation

The Canadian Highway Bridge Design Code, CHBDC (CSA/S6-06, 2006) and ACI PRC 440.1
(2006) adopted the Frosch equation (1999) adding the bond coefficient k, to describe the bond
behaviour between FRP bars and the surrounding concrete. The maximum crack width for FRP-

RC members can be calculated as:

W= Zg—Zﬁkb /dcz + (%)2 (2.12)

where s is the longitudinal bar spacing.

In the absence of experimental data, a value k, = 1.4 was recommended by (ACI PRC 440.1
2006).

2.2.2.3 Indirect Flexural Crack Control Approach

The ‘z-factor’ or Gergely-Lutz (1968) approach of directly assessing cracking behaviour of
steel-reinforced concrete beams was abandoned by ACI 318 in 1999 in favor of a simplified
version of the alternative approach proposed by Frosch (1999) which prescribed spacing limits
for longitudinal reinforcing steel, thereby indirectly controlling crack width. Rearranging the

original proposed equation by Frosch to solve for the maximum permitted bar spacing, s:

— WEp\? )
s=2(35) a2 (2.12)
where g ~ 1.0 + 0.08d..

Equation [2.12] is simplified for steel reinforcing bars (Es = 200,000 MPa) in ACI 318 by
assuming crack width, w, equal to 0.45 mm, which was also the value assumed for interior

exposure conditions when applying the ACI ‘z-factor’ approach prior to 1999*:

1 In 1999, Frosch equation was calibrated using a crack width of 0.40 mm. Due to the recalibration of ACI load
factors in 2002, the assumed service load stress, fs, was increased from 0.60f, to 0.67f,, effectively changing the de
facto assumed crack width: 0.40 (0.67/ 0.60) = 0.45 mm.
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s = 380 (z;i’) — 2.5¢, < 300 ("’fﬂ) (fsin MPa and cc in mm)

N N

(2.13)

where c. is the concrete clear cover.

Equation [2.13] may be recalibrated for reinforcing bar modulus, Es, the crack width for which
it is calibrated, w, and the performance of the bond relative to that of steel bars using the bond
coefficient, kp:

—380(28())( Ey >( w ) 1 25 <300(280)( Ej )( w ) 1
5= fs /\200,000/\0.45/ k;,, Ce = f; /\200,000/\0.45/ k, (2.15)

which is presented in ACI PRC 440.1 (2015) for FRP bars as:

Evw o se <9250
— 4.2C, S U.
fi ky, ¢ fi ky (2.16)

Thus, the relationship between acceptable crack width, w, reinforcing bar strain, ¢ = fs/ E, and

s =1.15

bar spacing, s, required to control cracking is demonstrated in a relatively simple format
consistent with ACI practice. The relationship is independent of material, only assuming linear

(elastic) behaviour is present.
2.2.3 Review of Studies on Bond-Dependent Coefficient

Lee et al. (2010) tested 16 beams reinforced with FRP or steel bars of different diameters. The
specimens were tested under four-point bending and were fabricated with plain and fiber-
reinforced concrete (FRC). They observed no clear correlation between bond-dependent
coefficient, ks, and bar size or reinforcement ratio for a given bar type; on the other hand, the
addition of polypropylene fibers to the concrete led to reduced values of k, (improved bond) as
would be expected. Analysing FRC beams, the ky value decreased between 45 to 55% for the
GFRP-reinforced beams, 45 to 75% for the CFRP-reinforced beams, and 1 to 15% for the steel

reinforced beams, when compared to plain concrete.

Kassem et al. (2011) conducted 24 tests of RC beams loaded by four-point bending including
two control beams reinforced with conventional steel. The dimensions of the beams were 200
mm width x 300 mm height x 3,300 mm length. Two types of GFRP reinforcement, sand-coated
and ribbed-deformed bars, were used. Bond factor, k,, was determined as the ratio of
experimental to calculated crack width. The researchers estimated ky by the modified Frosch

equation (Equation 2.11) using the maximum crack width observed during tests at a service
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load equal to 30% of the nominal moment (Ms). The bond coefficient, ks, ranged between 0.86
and 1.32. The results indicated that Equation [2.11] predicts crack width for FRP-reinforced
beams very well. Additionally, Kassem et al. concluded that bar diameter, surface configuration
and mechanical properties of the same type of bar had little effect on ky values.

Ahmed et al. (2013) carried out an experimental investigation to evaluate the bond-dependent
coefficient, kb, of helically-deformed GFRP reinforcing bars. A total of four concrete beams
measuring 200 mm wide x 300 mm deep x 3,100 mm long were constructed and tested in four-
point bending following CSA S806 (2012) Annex S guidelines. The investigated parameter of
this study was the diameter of the bars: 12, 16, 20, and 25 mm. The predicted k, was calculated
from the measured crack widths and strains at 0.30M, and the measurements were taken based
on the first three flexural cracks in the constant moment span. The calculated k, coefficients
ranged from 0.71 to 1.03 with a mean value of 0.90 and coefficient of variation (COV) equal
to 0.16, which agreed with the recommendations of CSA S6-06 that set ks, equal to 1.0 for
deformed FRP bars.

ElI-Nemr et al. (2013) tested 12 concrete beams reinforced with GFRP bars and another two
reinforced with steel bars serving as control specimens. The specimens measured 200 mm wide
X 400 mm deep x 4,250 mm long and were tested to failure in four-point bending over a clear
span of 3,750 mm. The beams were reinforced with sand-coated and helically-grooved GFRP
bars, and were fabricated with normal- and high-strength concretes (NSC and HSC,
respectively). The ky coefficients were calculated using the experimental results and compared
to the target values suggested by ACI PRC 440.1 (2006) and ISIS M-03 (2007), 1.4 and 1.2,
respectively. The average ky for sand-coated bars — 0.91 (Equation 2.10) and 1.15 (Equation
2.11) — indicated that the values recommended by both design guidelines appeared
conservative. EI-Nemr et al. observed no clear relationship for ky, variation for NSC and HSC

beams.

McCallum (2013) performed an extensive experimental investigation to analyze the bond-
dependent coefficient of GFRP-RC beams and slabs. Tested specimens included 14 beams,
measuring 200 mm width x 300 mm height x 3,000 mm length, and 9 slabs, 600 mm wide X
3,000 mm long with different thicknesses — 150, 200 and 225 mm. The beams were tested in
four-point bending while the slabs were loaded under three-point bending. Two types of GFRP

bars were used: smooth sand-coated bars and deformed sand-coated bars. The beams were
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designed in order to analyze the effect of concrete cover and fiber addition on the concrete mix
as well as the applicability of k, equation to these variations. In turn, the slabs specimens were
designed primarily to examine the effect of bar spacing and slab thickness on crack width and
ko by maintaining approximately the same reinforcement ratio in each specimen. Groups of
specimens were assembled and compared depending on the bar diameter used. The results
indicated that ky varied according to service stress level. Taking a stress-level approach, k, was
calculated using the modified Frosch equation (Equation 2.11) and the crack widths were
measured during the tests. Stresses ranging from 15 to 30% of the ultimate guaranteed tensile
strength (fu) were chosen to demonstrate the variability of the results. The coefficient of
variation for the predicted ky values decreased from 0.52 to 0.39 as data was calculated at bar
stress that increased from 0.15f, and 0.25f,. Little additional change in variation was observed
for a service level increased from 0.25f, (COV = 0.39) to 0.30f, (COV = 0.36). At 0.30fy, the
reported average values of k, for smooth sand-coated and deformed sand-coated bars were 1.06

and 0.64, respectively.

ElI-Nemr et al. (2016) investigated the influence of FRP bar type (GFRP and CFRP), diameter
and concrete type on ky values. The study included 16 beams measuring 200 mm wide x 400
mm deep x 4,250 mm long tested under four-point bending and reinforced with sand-coated
GFRP and CFRP bars, and helically-grooved GFRP bars. The specimens were fabricated using
normal- and high-strength concretes. The results demonstrated that: (i) k, values varied with
FRP bar diameter, although no trend was observed; (ii) increasing the concrete strength resulted
in reduced ky, values for the same bar size and surface treatments, independent of surface
configuration; and (iii) sand-coated GFRP bars presented smaller k, coefficients than the
helically-grooved GFRP bars, confirming that the surface configuration also affects the bond

coefficient. At 0.30M,, the range of ky values reported in this study varied from 0.60 to 1.50.

Morcous and Henin (2018) conducted an experimental investigation consisting of six beams
reinforced with helically wrapped sand-coated GFRP bars. The dimensions of the beams were
203 mm wide x 304 mm deep x 3,050 mm long and the specimens were assessed using four-
point bending. Three different diameters of GFRP reinforcing bars were used: 13, 19, and 25
mm. The average value of ky increased with bar diameter: k, = 0.92 for 13 mm bars, 1.08 for

19 mm bars, and 1.15 for 25 mm bars.
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Tran et al. (2018) performed an investigation to predict k, for different GFRP bar diameters in
normal strength concrete. To this end, six concrete-reinforced beams measuring 200 mm width
x 300 mm height x 3,000 mm length were constructed and tested under four-point bending. The
beams were reinforced with GFRP bars of different diameters having helically wrapped surface
configuration. They concluded that k, values varied with GFRP bar diameter, but the results did
not show a consistent trend. Tran et al. report k, = 0.97 for 12.4 mm diameter bars, 1.15 for
14.8 mm bars, and 1.08 for 18.3 mm bars.

Abdelkarim et al. (2019) tested eight GFRP-RC beams fabricated with NSC and HSC having
compressive strength of 35 MPa and 65 MPa, respectively. Four bar sizes — 12, 16, 20, and 25
mm — and two clear concrete covers — 38 and 50 mm — were considered. The beams were
reinforced with deformed GFRP bars and tested under four-point bending. The tests followed
the CSA S806 (2012) Annex S guidelines. The dimensions of the specimens were 200 mm
width x 300 mm thickness x 3,100 length. The results showed that the average ky of the HSC
beams was lower than that of the NSC beams: 0.96 and 1.09, respectively. In addition, it was
reported that kp varied with bar diameter and clear cover: contrary to results reported by
Morcous and Henin (2018) and Shang (2019), ks decreased with increasing GFRP bar diameter

and decreasing concrete cover.

Shang (2019) conducted an experimental study evaluating the bond-dependent coefficient in
relation to the influence of bar configurations, bar diameter and concrete cover. To this end,
nine GFRP-RC beams were constructed with dimensions of 200 mm wide x 300 mm deep x
2,800 mm long and tested under four-point bending. Sand-coated and deformed/ribbed GFRP
bars were used. The analysis of the experimental results showed that sand-coated GFRP bars
presented smaller average ky values (k» = 0.84) compared to deformed/ribbed bars (ko = 0.93),
indicating better bond behaviour of the sand-coated bars. Increasing the concrete cover from 38
to 50 mm led to a reduction of the average ky» for GFRP bars regardless of bar treatment. Finally,
the results indicated that for increasing the bar diameter — maintaining the same concrete cover

— the ky coefficient increased for both sand-coated and deformed/ribbed bars.

The studies described in this section are adopted in the parametric study presented in Chapter

3; additional details on each study are found in Chapter 3.
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2.3 SUMMARY OF THE CHAPTER

In this chapter, the behaviour of concrete in tension and some of the main mechanical properties
of GFRP bars has been presented. GFRP bars present higher longitudinal tensile strength
compared to that of steel, linear stress-strain behaviour under tension until rupture and poor
shear strength. In particular, GFRP bars exhibit low modulus of elasticity, resulting in large
strains that lead to larger concrete crack widths. As a result, serviceability requirements often
govern the design of GFRP-RC elements. A better understanding of the bond between GFRP
bars and the surrounding concrete is a key feature for estimating crack width correctly.
Equations available in North American codes for cracking predictions were also reported in this

chapter.

Bond development in different concrete members was described. The stress conditions
developed in the concrete specimen in the direct pull-out test are rarely encountered in practice
and the bond stress is estimated for a short embedded length of five bar diameters (5db).
Nonetheless, the pull-out test is felt to be a valid basis of comparing bars having different
parameters (a so-called “A-B” test). The non-standard prism test was shown to capture in situ

bond behaviour more realistically.

Despite the differences in bond properties of GFRP and steel bars, the design approach for
GFRP-RC members is based on similar procedures used for steel-reinforced concrete members.
To account for differences in bond behaviour, a bond-dependent coefficient, ky, is adopted to
describe the GFRP bar performance relative to the well-established bond behaviour of
conventional steel bars. A range of values of ky is reported in literature, although the lack of
consensus of a kyp coefficient makes it difficult to permit its use in design equations without

knowing a priori the bar type to be used for which ky is explicitly determined by testing.

A summary of available studies that aimed to predict k, from experimental tests was presented.
In general, larger diameter bars have a larger ky, value indicating poorer bond although this
conclusion was not universal. The k, parameter is generally decreased (improved bond) with
higher strength concrete, the inclusion of fibers in the concrete, and increased concrete cover.
In general, sand-coated GFRP bars exhibit lower k, values (better bond behaviour) than

deformed bars.
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3

PARAMETRIC STUDY

This chapter provides a detailed quantitative and qualitative study performed based on
published works that predicted the bond-dependent coefficient, ks, from experimental tests. A
complete and careful up-to-date review of these studies was performed in order to analyze the

influence of different parameters in the estimation of ky, and is presented herein.
3.1 EXPERIMENTAL DATABASE

Tests of a large number of GFRP-reinforced concrete beams and slabs have been conducted in
order to predict the bond-dependent coefficient, ko, from experimental tests. An extensive
database was assembled in order to analyze the influence of different parameters in the
estimation of kp, namely: bar diameter (d»), clear cover (c), bar surface treatment, concrete
strength (f°c), and service load level. The database includes experimental results from 19

studies, designated in this chapter as follows:

a = Shang (2019); k = Ahmed et al. (2013);

b = Abdelkarim et al. (2019); | = Kassem et al. (2011);

c = Tranet al. (2018); m = Lee et al. (2010);

d = Morcous and Henin (2018); n = Zou and Huckelbridge (2007);

e = EI-Nemr et al. (2016); 0 = Kassem (2004);

f = Barris et al. (2016); p = El-Salakawy and Benmokrane (2004);
g = Noel and Soudki (2013); g = Newhook (2000);

h = McCallum (2013); r = Thériault and Benmokrane (1998);

i = EI-Nemr et al. (2013); s = Masmoudi et al. (1998).

j = Barris et al. (2013);
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Based on this review, Figure 3.1 shows that the number of experimental tests of GFRP-
reinforced concrete members for estimation of ky has increased in the last decade. The age of
tests can be important since GFRP reinforcing bars have evolved considerably and should, since
2017, be compliant with ASTM D7957.
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Figure 3.1 — Number of specimens tested versus year of publication work.

Most of the experimental predictions of k, were based on four-point bending tests and some of
the works followed the provisions of Annex S of CAN/ CSA S806-12 to determine ky. The
specimens were fabricated with normal- (NSC) and high strength concrete (HSC) with
compressive strength values ranging from 25 to 97 MPa. This database includes GFRP-
reinforced beams and slabs reinforced longitudinally with GFRP as bottom (tension)
reinforcement and steel bars as top reinforcement. Beam specimens were reinforced with
stirrups in their shear spans to prevent shear failure and had no confinement in the constant
moment region to avoid affecting the cracking behaviour. Members were designed to be under-

and over-reinforced.
Details of the specimens in the compiled database are present in Appendix A.

This study is carried out in two stages: the first considered only behaviour at a specific crack
width, w, equal to 0.70 mm, the presumed crack width limit at the Service Limit State. For those
specimens for which data at w = 0.70 mm is not available, the same analysis was conducted at

a crack width that could be assessed for all specimens in a study.
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3.1.1 Assumptions of Experimental Database Analysis

The first part of the analysis is based on the following criteria:

(i)

(if)

(i)

(iv)

v)

the maximum allowable crack width under service loads reported by guidelines for
GFRP-reinforced concrete members is 0.70 mm (see Section 2.2.1). Thus, the bond
coefficient, ks, should be determined using data corresponding to a crack width of
0.70 mm:;

bond coefficients reported by the investigators using both Gergely-Lutz (Equation
2.10) and Frosch (Equation 2.11) equations are reported in Table 3.1 (labelled
columns 2 and 3). Lee et al. (2010) and Zou and Huckelbridge (2007) (references m
and n in Table 3.1) estimated ky using only Equation [2.10]; in these cases, values
of ky using a correlation between Equations [2.10] and [2.11] were calculated in this
work from the data presented at a crack width equal to 0.70 mm and are reported in
column 3;

in cases of specimens in which ky is reported for a crack width other than 0.70 mm
but for which data at w = 0.70 mm is available, the author made the calculation for
ko at w = 0.70 mm using Equation [2.11] (column 5). The deterministic procedure to
back-calculate k, based on Equation [2.11] is shown in Figure 3.2 and an example
of the detailed calculation is presented in Appendix B.

for studies in which insufficient available data to permit the calculation of kj, for a
crack opening of 0.70 mm is presented, the same calculation of k, is made for a crack
width that can be uniformly assessed for all specimens reported in the study (column
5). The crack width is reported in Table 3.1 as a value other than 0.70 in column 1;
and

the tensile stress in the reinforcing bars, ft, is reported for bars comprising the

extreme tension layer of reinforcement (column 4).
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A= total area of GFRP reinforcement;
b = width of the section;
¢, = clear cover;

¢ ; = lateral clear cover:
d = depth of the section;
dp = bar diameter;
d . = thickness of concrete cover measured from extreme tension fiber to center of bar
d . = thickness of stirmup,
E, =moduls of elasticity of GFRP bar;
E, = modulus of elasticity of concrete;
w = crack width equal to 0.70 mm;
[+ = tensile stress in GFRP reinforcement;
i1 = height of the section;
jd = moment arm between tension and compression force;
M = applied moment corresponding to crack width of 0.70 mm;
x = depth of the neutral axis;
£ = ratio of the distance from the neutral axis of the member to the extreme tension
fiber to the distance from the neutral axis to the centroid of the tensile reinforcement;
y = modular ratio;
p =remforcement ratio.
Figure 3.2 — Flowchart of deterministic procedure to back calculate k, based on Frosch equation.

Table 3.1 shows results for ky for both analysis — 0.70 mm fixed crack width and variable crack

width (those for which ky is not 0.70 mm) — for the specimens of the experimental database.



Table 3.1 — Summary of the results for k.
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. 1 2 3 4 5
Properties ko reported by authors Ko
Reference  Specimen ' Gercely- ffr'ﬁgfftiﬂ calculated
@ nomenclature  f d db Cc Surface w eLrgf y Frosch finextreme 1 Present
(MPa) (mm) (mm) (mm) treatment m) Equ‘;tizon Equation tension study for
® © ) ®© ® 2.10] [2.11] layer (MPa) W (column
1
a S16-C38-1 46.4 254 159 26.7 iv 0.70 0.50 0.80 323 -
a S16-C50-1 46.4 254 159 26.7 iv 0.70 0.50 0.70 369 -
a S19-C50-1 46.4 253 19.1 26.7 iv 0.70 0.50 0.80 319 -
a S22-C50-1 40.5 251 22.2 26.7 iv 0.70 0.60 0.90 292 -
a R16-C38-I 43.6 254 16 26.7 iv 0.70 0.80 1.20 199 -
a R16-C50-1 43.6 254 16 26.7 iii 0.70 0.50 0.70 341 -
a R19-C50-1 43.6 252 20 26.7 iii 0.70 0.50 0.80 313 -
a S16-C38-11 405 254 159 253 iv 0.70 0.70 1.00 262 -
a R16-C38-11 40.5 254 16 25.3 iii 0.70 0.70 1.10 220 -
b B1-35-12 34.1 246 12 38 \Y 0.70 - 1.46 251 1.02
b B2-35-16 34.1 244 16 38 \Y 0.70 - 0.78 273 0.89
b B3-35-20 34.1 230 20 50 % 0.70 - 1.22 246 0.92
b B4-35-25 34.1 228 25 50 % 0.70 - 0.89 212 0.96
b B5-65-12 67.5 246 12 38 \Y 0.70 - 1.10 374 0.69
b B6-65-16 67.5 244 16 38 % 0.70 - 1.27 375 0.65
b B7-65-20 67.5 230 20 50 % 0.70 - 0.73 418 0.55
b B8-65-25 67.5 228 25 50 % 0.70 - 0.72 368 0.56
c 2D14-1 40.8 253 14 32 i 0.70 - 1.09 165 -
c 2D14-2 40.8 253 14 32 i 0.70 - 0.84 213 -
c 2D16-1 40.8 252 16 32 i 0.70 - 1.22 151 -
c 2D16-2 40.8 252 16 32 i 0.70 - 1.08 169 -
c 2D20-1 40.8 240 20 42 i 0.70 - 1.06 163 -
c 2D20-2 40.8 240 20 42 i 0.70 - 1.10 156 -
d B2#4-1 45 250 13 38 i 0.70 - 0.85 267 -
d B2#4-2 45 250 13 38 i 0.70 - 0.99 229 -
d B2#6-1 45 234 19 51 i 0.70 - 0.86 243 -
d B2#6-2 45 234 19 51 i 0.70 - 1.31 159 -
d B2#8-1 45 231 25 51 i 0.70 - 1.01 206 -
d B2#8-2 45 231 25 51 i 0.70 - 1.29 162 -
e N2#15G1 38.9 343 15 40 iv 0.70 0.70 0.80 225 -
e N2#15G3 33.8 343 15 40 iii 0.70 1.00 1.10 194 -
e N3#20G1 42.1 340 20 40 iv 0.70 1.00 1.40 148 -
e N2#22G1 38.9 339 22 40 iv 0.70 0.50 0.70 234 -
e N3#20G2 48.1 340 20 40 iv 0.70 1.00 1.30 176 -
e N2#25G1 48.1 338 25 40 iv 0.70 0.50 0.70 264 -
e N2#25G2 48.1 338 25 40 iv 0.70 0.70 0.80 287 -
e N2#25G3 33.8 338 25 40 iii 0.70 1.10 1.40 149 -
e H3#20G2 815 340 20 40 iv 0.70 0.70 1.00 227 -
e H2#25G1 815 338 25 40 iv 0.70 0.60 0.80 232 -
e H2#25G2 815 338 25 40 iv 0.70 0.40 0.50 461 -
e H2#25G3 76.5 338 25 40 iii 0.70 1.00 1.20 175 -
f G1-212-25-150 33.1 203 12 25 iii 0.70 1.21 1.20 518 0.55
f G1-212-40-150 33.1 188 12 40 iii 0.70 1.21 1.20 660 0.40
f G2-213-25-150 34.3 203 13 25 i 0.70 1.31 1.35 519 0.39
f G2-213-25-000 34.3 203 13 25 i 0.70 1.31 1.35 563 0.36
f G2-310-25-000 34.3 204 10 25 i 0.70 1.31 1.35 569 0.36
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b i 1 2 3 4 5
roperties ko reported by authors Calculated Ko
) alculate
Reference Specimen ' Gorgely- o reported _calculate(:
@ nomenclature  f d db Cc Surface w Lutzy Frosch finextreme |1 Presen
(MPa) (mm) (mm) (mm) treatment (mm) Equation Equation tension study for
® © () © ® ?2 10] [2.11] layer (MPa) W (column
) 1
f 62213251506 34.3 203 13 25 i 0.70 1.31 1.35 519 0.39
f G1-216-25-150  33.1 201 16 25 iii 0.10 - - 150 0.29
f G1-216-25-250  33.1 201 16 25 iii 0.10 - - 150 0.29
f G1-216-25-000  33.1 201 16 25 iii 0.10 - - 177 0.24
f G1-212-25-150  33.1 203 12 25 iii 0.10 - - 207 0.20
f G1-212-40-150  33.1 188 12 40 iii 0.10 - - 257 0.15
f G1-212-55-150  34.3 173 12 55 i 0.10 - - 244 0.13
f G2-213-25-150  34.3 203 13 25 i 0.10 - - 176 0.17
f G2-213-25-000  34.3 203 13 25 i 0.10 - - 185 0.16
f G2-310-25-000  34.3 204 10 25 i 0.10 - - 225 0.13
f 62213251506 34.3 203 13 25 i 0.10 - - 185 0.16
f G2-213-25-250G 34.3 203 13 25 i 0.10 - - 211 0.14
f G2-216-25-150  34.3 201 16 25 i 0.10 - - 142 0.22
f G2-313-25-150  34.3 203 13 25 i 0.10 - - 148 0.20
g G1 58.1 262 16 30 iv - - 1.30 - -
g G1-ST 58.1 252 16 30 iv - - 1.30 - -
g G1 58.1 262 16 30 iv 0.50 - - 148 1.11
g G1 58.1 262 16 30 iv 0.40 - - 118 1.11
g G1 58.1 262 16 30 iv 0.35 - - 115 1.00
g G1-ST 58.1 252 16 30 iv 0.50 - - 153 1.04
g G1-ST 58.1 252 16 30 iv 0.40 - - 134 0.95
g G1-ST 58.1 252 16 30 iv 0.35 - - 126 0.88
h B1 31 243 15.9 38 i 0.70 - 1.39 190 0.93
h B2 31 229 19.1 50 i 0.70 - 0.68 370 0.41
h B3 36 243 15.9 38 i 0.70 - 0.81 290 0.61
h B4 36 229 19.1 50 i 0.70 - 0.98 240 0.63
h B5 36 231 15.9 50 i 0.70 - 1.37 185 0.85
h B6 36 241 19.1 38 i 0.70 - 0.95 210 0.82
h B7 32 243 15.9 38 i 0.70 - 1.09 225 0.78
h B8 32 229 19.1 50 i 0.70 - 0.76 - -
h B9 32 243 15.9 38 i 0.70 - 0.98 243 0.73
h B10 32 229 19.1 50 i 0.70 - 1.74 140 1.09
h B13 28 243 15.9 38 i 0.70 - 1.21 200 0.88
h B14 28 229 19.1 50 i 0.70 - 1.11 210 0.72
h B15 28 243 15.9 38 i 0.70 - 0.84 275 0.64
h B16 28 229 19.1 50 i 0.70 - 0.99 235 0.65
h S1 31 107 9.5 38 iv 0.70 - 0.93 350 0.59
h S2 31 106 12.7 38 iv 0.70 - 0.63 365 0.43
h S3 36 104 15.9 38 iv 0.70 - 0.67 290 0.38
h S4 36 102 19.1 38 iv 0.70 - 0.33 360 0.21
h S5 30 157 9.5 38 iv 0.70 - 0.51 290 0.80
h S6 30 156 12.7 38 iv 0.70 - 0.44 - -
h S7 29 154 15.9 38 iv 0.70 - 0.90 200 0.63
h S8 29 152 19.1 38 iv 0.70 - 0.73 190 0.46
h S9 25 162 25.4 50 iv 0.70 - - 1300 0.07
h B1 31 243 15.9 38 i 0.40 - - 153 0.66
h B2 31 229 19.1 50 i 0.40 - - 215 0.40
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p " 1 2 3 4 5
roperties
P ko reported by authors Calculated Ko
. alculate
Reference Specimen Gergel or reported calculated
@ nomenclature  f: d db Ce Surface w el_rgfzy- Frosch  finextreme |1 Present
(MPa) (mm) (mm) (mm) treatment (mm) Equation Equation tension study for
® © () © ® q [2.11] layer (MPa) W (column
[2.10] 0

B3 36 243 15.9 38
B4 36 229 19.1 50
B5 36 231 15.9 50
B6 36 241 19.1 38
B7 32 243 15.9 38
B8 32 229 19.1 50
B9 32 243 15.9 38
B10 32 229 19.1 50
B13 28 243 15.9 38
B14 28 229 19.1 50
B15 28 243 15.9 38
B16 28 229 19.1 50
S1 31 107 9.5 38 iv 0.40 - - 210 0.30

h 0.40 - - 195 0.52
h
h
h
h
h
h
h
h
h
h
h
h
h S2 31 106 127 38 iv 0.40 - - 215 0.29
h
h
h
h
h
h
h
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
J
J

0.40 - - 155 0.56
0.40 - - 148 0.61
0.40 - - 172 0.57
0.40 - - 163 0.62
0.40 - - 185 0.47
0.40 - - 185 0.54
0.40 - - 100 0.87
0.40 - - 143 0.71
0.40 - - 138 0.63
0.40 - - 188 0.54
0.40 - - 155 0.56

S3 36 104 15.9 38 iv 0.40 - - 155 0.41
S4 36 102 19.1 38 iv 0.40 - - 240 0.18
S5 30 157 9.5 38 iv 0.40 - - 190 0.36
S6 30 156 12.7 38 iv 0.40 - - 295 0.24
S7 29 154 15.9 38 iv 0.40 - - 138 0.52
S8 29 152 19.1 38 iv 0.40 - - 148 0.34
S9 25 162 254 50 iv 0.40 - - 400 0.12
N2#13G2 335 344 13 40 iv 1.03 1.04 1.14 - -
N3#13G1 335 344 13 40 iv 0.78 1.10 1.41 - -
H2#13G2 59.1 344 13 40 iv 0.83 0.93 1.02 - -
H3#13G1 59.1 344 13 40 iv 0.55 1.58 2.09 - -
N5#15G2 29.0 322 16 40 iv 0.31 0.83 1.13 - -
N6#15G1 335 319 16 40 iv 0.15 0.35 0.46 - -
H5#15G2 73.4 322 16 40 iv 0.26 0.55 0.75 - -
H6#15G1 73.4 319 16 40 iv 0.45 0.87 1.16 - -
N5#15G3 33.8 322 16 40 iii 0.40 1.40 191 - -
N2#25G3 33.8 337 25 40 iii 0.45 1.28 1.55 - -
H5#15G3 73.4 322 16 40 iii 0.62 1.43 1.95 - -
H2#25G3 73.4 337 25 40 iii 0.54 0.85 1.03 - -
N2#13G2 335 344 13 40 iv 0.70 - - 295 0.82
N3#13G1 335 344 13 40 iv 0.70 - - 244 0.92
H2#13G2 59.1 344 13 40 iv 0.70 - - 458 0.53
H3#13G1 59.1 344 13 40 iv 0.70 - - 314 0.72
N5#15G2 29.0 322 16 40 iv 0.70 - - 297 0.74
N6#15G1 335 319 16 40 iv 0.70 - - 335 0.46
H5#15G2 73.4 322 16 40 iv 0.70 - - 500 0.45
H6#15G1 73.4 319 16 40 iv 0.70 - - 238 0.65
N5#15G3 33.8 322 16 40 iii 0.70 - - 251 0.76
N2#25G3 33.8 337 25 40 iii 0.70 - - 173 1.20
H5#15G3 73.4 322 16 40 iii 0.70 - - 213 0.90
H2#25G3 73.4 337 25 40 iii 0.70 - - 184 1.14
N-212-D2-A 321 144 12 32 iii 0.70 - 0.84-1.10 592 0.47
N-212-D2-B  32.1 144 12 32 iii 0.70 - 0.84-1.10 592 0.47
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. 1 2 3 4 5
Properties ko reported by authors Ko
Reference Specimen grarlggfrttig calculated
@ nomenclature  f d db Cc Surface w Gergely- Frosch finextreme 1 Present
MPa)  (mm) (mm) (mm) treatment (MM) Lutz Equation tension study for
® © &) © ® E?;i%?” [2.11] layer (MPa) W (column
: 1
i N-216-D2-A  32.1 142 16 32 iii 0.70 - 0.84-1.10 460 0.59
i N-216-D2-B  32.1 142 16 32 iii 0.70 - 0.84-1.10 345 0.78
i N-316-D2-A  32.1 142 16 32 iii 0.70 - 0.84-1.10 468 0.56
i N-316-D2-B  32.1 142 16 32 iii 0.70 - 0.84-1.10 483 0.55
i N-212-D1-A  32.1 164 12 12 iii 0.40 - - 502 0.41
i N-212-D1-B  32.1 164 12 12 iii 0.40 - - 571 0.36
i N-216-D1-A  32.1 162 16 12 iii 0.40 - - 403 0.52
i N-216-D1-B  32.1 162 16 12 iii 0.40 - - 504 0.41
i N-316-D1-A  32.1 162 16 12 iii 0.40 - - 396 0.52
i N-212-D2-A  32.1 144 12 32 iii 0.40 - - 355 0.45
i N-212-D2-B  32.1 144 16 32 iii 0.40 - - 375 0.42
i N-216-D2-A  32.1 142 16 32 iii 0.40 - - 218 0.71
i N-216-D2-B  32.1 142 16 32 iii 0.40 - - 241 0.64
i N-316-D2-A  32.1 142 16 32 iii 0.40 - - 312 0.48
i N-316-D2-B  32.1 142 16 32 iii 0.40 - - 234 0.64
k N2#4 415 256 12 28 % 0.70 - 0.98 581 0.27
k N2#5 415 254 16 28 v 0.70 - 0.71 587 0.27
k N2#6 415 240 20 40 v 0.70 - 1.03 524 0.23
k N2#8 415 238 25 40 v 0.70 - 0.88 415 0.28
I G1-6 39.05 232 12.7 30 iv 0.47 - 1.07 - -
I G1-8 39.05 232 12.7 30 iv 0.38 - 1.08 - -
I G2-6 39.05 233 12 30 iii 0.51 - 1.04 - -
I G2-8 39.05 233 12 30 iii 0.42 - 1.02 - -
I G1-6 39.05 232 12.7 30 iv 0.70 - - 169 0.60
I G1-8 39.05 232 12.7 30 iv 0.70 - - 246 0.42
I G2-6 39.05 233 12 30 iii 0.70 - - 190 0.49
I G2-8 39.05 233 12 30 iii 0.70 - - 221 0.43
I G1-6 39.05 232 12.7 30 iv 0.50 - - 130 0.56
I G1-8 39.05 232 12.7 30 iv 0.50 - - 147 0.50
I G2-6 39.05 233 12 30 iii 0.50 - - 146 0.46
I G2-8 39.05 233 12 30 iii 0.50 - - 127 0.54
m G2NO 43 197 6.4 50 i 0.30 1.57 1.99 304 0.23
m G3NO 39 195 9.5 50 i 0.30 1.97 2.49 - -
m G4NO 39 194 127 50 i 0.30 1.04 1.30 161 0.49
m G2P1 31 197 6.4 50 i 0.30 0.67 0.85 531 0.13
m G3P1 33 195 9.5 50 i 0.30 0.84 1.06 - -
m G4P1 30 194 127 50 i 0.30 0.57 0.71 295 0.26
n C3X85H5 279 182 15.9 25 i 0.15 0.4 0.48 283 0.18
n C4X85H5 279 182 15.9 25 i 0.16 0.4 0.44 281 0.16
n C5X85H5 279 182 15.9 25 i 0.17 0.4 0.40 279 0.14
n C6 X85H5 279 182 15.9 25 i 0.29 0.4 0.37 278 0.21
n C3X85P5 279 182 15.9 25 iv 0.22 0.4 0.48 283 0.26
n C4X85P5 279 182 15.9 25 iv 0.19 0.4 0.44 281 0.19
n C5X85P5 279 182 15.9 25 iv 0.12 0.4 0.40 279 0.10
n C6 X85P5 279 182 15.9 25 iv 0.12 0.4 0.37 278 0.09
0 GIS-6 39.05 232 12.7 30 i 0.70 0.83 1.10 178 0.80
0 GIS-8 39.05 232 12.7 30 i 0.70 0.83 1.10 250 0.58
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. 1 2 3 4 5
Properties ko reported by authors Ko
Reference Specimen grarlggfrttig calculated
@ nomenclature  f d db Cc Surface w Gergely- Frosch finextreme 1 Present
MPa)  (mm) (mm) (mm) treatment (MM) Lutz Equation tension study for
® © &) © ® E?;i%?” [2.11] layer (MPa) W (column
. 1)
0 GCB-6 39.05 233 12 30 iii 0.70 0.83 1.10 183 0.71
0 GCB-8 39.05 233 12 30 iii 0.70 0.83 1.10 216 0.62
p S-G1 40 162 15.9 30 iv 0.70 0.60 0.67 257 0.51
p S-G2 40 159 222 30 iv 0.70 0.60 0.67 186 0.67
p S-G3 40 159 222 30 iv 0.70 0.60 0.67 176 0.92
q 1A, 1B 44 179 15 35 iv - 0.76 0.84 - -
q 2A, 2B 36 179 15 35 iv - 0.76 0.84 - -
q 3A, 3B 42 179 15 35 iv - 0.76 0.84 - -
q 4A, 4B 46 179 15 35 iv - 0.76 0.84 - -
q 1A, 1B 44 179 15 35 iv 0.16 - - 171 0.22
q 1A, 1B 44 179 15 35 iv 0.27 - - 213 0.29
q 1A, 1B 44 179 15 35 iv 0.36 - - 256 0.33
q 2A, 2B 36 179 15 35 iv 0.17 - - 171 0.23
q 2A, 2B 36 179 15 35 iv 0.27 - - 214 0.29
q 2A, 2B 36 179 15 35 iv 0.36 - - 256 0.33
q 3A, 3B 42 179 15 35 iv 0.07 - - 171 0.10
q 3A, 3B 42 179 15 35 iv 0.17 - - 213 0.19
q 3A, 3B 42 179 15 35 iv 0.30 - - 256 0.27
q 4A, 4B 46 179 15 35 iv 0.14 - - 171 0.19
q 4A, 4B 46 179 15 35 iv 0.23 - - 213 0.25
q 4A, 4B 46 179 15 35 iv 0.30 - - 256 0.27
r BC2NA 53.1 148 123 20 % 0.70 0.58 0.60 420 0.55
r BC2NB 53.1 148 123 20 % 0.70 0.58 0.60 270 0.85
r BC2HA 57.2 148 123 20 % 0.70 0.58 0.60 300 0.77
r BC2HB 57.2 148 123 20 % 0.70 0.58 0.60 270 0.85
r BC2VA 97.4 148 123 20 % 0.70 0.58 0.60 209 1.11
r BC4HB 53.9 119 123 20 % 0.70 0.58 0.60 332 0.35
r BC4VA 93.5 119 123 20 % 0.70 0.58 0.60 377 0.31
r BC4VB 93.5 119 123 20 % 0.70 0.58 0.60 330 0.35
r BC2NA 53.1 148 123 20 % 0.40 - - 240 0.55
r BC2NB 53.1 148 123 20 % 0.40 - - 180 0.73
r BC2HA 57.2 148 123 20 % 0.40 - - 210 0.63
r BC2HB 57.2 148 123 20 % 0.40 - - 210 0.63
r BC2VA 97.4 148 123 20 % 0.40 - - 119 1.11
r BC4NA 46.2 119 123 20 % 0.40 - - 262 0.25
r BC4HA 53.9 119 123 20 % 0.40 - - 285 0.23
r BC4HB 53.9 119 123 20 % 0.40 - - 225 0.29
r BC4VA 93.5 119 123 20 % 0.40 - - 259 0.26
r BC4VB 93.5 119 123 20 % 0.40 - - 200 0.33
s CB2B-2 52 253 149 30 % 0.70 1.00 1.14 177 0.94
S CB3B-1 52 253 149 30 v 0.70 1.00 1.14 224 0.75
S CB3B-2 52 253 149 30 v 0.70 1.00 1.14 159 1.36
S CB4B-1 45 230 149 30 v 0.70 1.00 1.14 167 1.30
S CB4B-2 45 230 149 30 v 0.70 1.00 1.14 225 0.62
S CB6B-1 45 230 149 30 % 0.70 1.00 1.14 254 0.55
S CB6B-2 45 230 149 30 % 0.70 1.00 1.14 147 0.94
S CB2B-2 52 253 149 30 % 0.70 1.00 1.14 167 0.83
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i 1 2 3 4 5
Properties ko reported by authors Ko
Reference Specimen grarlggfrttig calculated
@ nomenclature  fc d db Ce Surface w Gergely- Frosch  f,inextreme ' Present
MPa)  (mm) (mm) (mm) treatment (MM) Lutz Equation tension study for
® © &) © ® E?;i%?” [2.11] layer (MPa) W (column
. 1)
S CB2B-1 52 253 149 30 v 0.40 - - 118 0.81
S CB2B-2 52 253 149 30 v 0.40 - - 124 0.77
s CB3B-1 52 253 149 30 v 0.40 - - 83 1.48
s CB3B-2 52 253 149 30 Vv 0.40 - - 119 1.04
s CB4B-1 45 230 149 30 v 0.40 - - 136 0.59
s CB4B-2 45 230 149 30 Vv 0.40 - - 142 0.56
s CB6B-1 45 230 149 30 v 0.40 - - 118 0.67
s CB6B-2 45 230 149 30 Vv 0.40 - - 101 0.78

@ Reference list given in Section 3.1.

® ¢ = concrete compressive strength.

©d = depth of the section.

@ d, = bar diameter.

© ¢, = clear cover.

® Surface treatment: i = helically wrapped with sand-coated; ii = helically wrapped; iii = grooved/ indented; iv = sand-coated; v =
ribbed.
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3.2 DISCUSSION OF THE QUALITATIVE ANALYSIS

Gergely and Lutz (1968) proposed a crack prediction equation —widely used for steel reinforced
concrete members — that was deducted from a regression analysis of a relatively limited number
of reinforced concrete beam test results. This equation is reported to yield unconservative
results compared to available experimental data for steel-RC members (Bischoff et al., 2009).
The modifications to the Gergely-Lutz equation (Equation 2.10) for the calculation of crack
width for GFRP-RC members were developed from theory and, therefore, replicate the
unconservative nature of the equation; this is seen on the results in Table 3.1 for crack width of
0.70 mm. Frosch (1999) developed a physical model to estimate crack width, applying to both
steel and FRP reinforcement, although ACI PRC 440.1 (2006) establishes a correction
coefficient k, — extensively discussed in Section 2.2 — to account for differences in FRP bond
behaviour compared to steel. In this light, the present study is focused on the assessment of kj

estimated using the Frosch equation (Equation 2.11).

As described in Chapter 2, the influence of bond between GFRP bars and the surrounding
concrete on cracking predictions is an aspect that requires further study for GFRP-RC members.
The database assembled for this study demonstrates how much some factors can apparently
affect ky estimation calculated using the Frosch equation and thereby provides some guidance

for future experimental study.
3.2.1 kp versus crack width

Figure 3.3 (a) and (b) plots crack widths corresponding to reported and back-calculated ky

values, respectively, obtained from the database analysis.

The reported values of ks vary from 0.45 to 1.40 and calculated values vary from 0.07 to 1.48.
In both cases, most values fell below 1.0, indicating GFRP bond behaviour superior to that of
steel reinforcement. As crack widths at which ky is estimated increase, the range of ky increases
and more data tends to fall above 1.0 (Figure 3.3a). Bond is a highly localised phenomenon
(e.g., Figure 2.8), whereas the predictions described make the assumption of an average bond
stress between adjacent cracks. Thus, the calculation of ky, is a function of service load level and
by extension crack width. To assess the ky factor rationally, one must assign a crack width
dimension to consider — in this study, and many others, the behaviour at w = 0.70 mm, as

described.
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Figure 3.3 — Reported (a) and calculated (b) k, (Equation 2.11) versus crack width.

The following analyses were made using data for crack width equal to 0.70 mm in order to

eliminate the influence of different values of crack width on the assessment.

The different colors used in the graphs of the following items means data from different studies.
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3.2.2 kp versus bar diameter

Figures 3.4 and 3.5 show bar diameter versus ky values and bar diameter versus GFRP
reinforcing bar stress, fr, respectively. It is observed that there is no clear trend between the
diameter of the GFRP bars and the predicted ky. This conclusion was also reported by Tran et
al. (2018) and is limited to the bar diameters considered: those between 12.7 and 25 mm. Once

again, it is pointed out that the data in this analysis is dominated by bars having ky < 1.

The very general trend shown in Figure 3.5 that larger bars have a lower stress at a crack width
of w = 0.70 mm reflects the nature of GFRP bars, whose tensile strength falls as the diameter
increases (see Section 2.1.2). Thus, at a specified service condition (w =0.70 mm), one expects
the bar stress to be inversely proportional to the diameter, indicating a constant proportional

service stress level (some proportion of fr).

ky
]

* TPt ¢ & o
L N
L

Diameter, o}, (mm)

Figure 3.4 — Reported and calculated k, (Equation 2.11) versus bar diameter (for w = 0.70 mm).



43

700
&
600
L ] ' ™ *
. *
500 ® .
e 8 .
£ 400 L.
= . L ]
. . ’
e * * 9
3-; 300 b * - ‘ [ ] Y
B g 4
= & . L I ] .
5 200 4 .
=z 2 g 2 ., s
. L ] L ]
100
0
0 5 10 15 20 23 30

Diameter, o, (mm)

Figure 3.5 — GFRP reinforcing bar stress, f;, versus diameter (for w = 0.70 mm).

Figure 3.6 plots fr versus bond coefficient ky for the beams tested by Abdelkarim et al. (2019)
as a representative example to demonstrate that the relationship between k, and bar stress is
inversely proportional and essentially linear in the range of expected service stress levels of 200
to 500 MPa, which corresponds in this study to 0.17fr to 0.42fr, (where fy, is the tensile strength
of the GFRP bar). This conclusion was also reported by Shield et al. (2019).

Calaulated k,

0 100 200 300 400 500 600 700
Bar stress, /;(MPa)

Figure 3.6 — Representative example of calculated k, (Equation 2.11) versus bar stress, f;, (for w=0.70
mm) for beams tested by Abdelkarim et al. (2019).



3.2.3 kp versus clear cover and concrete compressive strength
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Based on the available experimental data for crack width of 0.70 mm, no clear effect on the

estimation of ky is observed varying clear cover and concrete compressive strength as shown in

Figure 3.7 and 3.8, respectively.
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Figure 3.7 — Reported and calculated ky, (Equation 2.11) versus clear cover (for w =

o
L2
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Figure 3.8 — Reported and calculated k, (Equation 2.11) versus concrete compressive strength (for w

=0.70 mm).
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3.2.4 kp versus surface treatment

Contrary to the assertions of some previous research, based on the database, there is no clear
effect of surface treatment on ky (Figure 3.9). EI-Nemr et al. (2016) and Shang (2019) both
reported that sand-coated GFRP bars presented lower values of ky compared to deformed bars,
indicating better bond behaviour of sand-coated bars. This trend is not apparent from the
compiled database; although it is seen that most results fall below ky, = 1.0.
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0.60 . (] s
.
0.40 ! .
.
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HWSC HW Grooved SC Ribbed
Surface treatment

HWSC - Helically wrapped with sand-coated; HW - Helically wrapped; SC - Sand-coated.
Figure 3.9 — Reported and calculated k, (Equation 2.11) versus surface treatment (for w = 0.70 mm).

Table 3.2 presents the measures of central tendency (minimum, maximum, average and median)
of values of ky, for each type of surface configuration represented in the database. Analysing kp
in this manner, it is concluded that there is little difference in bond behaviour of grooved
(average k, = 0.79), sand-coated (average kp = 0.74), and ribbed GFRP (average k, = 0.70) bars
across the entire dataset. It must be understood, however, that there is no way in this data to
assess the quality of the bar fabrication itself. The presented data is a snapshot of bars available
over the last two decades and the variability highlights the difficulty of assigning a single value
to kb.
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Table 3.2 — Minimum and maximum Kk, values for each type of surface treatment.

Helically
wrapped Helically Sand- .
Bar type with sand- wrapped Grooved coated Ribbed
coated
. Sélyom Barriset EI-Nemr  Abdelkarim
Reference Ba(r;oslzt)al. and Balazs al. et al. et al.

(2020) (2016)  (2013) (2019)

Image of the bar (all
images are not at the

same scale)
Minimum 0.13 0.84 0.40 0.33 0.23
Ko Maximum 1.74 1.22 1.40 1.40 1.36
(Frosch
equation) Average 0.84 1.07 0.79 0.74 0.70
Median 0.86 1.09 0.71 0.72 0.72

In order to correlate the surface types of the bars assessed in this investigation, a two-tailed “t-
test” was performed to assess whether the different surface configurations of GFRP bars
behaved (statistically speaking) in the same manner. The “p-values” are reported in Table 3.3.
The results marked in bold text indicate that the behaviour of the surface type of the referenced
GFRP bars is similar, even across data from different studies. This analysis confirms that there
is no significant statistical difference between the estimated Kk values attributed to the surface
configurations of grooved, sand-coated, and ribbed GFRP bars (p-value > 0.05) (see Table 3.3).
The only statistically different surface treatment is helically wrapped bars (without sand

coating) which exhibit a statistically significant higher value of ky (Table 3.2).

Table 3.3 — Correlation matrix of surface configuration of GFRP bars.

Surface type Helically
wrapped  Helically Grooved Sand- Ribbed
with sand-  wrapped coated

P-value coated
Helically wrapped with

sand-coated 1.0000
Helically wrapped 0.1658 1.0000
Grooved 0.6125 0.0353 1.0000
Sand-coated 0.2052 0.0015 0.4763 1.0000

Ribbed 0.1376 0.0076 0.3004 0.5588 1.0000
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3.2.5 kp versus service stress

Figure 3.10 shows that reported ky varies with the service stress level in GFRP reinforcement at
which ky is estimated; similar data is reported by McCallum (2013). Service stress values for
FRP-reinforced concrete members reported in the literature and design documents range from
15 to 30% of the tensile strength of FRP bar (fr), with the value of 0.30fw reported by many
studies (e.g., Mota et al., 2006; Bischoff et al., 2009; Kassem et al., 2011; EI-Nemr et al., 2016).
This value is lower than the limit adopted for steel-reinforced concrete members: ACI 318
(2019) recommends a service stress equal to 0.67 of the specified yield stress of steel (fy). The
lower service level stress for GFRP bars reflects their lower modulus, brittle behaviour and
susceptibility to creep effects (ACI PRC 440.1-15). Figure 3.10 indicates that for lower service
levels, the estimated value of ky tends to be lower; while for greater service limits, ky tends to
assume higher values. This observation is similar to that made in regard to Figure 3.3 since
crack width and service load level are correlated. It is noted that there is no significant difference

in ky estimation for service limits of 0.25fr and 0.30fx.

1.80
1.60

1.40

1.00 L
0.80

Reported &y

0.60 L
0.40
0.20

0.00
0005 004 010f 0134 0204 0234 0304 03

Service stress level

Figure 3.10 — Reported ky, (Equation 2.11) versus service stress level (for w=0.70 mm).

Figure 3.11 shows calculated and reported ki coefficients over the past two decades determined
for a crack width equal to 0.70 mm. No temporal trend is evident and, again, most data indicate
bond performance equal or better than steel reinforcing bars (ko < 1). Thus, there is little

incentive on the part of the manufacturers to improve bond performance.
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Figure 3.11 — Calculated and reported k, (Equation 2.11) versus year (for w = 0.70 mm).
3.2.6 Gergely-Lutz equation versus Frosch equation

Although the analysis discussed on Section 3.2 was focused on the assessment of ky estimated
by the Frosch equation (Equation 2.11), a statistical analysis was used to verify whether or not
there is significant difference between ky estimated by Gergely-Lutz and Frosch equations
(Equations 2.10 and 2.11, respectively). The analysis was based on ky, coefficients calculated
using both equations for the same specimen whose values were reported by the authors (see the
values marked in bold text on Table 3.1) and was carried out using RStudio software, version

2023.06.2-561 considering 5% level of significance.

The paired “t-test” showed that the mean value of kj, calculated by Gergely-Lutz equation was
statistically different from the mean ky calculated by Frosch equation (t(79) = -0.78; p-value <
0.0001). The mean ko = 0.81 for Gergely-Lutz equation was less than the mean k, = 0.98

estimated by Frosch equation.

The data analyzed refers to GFRP bars having helically wrapped with sand-coated, grooved and
sand-coated surface types. Tukey’s test, at a 5% significance level, showed that there is no
statistical difference on ky estimation by Gergely-Lutz equation for helically wrapped with sand-

coated and grooved GFRP bars (Table 3.4). Additionally, Tukey’s test confirmed that there is
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no statistical difference for any bars tested using Frosch equation (see Table 3.4; for results
across the entire dataset, see Table 3.1).

As the paired “t-test” is a parametric test assuming the difference between two dependent
variables has Normal distribution, a Shapiro-Wilk (S-W) normality test was used to confirm
this hypothesis. The null hypothesis states that the data distribution is normally distributed, i.e.,
p-value is greater than 0.05; otherwise, the null hypothesis is rejected. Using the S-W test, p-
value was found to be 0.0002, indicating that the variable representing the difference between
ko estimated by Gergely-Lutz and Frosch equations does not assume a Normal Distribution.
Then, the Wilcoxon signed-rank test was used to confirm the conclusions made using the paired
“t-test”. The Wilcoxon test showed the ky coefficients calculated by the Gergely-Lutz equation
to be less than those calculated by the Frosch equation (the median of the differences is equal
to -0.14), confirming that this difference is statistically significant (V = 34; p-value < 0.0001).

Table 3.4 — Mean ky values.

Surface type Gergely- Frosch
Lutz [Equation
Mean k,  [Equation 2.11]
2.10] '
Helically wrapped
with sand-coated 0.95 111
Grooved 0.88 1.05

Sand-coated 0.68 0.86




50

Sections 3.3 and 3.4 were developed collaboratively with Dr. Chase Rogers and co-advisor Dr.
Kent Harries as reported in: Silva, E.M., Harries, K.A., Rogers, C., Ludvig, P. and Cabral de
Azevedo, R. (in preparation) Meta-Study of Bond-Dependent Coefficient for GFRP
Reinforcing Bars.

3.3 META-ANALYSIS

One-way ANOVA analysis was conducted on all variables presented in Table 3.1 with the
intent of discerning the significance of experimental variables on the calculated values of k.
Analysis was conducted using a bespoke Python (v3.8.13) code implementing NumPy (v1.22.3)
statistical analysis tools. The variables considered, their definition, distribution of values
represented in the data set (mean, COV, minimum and maximum values), and number of
available data points for each (not all data is available for each test) are shown in Table 3.5.
Only ky values calculated using the Frosch equation are considered since these are consistently
calculated across the database. Three calculations are reported in Table 3.5:
e kv r is the value of ky, reported to be calculated using Frosch equation (Equation 2.11),
reported by the source study authors;
e kvo7 is the value of ky calculated in the present study for w = 0.70 mm as described in
analysis step (iii) (Section 3.1.1); and,
e kow is is the value of k, calculated in the present study for w # 0.70 mm as described in
analysis step (iv) (Section 3.1.1).
As discussed later, the determination of ky is sensitive to the crack width, w, at which it is
calculated. For this reason, a normalised parameter, kn/w is included in the analysis. Since bar
surface treatment is a non-numeric variable, ANOVA considered all bar types together. Further,

analyses addressing bar surface treatment is presented in Section 3.4.3.

Table 3.5 - Variables considered in one-way ANOVA analyses.

Variable Description Mean COV  Min. Max.  Count
Cc concrete cover (mm) 342  0.26 12 55 234
f'e concrete strength (MPa) 426 034 25 97 234
dp bar diameter (mm) 157 0.24 6.4 25.4 234
ft calculated bar stress (MPa) 260  0.52 83 1300 216
Ko,F ky reported by original source based on Equation [2.11] 098 0.37 0.33 2.49 132
Kp0.7 k, calculated in present study for w=0.70 mm 0.66  0.40 0.23 1.36 63
Kp,w ky calculated in present study for w # 0.70 mm 0.45 0.63 0.09 1.48 99
Ko/W k, normalised by crack width; Ky07/0.7 or kpw/w 1.23 048 0.30 3.70 216

As seen in Figure 3.12, data, while monotonic, is nonlinear. Therefore, the Spearman

correlation coefficient, rs, is used to assess the statistical dependence of one variable with
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another. The resulting Spearman coefficients for all variables are shown in Table 3.6;

incomplete sample pairs are neglected. By convention, | rs | > (.7 is a “strong” correlation;
these are noted in bold font in Table 3.6. Values of |rs | < 0.2 indicate “very weak” or
negligible correlation; these are noted in italic font.

Table 3.6 — Spearman correlation coefficients, re.

Cc f'c do fs Ko, Kpo.7 Kb,w ko/W
Cc 1 -0.12 0.40 -0.07 0.32 0.05 0.10 -0.04
fe 1 -0.06 -0.14 0.08 0.06 0.36 0.16
db 1 -0.10 -0.05 0.18 0.22 0.19
f; |rs|=08 very strong 1 -0.38 -0.70 -0.56 -0.72
Ko, 0.8>|r,|>0.6 strong 1 0.30 no 0.35
Kp.0.7 0.6>|r, |>0.4 moderate 1 m%t:if:;ng 1
Kp,w 0.4>|r|>02 weak 1 0.54
Ko/W |rs|<0.2 very weak 1

The most significant correlations evident are with calculated bar stress, fr, indicating the

sensitivity of the method of determination of ky. By normalising ke/w, as described below, all

variables, except bar stress, are shown to be very weak correlations, leaving only bar stress, ff,

as a strong correlation. For this reason, bar stress, f;, will be the primary focus of subsequent

discussion.
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3.4 DISCUSSION OF THE QUANTITATIVE ANALYSIS

3.4.1 Source-reported bond coefficients: ky r

Correlation between calculated ko,0.7 and source-reported kpr are weak (rs = 0.30) indicating
potential inconsistency in the manner in which kg is calculated and/or reported across the
literature. This finding reinforces the need for desk studies such as that presented here to
consolidate and curate data in a consistent manner. In the present study, ks is calculated as
shown in Appendix B based on reported experimentally-determined material properties and
specimen geometries, and direct calculation of the reinforcing bar stress — something rarely
reported in the literature. This direct calculation results in lower values of ky than are generally
reported (Table 3.5).

3.4.2 Normalising by crack width: kp/w

There is no universally agreed “serviceability crack width” at which ky should be determined.
A preponderance of available data uses w = 0.70 mm (Table 3.1), although this is not possible
for some reported studies. Figure 3.12a illustrates the relationship between bar stress, fr, and k.
The nonlinear monotonic relationship is seen, as is a marked difference between Kkpo.7
determined at w= 0.70 mm and kpw determined at another crack width, in all cases less than
0.70 mm. The sensitivity of the calculation of ks as a function of the crack width at which is
determined is evident. As the crack width increases, the calculated value of ky, increases. Figure
3.12b shows the same data with ky, normalised by the crack width at which it was calculated:
ko/w. Equations for the trendlines shown in Figure 3.12 are given in Table 3.7. The
normalisation — the author contend — allows ky data to be combined regardless of the crack
width at which it is determined. Data for hairline cracks (13 data points having w = 0.10 mm
all reported by Barris et al., 2016), will naturally be more sensitive to the precision of the crack
width measurement and will only include lower bar stresses. Excluding values of ke/w
determined from such hairline cracks, results in Equation [3.1] having a marginal improvement
in correlation coefficient, R? = 0.59, over data that includes hairline cracks (“all data” in Table
3.7).

kp/w = 61.4f7074 (3.1)

Shield et al. (2019) reported the 70th percentile for describing reinforcing bar bond coefficients;
this value is that on which ACI CODE-440-11 (2022) provisions are based (see AClI CODE-
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440-11 8R24.3.2.3). For the present data, the 70th percentile value of ks/w (excluding w < 0.10
mm) is described by Equation [3.2] and is shown in Figure 3.12c:

ky/w = 76]}‘0'74 (3.2)
Table 3.7 — Equations of trend lines shown in Figure 3.12.
Data Figure 3.12a Figure 3.12b Figure 3.12¢
pairs Equation R? Equation R? Equation R?
w=0.70 mm 63 ko = 345"t 052  ko/w=49.3f"" 052 kow=49.3f"" 052
w=0.40 mm 54 ko = 18.4f %% 053  ko/w=46.1f"%® 053 ko/w=46.1f% 053
w=0.10 mm 13 ky=65.1f12 0.60 ke/w=651f12  0.60 not shown -
All data 162  kp=5.90f%%" 0.17 kp/w=78.8f078 057 not shown
Alldataw>0.10mm 149 not shown - not shown - kp/w = 61.4f%7  0.59
70™ percentile - - - - - kp/w = 76074

ACl CODE-440.11 (2022) 8R24.3.2.2 limits FRP bar stress at the serviceability limit state

based on a presumption of w = 0.70 mm:

f; < 0.36E;/d Bk, (3.3)

where, Es is the elastic modulus of the bar, which is permitted (§20.2.2.2) to be taken as the
minimum value specified by ASTM D7957, 44.8 GPa; d. is thickness of concrete cover (in mm)
measured from the extreme tension fiber to the center of nearest longitudinal tension reinforcing
bar; and, # is the ratio of the distance from the neutral axis of the member to the extreme tension
fiber to the distance from the neutral axis to the centroid of the tensile reinforcement (given by
Equation [B.6] in Appendix B). AClI CODE-440.11 (2022) prescribes kp = 1.2 (§24.3.2.3).
Based on Equation [3.3], the typical range of f for design falls between about 180 to 250 MPa
and marginally higher for slabs (having smaller dc, typically). This range is shown in Figure
3.12c.

Using Equation [3.2] and a serviceability crack width of w = 0.70 mm, a characteristic bond
coefficient suitable for design is determined as falling between k, = 1.14 and 0.90 for typical
service stresses of fr = 180 to 250 MPa, respectively. These values are slightly below the ACI-

prescribed value of ky, = 1.2.

Thus, the present treatment of the available data confirms the appropriate, and marginally
conservative nature of the selection of k, = 1.2 for design. The range of observed data reinforces
the potential for individual bar manufacturers to develop test values that would allow a lower

value of ky to be adopted; however, no protocol or standard yet exists for this determination.
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c) Bar stress, f;, versus normalised bond coefficient, ky/w, excluding data from w < 0.10 mm.
Figure 3.12 — Bar stress, f;, versus bond performance parameters.
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3.4.3 Effects of bar surface treatment
The dataset reported five FRP bar surface treatments as summarised in Table 3.8:

Q) helically wrapped bundles of longitudinal glass fibre having an external coating
comprising sand embedded in the (typically vinyl ester) resin.

(i) helically wrapped bundles of longitudinal glass fibre having no external coating
beyond the resin [only six data points for this bar type from a single source are
available — while this data is included in the previous discussion, there is insufficient
data to include this bar type in the present discussion].

(iii)  pultruded GFRP bars that have had grooves or deformations machined into them
following resin cure.

(iv)  otherwise, smooth GFRP bars that have an external coating comprising sand
embedded in the resin.

(v) pultruded “ribbed” GFRP bars that are fabricated with deformations (rather than the
deformation being machined afterward as in [iii]). Ribbed bars typically most

closely resemble steel reinforcing bars.

Table 3.8 summarises ko/w data separated by bar surface treatment. Figure 3.13 repeats the data
shown in Figure 3.12c also separated by surface treatment; the equations for the best fit curves
shown in Figure 3.13 are reported in Table 3.8. Bar types (i), (iii), (iv) and (v) are well-

represented in the dataset reflecting the variation and distribution in the GFRP bar market.

A two-tailed t-test shows that the separating the data by surface preparation does not result in
statistically significant difference in calculated ky values between bar types or when compared
to all bar types combined (as is presented previously). The large scatter (as measured by the

coefficient of variation, COV, shown in Table 3.8) leads to the larger p-values.

As seen in both Table 3.8 and Figure 3.13, bar type (iii), having machined grooves, is not only
the best performing bar type (ko/w = 1.07), but also presents the least variation (COV = 0.32).
Nonetheless, with the typical range of bar service stress, there is little difference in bar bond

performance evident based on surface treatment.



Table 3.8 — Summary of bond parameters for w > 0.10 mm shown in Figure 3.13.
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Designation in Table 3.1 i i iii iv v All
Helically Helically Machined Sand-coated
Bar type wrapped with wrapped rooved (otherwise Ribbed Combined
sand coating only g undeformed)
Sources d, f,h,mn, o c a,efijlo a & gbhal’ L n, b, k,r, s
Example image of bar
type (source of image)
(Sélyo—m =
and Balazs .
2020) ) (i) (b)

Number in full dataset 6 46 86 46 242

n 28 0 29 46 46 149

Kn/w Average 1.15 - 1.07 1.15 1.25 1.18

cov 0.39 - 0.32 0.50 0.55 0.47

Equation of trend line  kofw = 118f; 08 - ke/w = 6.0f; 03 ko/w = 142ft092  kp/w = 30020 kp/w = 61.4f¢ 074

R? of trend line 0.93 - 0.20 0.27 0.76 0.59

Correlation i 1 - 0.45 0.97 0.50 0.78

matrix (p-value iii - - 1 0.49 0.20 0.30

from two-tailed  iv - - - 1 0.48 0.76

t-test) Y - - - - 1 0.49

@ Reference list given in Section 3.1.
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e ribbed (v)
- =-=all data - Equation [3]
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1
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bar stress, f; (MPa)
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Figure 3.13 — Bar stress, f; versus normalised bond coefficient, ku/w for different bar surface
treatments for w > 0.10 mm.



57

3.5 SUMMARY OF THE CHAPTER

This chapter reported a qualitative and quantitative study of the bond-dependent coefficient, kb,
based on data available in published literature in which k, was predicted from experimental
flexural tests using GFRP bars. Results from 19 studies were compiled and analyzed in order
to demonstrate the influence of some parameters in the estimation of k,. Crack with, w, equal
to 0.70 mm was used to represent the Serviceability Limit State described by ACI PRC 440.1-
15. Data for which ky could not be calculated at w = 0.70 mm was used to estimate values of ky
at different stress levels and helped to illustrate how the determination of ky is affected by the
bar stress at which it is calculated.

In this study, kp is calculated based on reported experimentally-determined material properties
and specimen geometries, and direct calculation of the reinforcing bar stress — something rarely
reported in the literature. Interestingly, direct calculation in this manner did not correlate well
with literature-reported values of ky. This finding reinforces the need for desk studies such as

that presented here to consolidate and curate data in a consistent manner.
Both qualitative and quantitative analysis showed that:

— a key observation of this study is that kp is sensitive to the concrete crack width at which
it is calculated. This led to the adoption of a normalized value ke/w which allows a
broader range of available data to be included. Based on sensitivity to measurement
precision, the authors propose that data for which ks is calculated at crack widths w <

0.10 mm be excluded;

— the value of ky was found to be strongly correlated with the GFRP reinforcing bar stress,
fr, at which kp, is determined. Correlations with other factors including concrete strength,
cover concrete (greater than 12 mm) and GFRP bar diameter (less than 25 mm) were
weak, reinforcing that the k, factor is a bond coefficient dependent on the reinforcing

bar, not its embedment;

— the calculation of the bond coefficient, ky, is relatively insensitive to the surface
treatment of the bar: whether deformed (ribbed) or sand-coated. This finding may
partially reflect that all bars reported were commercially available and have therefore,

presumably, undergone quality improvement and optimization during their
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development. That is, if the design standards adopt ky = 1.2, commercially available bars

will tend to coalesce around this value;

equation [3.1] is proposed to represent the mean relationship between ko/w and GFRP
reinforcing bar stress, f;, corresponding to w. Equation [3.2] captures the 70" percentile
— that used by ACI 440.11-22 — of this data;

based on current ACI 440.11-22 serviceability stress limits, the range of 70" percentile
ko values for design range between 0.90 and 1.14, marginally below the presently
recommended default value of k, = 1.2. The authors feel that maintaining the
recommended value for design in the absence of bar-specific testing as k, = 1.2 is
appropriately conservative and reflects the still relatively small amount of available
data. It is noted that as of this writing, there is no universally agreed test method or
protocol for reporting k, and that the expected scatter in such measurement would

require a robust experimental program.
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A

MATERIALS CHARACTERISATION

In this chapter, the properties of concrete and GFRP bars used in the experimental portions of
this study are described. Steel reinforcing bars used for experimental control specimens are also

reported.
41 CONCRETE

Three different concrete mixes having specified 28-day compressive strength of 35 MPa were
used as shown in Table 4.1. Batches C1 and C2 correspond to tests conducted in Brazil, while
C3 corresponds to tests conducted in the USA. Table 4.2 identifies which concrete was used
with which bars. The mix compositions (per cubic meter) for each concrete type are detailed in
Table 4.1.

Table 4.1 — Composition of concrete mixes and strengths (COV in parentheses).

Concrete batch C1 c2 C3
Laboratory CEFET-MG CEFET-MG PITT
Cement type CP-Vv CP-Vv CP 1/l
Coarse aggregate type 9.5mm gravel 9.5mmgravel 9.5 mm limestone
Cement content (kg/m?) 420 420 385
Water content (kg/m?) 277 277 150
Fine aggregate (sand) content (kg/m3) 827 797 733
Coarse aggregate content (kg/m3) 814 845 1077
Water/ cement (w/c) ratio 0.66 0.66 0.39
Sika AE260: 0.06%
Additives (% w/cement) - - Sika 10N: 0.1%
SikaPlast 200: 0.2%

28-day compressive strength, f'c, (MPa)
ASTM C39 33.2(0.03) 35.0 (0.01) 37.8(0.06)

28-day tensile strength (MPa) ASTM C496  f, =3.1(0.16) f5, =2.9(0.39) fee = 2.2 (0.24)

Concretes C1 and C2 were mixed in situ, using Brazilian cement type CPV-ARI, with a
maximum coarse aggregate size of 9.5 mm and a water/ cement (w/c) ratio equal to 0.66. In an
attempt to produce concrete batches with as little variability as possible, a rigorous quality
control was applied on the production of such concretes. A total of 10 concrete cube specimens

for pull-out tests were fabricated using concrete C1 and 10 specimens using C2 concrete. The
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concrete compressive strength for each batch was determined at 28 days (f c) by testing three
100 x 200 mm cylinders in accordance with ASTM C39 (2021). Following the ASTM C496
(2017) guidelines, concrete splitting tensile strength (fs;) was determined from split-cylinder
testing on three 100 x 200 mm cylinders at 28 days.

Concrete C3 was obtained from a ready-mix plant located in Pittsburgh, PA; all the specimens
tested in the USA were fabricated with the same batch of C3 concrete. The mixture was made
of cement type CEM I/11 with 9.5 mm maximum aggregate size and using a w/c of 0.39. 28-day
compression tests (ASTM C39) were performed. The tensile strength (fcf) of batch C3 was
calculated based on the appearance of the first crack in the prisms tension tests and was found
to be fee = 2.2 MPa (COV = 0.24). The detailed calculation of fc is presented in Appendix C.
The direct tensile strength, fe, is not directly comparable with that determined from a split
cylinder test, fsp. The direct tensile strength will be lower: approximately fe: =~ 0.67fsp (Collins
and Mitchell, 1997). Thus, the tensile strengths of C1, C2, and C3 batches are comparable
(Table 4.1).
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4.2 REINFORCING BARS

Material properties, bar geometry and surface characteristics of the seven commercially

available GFRP and four steel bars used in this study are presented in Table 4.2. The

nomenclature #X indicates X eights of an inch nominal diameter (US designation).

Nominal (i.e., geometry used for design), and measured bar geometries are provided (see

Section 4.2.3 for the detailed characterisation). Tension properties of the bars were determined

experimentally (ASTM D7205-21) or obtained from mill certificates — these are mean

properties, not “guaranteed” (i.e., characteristic) properties used for design.

Table 4.2 — Characteristics of bars used in this study.

Bar #2 #3 #4 #6 #4 #5 #5 #2 #3 #4 #6
hGFRP hGFRP rGFRP rGFRP sGFRP sGFRP sGFRP-s steel steel steel  steel
Most
Deformation type  Helically wrapped Machined ribs Sand-coated sand Deformed steel reinforcement
removed

Image of the bar
(Images are not

@ M Bo©

same scale) . < ]
. v 1
Bar size # #4 #6 #4 #5 #3  #4  #6
_Nominal bar 6.3 127 191 127 159 95 127 190
diameter d, (mm)
Nominal area of 31 71 127 284 127 199 199 31 71 127 284
bar A, (mm?)
Measured d, (mm) - - 13.8 20.4 13.2 175 16.9 - - 125 19.0
Measured A,
) - - 146 321 122 219 215 - - 119 269
Modulus of
elasticity of bar 28 37 60.3"  60.3" 469"  48.4° 484> 200 200 200 200
Ep (GPa)
Tensile strength of g, 973 962" 898"  927™ 739 739" 500" 500" 500" 500"
bar fi, (MPa)

Yield strength of m m m m
steel f, (MPa) n.a n.a n.a n.a n.a n.a n.a 400 400 400 400
Re'g“‘(’étf'g f)rea 0035 0050 0030 0024 na na na 0049 0086 0074 0.089

r . L.
Concrete batch c2 c2 c3 c3 c3 c3 c3 ciTL c1 c3 cC3

™Values obtained from mill certificates; values are experimentally determined otherwise.
P Experimentally-determined values originally reported in Platt (2018).
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4.2.1 #5sGFRP-s bars

The bond behaviour of the bar-concrete interface is influenced, among other factors, by the
surface treatment of GFRP bars. Bars with smooth surface present poor bond performance and
are not recommended for structural applications (Cosenza et al., 1997; Yan et al., 2016; fib,
2013). Furthermore, ACI PRC 440.1 (2015) excludes smooth bars from the recommendation
for bond coefficient ky = 1.4 when ky is not known from experimental data and highlights that

further analysis is needed to determine a ky value for such reinforcement.

In order to investigate the variation of ky, a small number of samples of the #5 sand-coated bar
(#5 sGFRP) were manually abraded (using a silicon carbide sanding belt) to remove much of
the sand coating; these are designated as #5-sGFRP-s in this study. These bars have a very small
amplitude deformation formed by the helical wrapping of the glass fiber bundle; this can be

seen in the image in Table 4.2.
4.2.2 Mechanical Characterisation

To determine the tensile strength of #2 hGFRP and #3 hGFRP bars, five specimens for each
bar were tested in direct tension. All the GFRP bars tested had a total length of 1,000 mm and
an anchoring length equal to 200 mm (Figure 4.1a). Since the anisotropic behaviour of GFRP
bars is different from that of steel, the conventional method of gripping tends to crush GFRP
bar ends and can cause premature tension failure. To prevent this, each end of the bar was
anchored in steel tubes filled with “Viapoxi Adesivo Gel” epoxy resin (Figure 4.1b). The outer

and inner diameters of the steel tube used for anchorage were 25.5 and 20.9 mm, respectively.

To avoid any flexural load during the test, the GFRP bars were axially aligned into the steel
tube using a plastic cap on both ends of the tube (Figure 4.1c). The long clear span between
anchors also helps to mitigate significant flexure-induced stress in the specimen. The anchoring
was cast vertically and left to cure for at least 24 hours prior to casting the second anchorage
for the bar. The bars were loaded in tension using an EMIC model DL 30 000 universal test
machine with a capacity of 300 kN; load was applied at a displacement rate of 5 mm/min until
failure (Figure 4.1d).



63

'
l_l~ - . -
i 200 man T 600 1mum T 200 mm
r 1000 man L
a) Tensile test specimens. b) Bars anchored with steel tube.

c) Caps used to ensure GFRP bar alignment on the steel
tube.
Figure 4.1 — Details of the mechanical characterisation of #2 hGFRP and #3 hGFRP bars.

d) Tensile test set-up.

The applied load was measured through a load cell connected to a computer-monitored data-
acquisition system and the displacements were captured using an axial extensometer with a
gauge length of 50 mm. The extensometer was removed prior to bar rupture to avoid any
damage to the equipment. Failure mode in the specimen gage length (i.e., unaffected by the
anchorage) of #2 hGFRP and #3 hGFRP bars is shown in Figure 4.2. Average values of the
mechanical properties obtained from uniaxial tension tests are reported in Table 4.2. Nominal
diameters were used to calculate the mechanical properties of the GFRP bars in accordance
with ASTM D7957-22 (2022). Other bars were not tested as part of this study and the provided
values from the manufacturer or previously obtained strengths and modulus (from the same
batch of bars) are reported in Table 4.2. Since the focus of this study is bond, the bars will not
be loaded to their ultimate capacity; therefore, strength is not as important to determine as

modulus.
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Figure 4.2 — Failure mode of (a) #2 hGFRP and (b) #3 hGFRP bars.

4.2.3 Geometric Characterisation
4231 Area of Bar

The measured area of GFRP bars were obtained using the immersion method (Archimedes
principle). Three specimens from each #4 rGFRP, #6 rGFRP, #4 sGFRP, #5 sGFRP, and #5
SGFRP-s bars were cut and tested. Steel bars (#4 steel and #6 steel) were used for comparison
purposes. Specimens were suspended by a fine line into a beaker of water placed on a precision
electronic scale. The specimens were first weighed before being immersed to determine their
dry weight. Then they were immersed in water at 21° C and the change in weight of water
recorded after a few seconds of stabilization of the specimen. The volume of each specimen is
calculated by dividing the change in weight of the water by the density of water at 21°C. Finally,
the measured area is calculated by dividing the volume by the measured length of the specimen.
The density of the specimen is determined by its mass divided by the calculated volume.
Measured diameter was estimated using caliper in four different points around each specimen.
Resulting geometric properties of the tested bars are given in Table 4.3 and summarized in
Table 4.2. The geometries of the #2 hGFRP and #3 hGFRP bars were not obtained in this
manner. Test results showed that all GFRP bars met the requirements for the measured area
limits specified in ASTM D7957-22 (2022).



Table 4.3 — Geometric properties of bars.

Bar Speci N_omlnal Measured Measured Measured A,  Density
nomenclature  ~PECIMEN %lameter dy (Mmm) length (mm) (mm2) (g/ cm3)
b (Mm)
1 13.83 25.34 145.8 2.132
#4 rGFRP 2 12.7 13.84 25.94 146.2 2.132
3 13.85 25.53 145.8 2.131
Average 13.84 25.60 146.0 2.132
cov 0.0007 0.012 0.002 0.0003
1 20.32 25.84 321.0 2.157
#6 rGFRP 2 19.1 20.35 26.78 321.0 2.154
3 20.39 26.05 320.8 2.154
Average 20.35 26.22 320.9 2.155
cov 0.002 0.019 0.0003 0.0008
1 13.19 25.94 121.6 2.159
#4 sGFRP 2 12.7 13.21 25.65 122.0 2.154
3 13.30 24,77 121.0 2.158
Average 13.23 25.45 121.6 2.157
cov 0.004 0.024 0.004 0.001
1 17.33 25.43 219.1 1.934
#5 sGFRP 2 15.9 17.37 25.79 218.2 1.931
3 17.70 25.94 219.6 1.93
Average 17.47 25.72 219.0 1.93
cov 0.012 0.010 0.003 0.001
1 16.95 25.08 215.1 1.946
#5 sGFRP-s 2 15.9 16.74 24.50 214.8 1.948
3 16.92 26.75 214.2 1.949
Average 16.87 25.44 214.7 1.948
cov 0.007 0.046 0.002 0.0008
1 12.50 25.05 120.0 7.843
#4 steel 2 12.7 12.76 25.00 116.2 8.093
3 12.19 25.02 120.5 7.738
Average 12.48 25.02 118.9 7.891
cov 0.023 0.001 0.020 0.023
1 19.05 25.20 270.4 7.824
#6 steel 2 19.1 18.65 25.34 266.4 7.818
3 19.25 25.24 271.3 7.796
Average 18.98 25.26 269.5 7.813
Ccov 0.016 0.003 0.009 0.002
42.3.2 Deformation Measurements
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As described in Section 2.1.3, the “relative rib area”, Ry, is a geometrical parameter quantifying

mechanical bond between steel reinforcing bars and concrete which permits some degree of

direct comparison between bars having different deformation patterns. Deformation geometry

of the ribbed GFRP and steel bars used in this study was assessed and the results compared
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against some requirements of ASTM A615-22 (2022). The rib ratio is determined from
Equation [2.1]. The deformation measurements are shown in Figure 2.3 and the results for the
bars are reported in Table 4.4 and summarized in Table 4.2.

By analysing the summary of the results in Table 4.5, it can be seen that the #2 hGFRP, #3
hGFRP, and #4 rGFRP bars did not meet the requirement of lug spacing. Among GFRP bars,
only #2 hGFRP and #3 hGFRP bars satisfy the requirement for lug height, while all the steel
bars meet this requirement — the latter is expected since these are ASTM A615 Grade 60 bars.
The “relative rib area” is not mentioned in ASTM A615, although a minimum value of 0.05 is
inferred for R indicating adequate bond performance. #2 hGFRP, #4 rGFRP, and #6 rGFRP
bars did not comply with the Ry > 0.05 condition, although #4 rGFRP and #6 rGFRP bars
presented the highest bond stresses among all the GFRP bars tested by pull-out tests (see
Section 5.2.3). #5-GFRP deformed sand-coated bars are not included in Tables 4.4 and 4.5 as
they have no deformation to measure. An alternate means of quantifying “deformations” for

sand-coated bars is needed.



Table 4.4 — Deformation measurements (lug) of bars (undeformed sand-coated bars not included).
Relative rib

Lug height >Bn area (Ry)

(6) (mm) (deg.) Equation

Nominal Lug
Specimen diameter  spacing
dy (mm)  (sr) (mm)

Bar
nomenclature

[2.1]

1 15.2 0.50 0.032

#2 hGFRP 2 6.3 15.2 0.70 0.040
3 15.2 0.40 0 0.032

Average 0.53 0.035

cov 0.29 0.130

1 13.3 0.80 0.060

#3 hGFRP 2 9.5 13.3 0.60 0.045
3 13.3 0.60 0 0.045

Average 0.67 0.050

cov 0.17 0.170

1 10.2 0.29 0.029

#4 rGFRP 2 12.7 10.2 0.33 0.033
3 10.2 0.27 0 0.027

Average 0.30 0.030

cov 0.10 0.100

1 10.4 0.25 0.024

#6 rGFRP 2 19.1 10.4 0.24 0.023
3 10.4 0.25 0 0.024

Average 0.25 0.024

cov 0.02 0.020

1 44 0.30 81 0.053

#2 steel 2 6.3 44 0.30 76 0.054
3 44 0.20 50 0.039

Average 0.27 69 0.049

cov 0.22 0.24 0.170

1 6.2 0.60 53 0.082

#3 steel 2 9.5 6.2 0.70 61 0.094
3 6.2 0.60 62 0.080

Average 0.63 59 0.086

cov 0.09 0.08 0.090

1 8.6 0.82 69 0.077

#4 steel 2 12.7 8.6 0.76 73 0.071
3 8.6 0.78 69 0.074

Average 0.79 70 0.074

cov 0.04 0.04 0.040

1 11.8 1.30 78 0.086

#6 steel 2 19.1 11.8 1.35 71 0.092
3 11.8 1.31 67 0.090

Average 1.32 72 0.089

cov 0.02 0.08 0.030




Table 4.5 — Summary of deformation measurements requirements.

Requirement prescribed in ASTM A615

Section 7.5: average

Bar Section Section 7.4: height of deformation
nomenclature 73 > chord < 25% -
.3: erimeter. i.e less than limit Rr>0.05
$<07dy P ' o ' prescribed in ASTM
$Bn< 90
n A615

#2 hGFRP X v 0>0.25 mm® v X
#3 hGFRP X v 0>0.38 mm v v
#4 rGFRP X v 0>0.51 mm X X
#6 rGFRP v v 0>0.97 mm X X
#2 steel v v 0>0.25 mm v v
#3 steel v v 0>0.38 mm v v
#4 steel v v 0>0.51 mm v v
#6 steel v v 0 >0.97 mm v v

@ #2 bars are not included in ASTM AG15 specification; based on limits for #3 and
#4 bars, the implied limit for a #2 bar is 6 > 0.25 mm.




69

4.3 SUMMARY OF THE CHAPTER

Details of the concrete and reinforcing bars used in this work were described in this chapter.
Three different concrete mixes with a specified 28-day compressive strength of 35 MPa were
used, namely: C1, C2, and C3; the batches C1 and C2 corresponds to the mixes used to fabricate
the specimens tested in the first series of tests (pull-out tests performed at CEFET-MG, Brazil)
and the C3 batch was used to fabricate the specimens tested in the second series (pull-out and
beam prism tests performed at University of Pittsburgh, USA). The concrete compressive and
tensile strengths were determined for each mix. Although different concrete batches were

utilized, the compressive and tensile capacities are quite similar.

The mechanical and geometrical properties of the GFRP and steel bars used in the tests were
also reported in this chapter. Several published studies imply that bars having a “relative rib
area” Ry > 0.05 present satisfactory bond behaviour. The ribbed #4 rGFRP and #6 rGFRP bars
did not satisfy this requirement, although they ultimately presented better bond performance in
the pull-out tests (detailed in Chapter 5) among all the GFRP bars tested.
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5

PULL-OUT TEST

This chapter presents the details and results of the pull-out tests carried out in this work. From
the experimental data, an examination of the bond behaviour of the reinforcing bars and the
prediction of the bond-dependent coefficient, k,, were performed. The preparation of
specimens, test set-up, and testing procedure are detailed in this chapter. The data obtained in
this experimental programme supplemented an extant database of 137 comparable pull-out test
results reported by Sélyom and Balazs (2020) covering a greater range of GFRP bar and
concrete parameters. Finally, the most relevant aspects of this section are summarized in the

end of the chapter.
5.1 INTRODUCTION

Pull-out tests are widely used in the assessment of bond behaviour of steel bars embedded in
concrete due to their simplicity and ease of application. Nonetheless, it must be noted that pull-
out tests are A-B tests: permitting comparison between test parameters but not providing a value
of bond relevant for design (see Section 2.1.4.2). The bar is bonded over only a length of five
bar diameters (5db) and the concrete cube or cylinder is sized sufficiently large to avoid splitting
failures. In this manner, the average bond performance of the bar over a length of 5dy is
assessed. The bond capacity obtained from this test is an extreme upper bound value which
cannot be sustained over longer embedment lengths (see Section 2.1.4.4) (Feldman and Bartlett
2005; Osofero et al. 2014). Although continuous load-slip data is recorded, ASTM D7913
defines “control” values of bond strength at slips of 0.05, 0.10, and 0.25 mm. Details of the

pull-out test method can be found in Section 2.1.4.2.
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5.2 TEST DETAILS

Two series of pull-out tests were conducted: the first was performed at CEFET-MG (Brazil)
using #2 and #3 bars; the second series of tests was conducted at the University of Pittsburgh
(USA) with larger #4, #5 and #6 bars. The following sections describe both test series. These
tests are essentially compliant with ASTM D7913, although any differences in their conduct

are noted.
5.2.1 Test Specimens

All the concrete cubes are 200 mm on a side and formed in wood moulds (Figure 5.1a and b).
The bars were placed horizontally in the center of the moulds and the debonded region was
ensured by encasing the debonded portions of the bars with hose (#2 and #3 bars) or steel
electrical conduit (#4, #5 and #6 bars) (Figure 5.1c and d, respectively). Concrete was placed
in two lifts with each vibrated using a mechanical wand vibrator; special attention was taken to
not disturb the bar (Figure 5.2). After casting, the specimens were covered with burlap and
plastic and cured in ambient laboratory conditions. Details of the concrete used to cast the

specimens are described in Table 4.1.

The 200 mm cube dimension was selected as this had been demonstrated previously (Platt 2018)
to be sufficiently large to mitigate splitting failures for bars up to #6. ASTM D7913 requires
that tests that exhibit splitting be excluded from bond evaluation. If splitting is regularly

observed, increasing the concrete dimension is recommended.



c) Hose used as bond breaker.
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5.2.2 Test Set-up and Procedure

All the pull-out tests were performed following the provisions of ASTM D7913. The concrete
cubes with embedded reinforcing bars were placed in a steel frame that was positioned in the
testing machine, so the bars were placed in tension to “pull-out” the reinforcement from the
concrete (Figure 2.7 and Figure 5.3a and b). Servo hydraulic universal testing machines were
used at CEFET-MG and PITT with load capacities of 300 and 600 kN, respectively. The slips
of the bar at the unloaded (free) end were measured using a plate with a displacement transducer
(CEFET-MG,; Figure 5.3c) and a custom-fabricated collar with the linear position transducer
(PITT; Figure 5.3d). Output data from the testing apparatus and the transducers were recording

using an automatic data acquisition system.

b) Testing machine used at PITT.

c) Plate with transducer. d) Collar with transducer.
Figure 5.3 — ASTM D7913 test set-up.
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5.2.3 Pull-out Test Results

In total, 80 specimens were tested. All experimentally determined bond stress versus slip curves
are shown in Figure 5.4. Bond stress, calculated using Equation [2.5], is reported at specific
values of slip of 0.05, 0.10, and 0.25 mm (ASTM D7913-14, 2020). The maximum bond stress
obtained and the slip corresponding to this stress are also reported. The test programme
considered seven GFRP bar types and comparable steel bars (Table 4.2). Recognising the
limitations of the ASTM D7913 test as an A-B comparison test, an approximation of the bond-
coefficient, ky, can be calculated as:

Tsteel

kbz

(5.1)

TGFRP

where zsteel IS the bond stress determined for the control steel bar and zcrrp is the bond stress of
the GFRP bar considered.

The experimental pull-out test results for all 80 specimens tested are given in Appendix D. The
results are summarized in Table 5.1. In addition to bond stress and slip values, energy
absorption at slip values of 0.25 mm and 1 mm — defined as the area under the bond-slip curve
up to these slip values — is also given in Table 5.1. The area under bond-slip curve represents
the ability of the bond-slip system to absorb energy in the plastic phase, which is a measure of
toughness. The value of slip of 1 mm was a convenient value which captures the behaviour of
all specimens tested. Typically, five (CEFET-MG) or ten (PITT) specimens were tested for
each condition. Specimens exhibiting splitting and some in which slip data was lost during the
test are excluded from average data reported in Table 5.1; therefore, the number of specimens

(n) reported for each value varies.
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Table 5.1 — Pull-out tests results.

Most
ASTM A615 Helically ASTM A615 Gr. GFRP with sand
Bar type Gr. 60 steel wrapped GFRP 60 steel machined ribs Sand-coated GFRP removed
GFRP
Test series CEFET-MG PITT
Bar #2 #3 #2 #3 e #6 #4 #5 #5
nomenclature  steel steel hGFRP hGFRP steel rGFRP rGFRP SGFRP SGFRP SGFRP-s
Image of the ' € Q - @ ) q
bar (all } t - -~ \~ 3
images are A - —
not in the l e — A, ;
same scale) & } . ’ es E 'A% -
Concrete c1 c2 c3
batch
NOE?T:E%' b 53 95 6.3 95 127 19 127 19 12.7 15.9 15.9
No(mn:;az') Ao gp 71 31 71 127 284 127 284 127 199 199
Measured A, - - - 119 269 146 321 122 219 215
(mm?)
8‘72%”3; . . . - 7891 7813 2131 2155 2157 1.932 1.948
Ep (MPa) 200 200 28 37 200 200 603 603 46.9 48.4 48.4
fr (MPa) 500 500 590 973 500 500 962 898 927 739 739
Rr(Eq.2.1) 0.049 0086 0035 0050 0074 0089 0030 0024 na. na. na.
S (mm) 4.4 6.2 15.4 13.3 8.6 11.8 10.2 10.4 n.a. n.a. n.a.
Cubesize, b ,55 59 200 200 200 200 200 200 200 200 200
(mm)
Concrete ) c1 c2 3
batch
fo(MPa) 332 350 332 350 378 378 378 378 37.8 37.8 37.8
f,(MPa) 31 29 3.1 2.9 2.2 2.2 2.2 2.2 22 22 22
lb=5d,(mm) 315 475 315 475 635 95 63.5 95 63.5 79.5 79.5
Tavg at 005
mm slip 190 344 190 177 722 835 331 489 5.39 7.64 5.07
(MPa)
COV 042 07 078 040 027 023 021 026 0.48 0.31 0.32
n 5 5 5 5 8 3 9 6 8 5 4
Tavg a.t 010
mm slip 325 499 387 228 885 1078 397 582 5.83 8.96 6.27
(MPa)
COV 034 064 062 041 021 010 018 024 0.52 0.23 0.27
n 5 5 5 5 8 3 10 6 9 5 4
Tavg at 025
mm slip 636 866 895 389 1300 1560 580  8.04 6.66 9.98 7.79
(MPa)
CoOv 016 032 052 043 012 006 016 023 0.46 0.16 0.24
n 5 5 5 5 8 3 10 6 9 5 4
tmxavg (MP2) 1139 14.92 1840  11.94 1645 2047 1251 14.35 7.33 10.78 10.87
cCov 009 021 016 021 011 013 018 017 0.39 0.16 0.14

n 5 5 5 5 10 7 10 10 10 5 5
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Most
ASTM A615 Helically ASTM A615 Gr. GFRP with sand
Bar type Gr. 60 steel wrapped GFRP 60 steel machined ribs Sand-coated GFRP removed
GFRP
Test series CEFET-MG PITT
Bar #2 #3 #2 #3 #4 46 steel #4 #6 #4 #5 #5
nomenclature  steel steel hGFRP hGFRP  steel rGFRP rGFRP  sGFRP SGFRP SGFRP-s
Image of the | R ' 4 ‘ ')
bar (all ! ) - '
images are : .
not in the f = . ! 7
same scale) Vf' 3 L g
Average free
end slip at 1.09 1.34 1.54 2.74 0.95 1.28 2.63 1.92 0.58 3.75 7.21
Tmax (mm)
Cov 0.11 0.15 0.19 0.10 0.22 0.24 0.11 0.18 0.53 0.89 0.22
n 5 5 5 5 10 7 10 10 10 5 5
Area under
curveto 0.25 0.92 1.37 1.18 0.62 2.26 2.74 1.00 1.48 1.36 2.08 1.49
mm
COV 0.24 0.46 0.56 0.41 0.17 0.08 0.19 0.24 0.52 0.23 0.28
n 5 5 5 5 8 3 10 6 9 5 4
Area under
curve to 1 10.89 14.15 16.03 7.93 14.03 17.63 6.85 9.53 6.46 9.78 7.89
mm
Cov 0.10 0.27 0.27 0.33 0.12 0.13 0.16 0.22 0.44 0.16 0.21
n 5 5 5 5 7 3 10 6 9 5 4
Kp at Tmax n.a. n.a. 0.62 1.25 n.a. n.a. 1.31 1.43 2.24 1.47@ 1.45@

@Calculated based on average of steel bars results.




Bond struss, 1(MPs)

0} ) St m)

05 10 15 20 23 30
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Figure 5.4 — Bond-stress slip curves for reinforcing bars: (a) #2 steel, (b) #3 steel, (¢) #2 hGFRP, (d) #3 hGFRP, (e) #4 steel, (f) #6 steel, (g) #4 rGFRP, (h) #6

rGFRP, (i) #4 sGFRP, (j) #5 SGFRP, and (k) #5 SGFRP-s.
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5.3 DISCUSSION OF THE PULL-OUT EXPERIMENTAL
RESULTS

The summary of the experimental ASTM D7913 pull-out test is presented in Table 5.1. Figure
5.5 shows a representative bond stress — slip curve for each type of bar. Stress-slip curves for
all 80 tests are shown in Figure 5.4. All bars tested, except #4 sGFRP exceeded the minimum
bond stress requirement of 7.6 MPa prescribed by ASTM D7957-22 (and 9.6 MPa prescribed
by the ASTM D8505-23 for higher modulus bars) (see Section 2.1.2).

26 ! :
2 i B B ettt <[] #6 steel
] =" ]
22 i - i
) rd (]
] ,I :
20 i i :
~ 18 E ’,’ i [c] #2 hGFRP
[ ! K H
% 16 Y ! <—[e] #4 steel
e A i h] #6 rGFRP
5 L ’/ L === g [b] #3 steel [g] #4 rGFRP
£ " o\ | [a] #2 ste [d] #3 hGFRP
< 10 y e
£ ' 7 - V [K] #5 SGFRP-s
m 8 —— i L—— [j] #5 sGFRP
1
6 oL : <— [i] #4 SGFRP
‘170 1
a4 W) :
] ! '
[ 1 ]
2 1 ] ]
10.25 mm slip 11 mmslip
0 ' 1
0.0 0.5 1.0 15 2.0 25
Slip (mm)

Figure 5.5 - Representative bond stress versus slip relationships from pull-out tests.

The fundamental bond stress-slip relationship is characterized by an initially stiff response
followed by a softening behaviour until the maximum bond stress is achieved. Responses of the
bars having deformations (steel, rtGFRP, and hGFRP) exhibit a gradual degradation of stiffness
followed until the maximum bond stress is achieved and maintained over a short plateau (Figure
5.5 curves a-h). Sand-coated, but otherwise undeformed bars, on the other hand, maintain their
initially stiff response and achieve their peak bond stress at lower values of slip (Figure 5.5
curves i-k). After reaching their peak load, sand-coated bars exhibit a slight drop in bond
capacity followed by a relatively long plateau at a lower residual bond capacity. Having some
of the sand removed (#5 sGFRP-s; Figure 5.5 curve k), ‘softened’ the sand-coated behaviour to

an extent and the behaviour resembled more that of a ribbed bar, albeit with lower capacity
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(these bars had some helical deformation as seen in Table 5.1). The #5 bars having some sand
coating removed (#5 sGFRP-s) exhibited similar average maximum bond stress to that of the
#5 sGFRP bars (10.9 MPa and 10.8 MPa, respectively) but at approximately twice the ultimate
slip: 7.2 mm for #5 sGFRP-s and 3.6 mm for #5 sGFRP (Table 5.1).

The average maximum bond stress, zmaxavg, OF helically wrapped GFRP bars (#2 hGFRP and #3
hGFRP) and GFRP with machined ribs (#4 rGFRP and #6 rGFRP) was greater compared to the
other GFRP surface types; the highest zmaxavg Value observed was 18.4 MPa for #2 hGFRP bar.
By contrast, the value for zmaxavg O the #2 steel bars tested was 11.4 MPa (Table 5.1).

The lowest bond stress among the GFRP bars was observed for the #4 sGFRP bar: 7.3 MPa
(Table 5.1). This low bond capacity is attributed to the reduced mechanical engagement of sand-
coated surface with the concrete. Sand coating has been reported to lead to an increase in the
chemical bond component of bond (Chaallal and Benmokrane, 1993; Nanni et al., 1997);
however, as most sand is embedded and encased in the vinyl-ester bar matrix material, it is
unclear how chemical bond can be enhanced. Further investigation of the relatively poor
performance of the sand-coated bars in the ASTM D7913 test, despite good performance in the

prism tests (reported below) is reported in Chapter 7.

#4 and #6 steel, and #2 helically wrapped GFRP exhibited the ‘toughest’ behaviour: having the
greater energy absorption through a slip of 1 mm. With the exception of the #2 helically
wrapped GFRP bar, the GFRP bars, regardless of surface deformation, exhibited approximately
one-half of the energy absorption of the corresponding diameter steel bars. The energy
absorption behaviour may reflect service performance of bars in cases of fatigue loading, for
instance. It is well-established that GFRP bars do not perform well in fatigue loads and that
transient loads should be limited to 20% of the bar strength (ACI PRC 440.1R-15).

In all cases, except #2 bars, pull-out tests of steel bars of the same diameter exhibited greater
bond stresses than GFRP bars, regardless of surface treatment. In addition, the slips
corresponding to the maximum bond stress in steel bars were smaller than for the comparable
GFRP bars despite the higher bond stresses achieved. This observation reflects the effect of the
lower modulus of the GFRP material (Table 4.2).

Although it is implied that the bars having “relative rib area”, Rr > 0.05 present adequate bond

performance (Sections 2.1.2 and 4.2.3.2), the experimental results showed that bars that did not
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meet this requirement — #2 hGFRP, #4 rGFRP, and #6 rGFRP bars — presented satisfactory
values of bond stress compared to the other bars (Table 5.1). For example: R, for #2 hGFRP is
only 0.035 and zmax is 18.4 MPa, while for #2 steel bar R is 0.05 and zmax is 11.4 MPa. Based
on the experimental results, it is seen that the geometry of deformed bars has no significant
influence on their maximum bond capacity. The geometry, however, does affect the shape of
the bond-slip behaviour relationship.

The range of ky values determined from the pull-out tests was broad. Only the #2 hGFRP bar
showed better bond behaviour than comparable steel with k, = 0.62. Other non-sand-coated
GFRP bars tested exhibited ky in the range of 1.25 to 1.43; similar to that recommended by ACI
PRC 440.1R-15 and Shield et al. (2019). As noted above, the sand-coated bars performed poorly
in the ASTM D7913 test and, contrary to recommendations from the literature, exhibited ks

values greater than non-sand-coated bars.

5.3.1 Statistical analysis

The one-way analysis of variance (ANOVA) was carried out to verify if there are statistically
significant differences between the results obtained. ANOVA was performed using RStudio
software, version 2023.06.2-561 considering 5% level of significance, where the null
hypothesis (Ho) is that if there is no statistical difference between the bond behaviours of bars
considered, otherwise, the alternative hypothesis (Hi) is attributed. Thus, if “p-values”,
(probability of accepting the null hypothesis [Ho]) is equal or greater than the level of

significance (0.05), condition Ho is selected, whereas if p-value < 0.05, then H; is considered.

Considering steel and GFRP bars having the same diameters, ANOV A showed that type of bar
has influence on maximum bond stress, tmax, for all bars analyzed: #2 steel and #2 hGFRP (p-
value = 0.001); #3 steel and #3 hGFRP (p-value = 0.001); #4 steel, #4 rGFRP and #4 sGFRP
(p-value < 0.0001); and #6 steel and #6 rGFRP (p-value = 0.0002).

For GFRP bars having same surface configuration and different diameters, ANOVA showed
that there is statistical difference and bar diameter does affect the estimation of zmax for #2
hGFRP and #3 hGFRP bars (p-value = 0.006) and #4 sGFRP and #5 sGFRP bars (p-value =
0.03); while for #4 rGFRP and #6 rGFRP, ANOV A showed that the bar diameter does not affect
Tmax (P-value = 0.09).
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Taking into account GFRP bars having the same diameter but different surface configurations,
ANOVA confirms the experimental results for #5 sSGFRP and the #5 sGFRP-s bars, indicating
that there is no statistical difference between the bond behaviour of these bars (p-value = 0.93),
while for #4 rGFRP and #4 sGFRP, ANOVA indicated that the surface deformation does affect

the maximum bond stress (p-value = 0.0002).

The bond behaviour of the bars tested in this study was also statistically correlated using a two-
tailed “t-test”, which compares the means of two groups and determines if there is a statistically
significant difference between them. The resulting “p-values” are provided in Table 5.2. Results
for both maximum bond stress and bond stress at 0.25 mm slip are shown in opposing quadrants
of the matrix in Table 5.2. The resulting p-value > 0.05 (highlighted in bold) shows that the
correlated bars have statistically similar values of bond stress; this is partially due to the high
degree of variation inherent in bond testing.

Table 5.2 — Correlation matrix of bond behaviour of the bars tested.

Bar nomenclatur

# # #2 #3 # #6  #A H6 #a woo B

I steel steel hGFRP hGFRP  steel steel rGFRP rGFRP sGFRP sGFRP s

p-value

#2 steel 1.0000 0.1216 0.2620 0.0216 0.0001 0.0001 0.3023 0.1046 0.8385 0.0030 0.1812
#3 steel 0.0418 1.0000 0.9083 0.0110 0.0040 0.0067 0.0098 0.6688 0.2531 0.3884 0.6104
#2 hGFRP 0.0011 0.1099 1.0000 0.0524 0.0423 0.0569 0.0537 0.6705 0.2883 0.6553 0.6584
#3 hGFRP 0.6591 0.1335 0.0061 1.0000 0.0001 0.0001 0.0119 0.0037 0.0896 0.0004 0.0124
#4 steel 0.0001 0.2496 0.1419 0.0016 1.0000 0.0261 0.0001 0.0001 0.0001 0.0063 0.0004
#6 steel 0.0001 0.0085 0.2451 0.0003 0.0020 1.0000 0.0001 0.0003 0.0007 0.0016 0.0013
#4 rGFRP 0.3056 0.1045 0.0008 0.6588 0.0004 0.0001 1.0000 0.0057 0.4045 0.0001 0.0183
#6 rGFRP 0.0220 0.7004 0.0141 0.0943 0.0422 0.0002 0.0967 1.0000 0.3400 0.0990 0.8400
#4 sGFRP 0.0099 0.0004 0.0001 0.0095 0.0001 0.0001 0.0003 0.0001 1.0000 0.0454 0.5141
#5 sGFRP 0.5030 0.0307 0.0011 0.4142 0.0001 0.0001 0.1572 0.0123 0.0288 1.0000 0.0993
#5 sGFRP-s 0.5327 0.0304 0.0010 0.4348 0.0001 0.0001 0.1688 0.0126 0.0237 0.9324 1.0000

Correlation for maximum bond stress, zmax.

Correlation for bond stress at 0.25 mm slip, 7o.2s.
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54 EXPERIMENTAL DATABASE

In addition to the 80 specimens tested in the present study, 137 comparable ASTM D7913 pull-
out tests reported by S6lyom and Balazs (2020) are considered in order to capture a broader
view of the bond characteristics of GFRP bars. Details of the complete database, including the
bars reported in this study (for completeness and ease of comparison), are given in Appendix
E. kp factors are reported only where a direct comparison with steel bars tests (for which ky =
1.0) is available. S6lyom and Balazs tested a range of sand-coated, helically wrapped and sand-
coated, and machine-deformed GFRP bars. A summary of all bond stress results is shown in
Figure 5.6. The vertical red dashed line in Figure 5.6 is 7.6 MPa, the minimum value of bond
stress required by ASTM D7957. It is seen that, with the single exception of #4 sGFRP tested

in this study, all bars exceed this value.

Solyom and Balazs tested bars embedded in normal-strength concrete (NSC) and high-strength
concrete (HSC), having f.’ = 35.3 MPa and 66.1 MPa, respectively. For the sake of comparison,
the NSC is comparable to that used in the present study (Table 4.1). As expected, and clearly
seen in Figure 5.6, the bond strength achieved in HSC exceeds that of NSC approximately in
the proportion of (f;")%°. This validates the ACl PRC 440.1R-15 and ACI CODE 440.11-22
bond development length relationships that are proportional to (f;)°°. In North American
practice, concrete tensile capacity is expressed as a function of (fc )*®, illustrating the correlation

between bond capacity and local cracking in the vicinity of the embedded bar (see Figure 2.2b).

With the exception of 6 mm bars (#2 bars) embedded in NSC, there are no clear trends with
respect to bond stress found in pull-out tests. Steel (dashed entries in Figure 5.6) and GFRP
(solid entries) bars exhibit comparable behaviour and there is little to differentiate sand-coated
GFRP bars (shaded entries) from other GFRP deformation types. Apart from the smallest 6 mm
bars reported, ky is generally greater than unity. Excluding 6 mm bars, the average value of ky

reported is 1.37.

Bars smaller than 10 mm or #3 bars are rarely used in structural reinforced concrete practice.
Nonetheless, the 6 mm (#2 bars) exhibit a different trend with GFRP bars outperforming steel
bars, and sand-coated GFRP bars being generally superior to non-sand-coated GFRP bars. It is
noted however, that the bond stress reported for 6 mm steel bars is lower than that for other

steel bars tested; this leads to lower calculated ky, values.



83

The high degree of variability (one standard deviation error bars are shown in Figure 5.6) is
also apparent and must be considered when drawing comparisons between bars or assessing

apparent trends.
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Figure 5.7 shows the maximum bond stress, tmax, versus “relative rib area”, Ry, for the
specimens assessed in this study and in the study performed by S6lyom and Balazs fabricated
with NSC. As a reference, the lower limit of Ry, i.e., Rr> 0.05 — indicating satisfactory bond
behaviour — is highlighted. Bond-dependent coefficient, ky, versus Ry is plotted in Figure 5.8.
The thresholds of k, < 1.0 and Rr> 0.05 suggest bars with improved bond performance. It is
seen that there is no trend that can be established between zmax and Ry, and ks and Ry.
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By comparing specimens fabricated with NSC and HSC in the study of S6lyom and Balazs, it
is observed that there is no trend between max and Ry (Figure 5.9), and Rr and ky (Figure 5.10),
independent of the concrete compressive strength. Plotting zmax versus ks, it can be concluded
that GFRP bars presented improved bond behaviour in normal strength concrete (k, < 1.0)
(Figure 5.11). In total, 9 GFRP bar types — out of the 18 whose k, was estimated — presented
better bond behaviour than comparable steel bars (Table E.1); of these, 8 bar types were

embedded in normal-strength concrete and 2 types in HSC (Figure 5.11).
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5.4.1 Statistical analysis

Analysis of Variance (ANOVA), also considered 5% of significance level, was used to assess
the effect of some parameters and their interactions in the maximum bond stress, zmax, response.

A p-value lower than significance level of 0.05 indicates the presence of significant effects.

For all GFRP bars tested in NSC and HSC, the surface configuration and concrete compressive
strength have been shown to influence maximum bond stress (p-value < 0.0001 in both cases).
Tukey’s test, at a 5% significance level, showed that there is no statistical difference for the
obtained bond stresses for different bar diameters of GFRP bars. The greatest bond stresses
were found for sand-coated GFRP bars, while the lowest were found for fine sand-coated GFRP
bars. Tukey’s test confirmed that the greatest wmaxare related to GFRP bars embedded in HSC
(Figure 5.6).

Considering steel bars, helically wrapped, helically wrapped and sand-coated, and indented
GFRP bars having 6- and 8-mm diameters in NSC and HSC, ANOVA showed that the bar
diameter (p-value = 0.001), surface configuration (p-value < 0.0001), and concrete strength (p-
value < 0.0001) does affect the maximum bond stress, although the bar diameter has less
influence. Tukey’s test confirmed that the greatest wmax Were found for 8mm GFRP bars (Figure
5.6). No statistical differences on bond stress were observed between steel bars, helically
wrapped, and helically wrapped and sand-coated GFRP bars. Analysing the influence of rib

ratio and concrete strength for these bars, ANOVA indicated that both parameters have
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influence on the maximum bond stress (p-value < 0.0001 in both cases). It is worth noting that
Sélyom and Balazs estimated the rib ratio differently from Equation [2.1] used in this study.
Sélyom and Balézs estimated Ry as the ratio between the projected rib area to the nominal bar
perimeter multiplied by the rib spacing. Tukey’s test showed that the greatest bond stresses
were found for bars having Ry = 0.12, although bars having R equal to 0.02, 0.04, and 0.05
presented values of bond stresses varying from 13 to 30% of that determined when R, = 0.12.

Comparing the results of this study and the study of Slyom and Balazs: for steel bars of 6.3
mm diameter in normal-strength concrete considering different cube sizes (150 and 200 mm),
ANOVA showed that the size of the specimen did not affect the maximum bond stress (p-value
= 0.85); in the same way, for helically wrapped GFRP bars of 6.3 mm in NSC and 150 and 200
mm cube sizes, ANOVA also indicated that different specimen sizes have no effect on
estimated bond stress (p-value = 0.84). This result is expected: provided the specimen was
adequate to mitigate splitting, the pull-out strength is not expected to be affected by the

dimension of the concrete specimen.
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5.5 SUMMARY OF THE CHAPTER

In this chapter, the bond behaviour of different types of GFRP were presented — including the
estimation of the bond-dependent coefficient, ko. Eighty ASTM D7913 pull-out tests were
performed in this study in two stages: #2 and #3 bars were tested at CEFET-MG (Brazil) and
#4, #5 and #6 bars were tested at University of Pittsburgh (USA). The primary conclusions are
as follows:

— the pull-out bond-slip behaviour of deformed bars (steel, ribbed GFRP, and helically
wrapped GFRP) exhibited a gradual degradation of stiffness until the maximum bond

stress which was maintained over a short plateau;

— the pull-out bond-slip behaviour of sand-coated GFRP bars exhibited an initially stiffer
response with the maximum bond stress being achieved at lower values of slip followed

by a relatively long plateau at a lower residual bond capacity;

— having some of the sand removed ‘softened’ the sand-coated behaviour to an extent and
the behaviour resembled more that of a ribbed bar, albeit with lower capacity. The #5
bars having some sand coating removed (#5 sGFRP-s) exhibited similar average
maximum bond stress to that of the sand-coated #5 SGFRP bars but at approximately

twice the ultimate slip;

— among the GFRP bars tested, the greatest average bond stress was 18.4 MPa for #2
helically wrapped GFRP bar, while #4 sand-coated GFRP bars exhibited the lowest
bond stress: 7.3 MPa;

— only the #2 helically-wrapped GFRP bar showed better bond behaviour than comparable
steel with k, = 0.62. Other non-sand-coated GFRP bars tested exhibited ky, in the range
of 1.25 to 1.43;

— #4 sand-coated bars performed poorly in the ASTM D7913 test and, contrary to
recommendations in the literature, exhibited ky value greater than non-sand-coated bars:
ko = 2.24;
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— considering steel and GFRP bars having the same diameter, ANOVA showed that type
of bar has influence on maximum bond stress for all bars analyzed (p-value < 0.05);

— for GFRP bars having the same surface configuration and different diameters, i.e., #2
and #3 hGFRP and #4 and #5 sGFRP bars, ANOVA showed that bar diameter does
affect the estimation of maximum bond stress (p-value < 0.05). On the other hand, bar
diameter has been shown to not affect bond stress of #4 and #6 rGFRP bars (p-value >
0.05);

— ANOVA indicated no statistical difference between the bond behaviour of #5 sGFRP
and the #5 sGFRP-s bars (p-value = 0.93);

— for #4 rGFRP and sGFRP, ANOVA showed that the surface deformation does affect

the maximum bond stress (p-value = 0.0002).

To supplement pull-out test data and assess the utility of the test method, a complementary
dataset of 137 tests reported by Sélyom and Balazs (2020) was analysed alongside the present
data. The S6lyom and Balazs tests were conducted in normal- and high-strength concretes using

36 bar types. The conclusions are as follows:

— the greatest bond stresses were found for specimens fabricated with high strength
concrete, independent of the surface configuration of the bar - bond strength was

proportional to (f;)°®:

— with the exception of 6 mm bars (#2 bars) embedded in normal strength concrete, there
are no clear trends with respect to bond stress found in pull-out tests. Steel and GFRP
bars exhibit comparable behaviour and there is little to differentiate sand-coated GFRP
bars from other GFRP deformation types. Excluding 6 mm bars, the average value of ky

reported is 1.37;

— considering only the specimens fabricated with normal-strength concrete, no trend
between maximum bond stress and “relative rib area”, or “relative rib area” and bond-

dependent coefficient was observed;
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— comparing specimens in NSC and HSC, no trend was observed between maximum bond
stress and “relative rib area”, and “relative rib area” and bond coefficient, independent

of the concrete compressive strength;

— 7 out of 11 GFRP bars embedded in NSC whose ky, could be estimated exhibited
improved bond behaviour (ks < 1.0); and 9 out of 18 GFRP bar types — including NSC
and HSC — presented better bond behaviour than comparable steel bars (kp < 1.0);

— for all GFRP bars tested in NSC and HSC, the surface configuration and concrete
compressive strength have been shown to influence maximum bond stress (p-value <
0.05);

— Tukey’s test showed that the greatest bond stresses were found for sand-coated GFRP
bars and for 8 mm diameter GFRP bars;

— considering steel bars, helically wrapped, helically wrapped and sand-coated, and
indented GFRP bars having 6- and 8-mm diameters in NSC and HSC, ANOVA showed
that the bar diameter, surface configuration, and concrete strength does affect the

maximum bond stress (p-value < 0.05);

— analysing the influence of rib ratio and concrete strength of steel bars, helically wrapped,
and helically wrapped and sand-coated GFRP bars, ANOVA indicated that both
parameters have influence on the maximum bond stress (p-value < 0.05). Tukey’s test
showed that the greatest bond stresses were found for bars having Ry = 0.12, although
bars having Rrequal to 0.02, 0.04, and 0.05 presented values of bond stresses varying

from 13 to 30% of bond stresses for these bars.

Performing statistical analysis to compare the results obtained in this experimental program

with the results presented by S6lyom and Balazs, it is possible to conclude that:

— for steel bars of 6.3 mm diameter in normal-strength concrete considering different cube
sizes (150 and 200 mm), ANOVA showed that the size of the specimen did not affect

the maximum bond stress (p-value = 0.85); and
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— for helically wrapped GFRP bars of 6.3 mm in NSC embedded in 150 and 200 mm cube
sizes, ANOVA also indicated that different specimen sizes have no effect on the
estimated bond stress (p-value = 0.84).
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6

PRISM TENSION TEST

An experimental series of prism tension tests is described in this chapter. The non-standard
prism tension test has the advantage of providing qualitative, in addition to quantitative
comparison of cracking behaviour as it is affected by reinforcing bar type. Conventional steel
bars were included in the experimental program as control specimens; this permits a direct

comparison of performance controlling for concrete details and any experimental set-up bias.

The results of the prism tests are compared to the results of the pull-out tests presented in
Chapter 5 to better understand overall bond performance. This chapter begins with a description
of the non-standard prism tension test. The test details are then described. Finally, the observed

cracking behaviour is analyzed and discussed.
6.1 INTRODUCTION

The cracking response of a reinforced concrete member is affected by the interaction between
the reinforcing bar and the concrete, i.e., the bond behaviour. Such interaction allows the
concrete between cracks to contribute to resisting tensile forces and provides additional stiffness
— the so-called tension stiffening effect (see Section 2.1.1). In a reinforced concrete prism in
tension, the applied load — applied only to the bar in this case — is, nonetheless, shared between
the reinforcement and the concrete according to their respective elastic stiffness. At cracking,
both steel and concrete are resisting tension in a linear manner: fs < fy, and concrete tensile
stress has just reached fe.. Once the tensile stress in the concrete is exceeded, “primary” cracks
appear; their spacing is a function of bond as described in Section 2.1.4.3. After cracking, slip
occurs between the reinforcement and concrete at the crack, relieving the tensile stress in the
concrete adjacent to the crack. At a crack location, concrete tensile stress is zero and the transfer
of tensile stress from bar to concrete between cracks continues until the tensile capacity of the
concrete is exceeded again and new cracks appear. This process repeats until the final cracking

configuration is attained. From the final crack pattern, bond characteristics can be inferred as



94

described in this chapter. Details of the development of bond stresses in a prism specimen are
presented in Section 2.1.4.3.
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6.2 TEST DETAILS

All the prism tension tests were conducted at University of Pittsburgh (USA) using C3 concrete
(see Section 4.1).

6.2.1 Test Specimens

In total, 12 long prism specimens were tested. The bars were positioned horizontally in the
center of the wood forms and were long enough to have sufficient exposed length to permit
gripping in the testing frame (Figure 6.1a). The concrete was cast in two layers and vibrated by
a mechanical wand vibrator, with care taken to avoid displacement of the positioned bar (Figure
6.1b). After casting, specimens were covered to cure. The concrete used is that reported as C3
in Table 4.1.

tl

a) Prism forms pior concrete casting. b) Prism forms after concrete casting.
Figure 6.1 — Details of prism forms.

Because cracking is highly variable, long prismatic specimens are desirable to permit multiple
primary cracks to form from which an average crack spacing, Savg, can be determined. The
length of the specimens was selected to be 150 times the bar diameter (150ds). To better
compare results and represent typical steel reinforced concrete details, the reinforcement ratio,
pf, was set equal to 0.013. As a result, the square prism section dimension, b, and length, L, vary
with the bar size tested. Details of the specimens are given in Table 6.1. Two or three repetitions

of each prism were performed.
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6.2.2 Test Set-up and Procedure

The test set-up, arranged as a self-reacting system using a steel girder as a reaction bed is shown
in Figure 6.2. The reinforcing bar embedded in the long concrete prism was subjected to tension
applied only to the protruding portions of the bar using a 200 kN capacity hollow-core hydraulic
ram. Because it is not necessary to yield the reinforcing bar, commercially available bar anchors
were used to secure both ends of the bar. These anchors are designed for use with steel
reinforcing bars, but with some preparation of the bar, were adequate to anchor the GFRP bar
to the stresses required to fully develop the prism cracking. Caution is noted: the anchors are
not adequate to develop the ultimate capacity of the GFRP bars and should not be used for this

purpose.

During testing, the prism is fully supported on the reaction frame (web of the W24 section
shown in Figure 6.2). Fine sand is broadcast on the steel to minimise friction between the

concrete prism and steel supporting surface.
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Figure 6.2 — Prism tension test set-up (#6 steel shown).

Load was applied monotonically to develop a cracking history; as the cracks appeared, they
were marked on the concrete prism and labeled as to their order of appearance. Due to the
variability of both concrete tensile and bond properties, the primary crack pattern will establish
itself over a small range of applied load, N. Once the primary crack pattern is established,
increasing N will only widen the existing cracks. Secondary cracks may appear between
established primary cracks although these are of little interest in terms of serviceability
behaviour. To provide meaningful data, the bars tested must remain elastic — which they do in
all instances. The prisms tests used were adopted and refined from pilot tests reported by Silva
et al. (2021) and Platt (2018).
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6.2.3 Prism Test Results

Twelve concrete prisms reinforced with GFRP and steel bars were tested. The average crack
width, wayg, Was computed using Equation [2.9], while the average bond stress, z, and the bond-
dependent coefficient, ko, were calculated according to Equations [2.8] and [5.1], respectively.
The occurrence of the initial crack was also used to directly calculate the concrete tension
strength (Section 4.1 and Appendix C). The experimental results for all the specimens tested
are presented in Table 6.1.

Table 6.1 — Prism tension test results (COV in parentheses).

Prism #4 steel #6 steel #4 rGFRP #6 rGFRP #4 sGFRP
Specimen 1 2 1 2 3 1 2 1 2 3 1 2
Nominal dy (mm) 12.7 19.1 12.7 19.1 12.7
Prism b (mm) 100 150 100 150 100
size L (mm) 1905 2860 1905 2860 1905
Ac = b= Ay (mm?) 9873 22213 9873 22213 9873
Bar Nominal A, (mm?) 127 287 127 287 127
E, (GPa) 200 200 60.3 60.3 46.9
First P1 (kN) 222 237 463 39.8 528 20.0 315 499 333 497 281 328
crack Bar stress (MPa) 175 187 162 139 184 158 249 174 116 173 222 259
1/ 044 047 040 035 046 0.16 026 0.19 0.13 0.19 024 0.28
Final P2 (KN) 329 501 785 935 1078 495 439 84.2 86.2 109.2 501 439
crack Bar stress (MPa) 260 396 274 326 376 391 347 294 301 381 396 347
1/, 065 099 068 082 094 041 036 033 033 0.42 043 0.37
End of P3 (kKN) 53.2 56.0 1107 1116 110.7 585 59.6 1112 1111 1286 534 58.1
test Bar stress (MPa) 420 442 386 389 386 462 470 388 388 449 421 459
1/, 1.05 111 097 097 097 048 0.49 043 043 050 045 0.50
Crack Savg (MmM) 173 146 191 204 239 173 190 286 260 205 89 127
pattern Wayg (Mm) 0.15 0.13 0.17 0.18 021 050 055 083 0.75 059 0.33 047
7 (MPa) 6.42 758 870 814 696 6.42 583 581 6.39 812 1241 8.75
Bond Tavg (MPa) 7.00 7.93(0.11) 6.13 6.77 (0.18) 10.58
Ko 1.0 1.14 1.17 0.66

Figures 6.3 to 6.14 show final crack patterns and spacing of each tested prism. In these figures,
the order of appearance of the cracks is shown on the sketch of the prism. The load at which
each crack appeared is shown to the left of the dimension line showing the location of the crack.

In many cases, multiple cracks occurred at the same applied load.
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Figure 6.5 — Prism test and crack pattern: #6 steel — specimen 1.
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Figure 6.6 — Prism test and crack pattern: #6 steel — specimen 2.
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Figure 6.8 — Prism test and crack pattern: #4 rGFRP — specimen 1.
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Figure 6.9 — Prism test and crack pattern: #4 rGFRP — specimen 2.
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Figure 6.10 — Prism test and crack pattern: #6 rGFRP — specimen 1.
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Figure 6.11 — Prism test and crack pattern: #6 rGFRP — specimen 2.
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Figure 6.13 — Prism test and crack pattern: #4 sGFRP — specimen 1.
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Figure 6.14 — Prism test and crack pattern: #4 sGFRP — specimen 2.
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6.3 DISCUSSION OF THE PRISM TENSION TEST RESULTS

The crack patterns of the prisms tested were recorded (Figure 6.3 to 6.14). In general, and as
expected, first cracks appeared near to the middle of the prisms where the embedded bars are
fully developed, having about 75d, embedment length to either end of the prism. Subsequent
cracks appeared across the length of the prisms between existing cracks. In this test, the prism
ends are virtual cracks: locations having all force carried by the embedded bar. It was relatively
easy to predict the appearance of subsequent cracks based on the distance between existing
cracks: cracks appear between existing cracks that are further apart (longer embedment length).
Eventually, no more cracks appear, and all additional strain results in existing cracks opening
further. At this point, the distance between cracks, s, at all locations along the prism is
inadequate to transfer sufficient stress to the concrete to result in an additional crack to form.
The progression of the observed cracks corresponded with and confirmed the discussion of

cracking summarized in Figure 2.8.

Cracks were primarily transverse to the prism. Small eccentricities were observed in some
specimens resulting in some inclination of the cracks relative to the longitudinal axis; this likely
occurred as a result of a small eccentricity in the bar location within the prism. As seen in Figure

6.3 to 6.14, these effects were minimal.

For all prisms, the bar stress at initial cracking (calculated using nominal bar area, Ap) averaged
183 MPa (COV =0.23). From the bar stress at initial cracking and considering the transformed
section properties of the prism, the concrete tensile capacity was estimated to be fet = 2.2 MPa
(COV =0.24) (see Appendix C). All cracks had developed fully at an average bar stress of 341
MPa (COV = 0.14), making clear that all bars remained elastic. Indeed, upon unloading the

prisms, the crack widths closed dramatically.

In a few instances, as the loads increased, longitudinal splitting cracks formed — typically
between two closely spaced cracks where bond stresses would be expected to be considerably
larger. Such behaviour could be mitigated by testing larger prism dimensions (i.e., having a

smaller reinforcing ratio).

The results for average crack spacing (Savg) and width (wavg) are summarized in Table 6.1. Final
crack spacing is a function of bond capacity: the greater the bond capacity, the more rapidly

stress may be redistributed from the bar to the concrete between adjacent cracks, resulting in an
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additional crack forming and closer final crack spacing. As the specimens reinforced with steel
bars are taken as control specimens, the crack spacing for steel reinforced concrete members is
considered the reference. The experimental final crack spacing includes secondary cracks.

For two #4 steel bar specimens Sayg =~ 160 mm. The #4 rGFRP bars exhibited a ‘softer’ bond
stress-slip relationship (Figure 5.5 curve g) resulting in a larger crack spacing: Savg =~ 180 mm.
On the other hand, the #4 sGFRP bars exhibited a ‘stiffer’ bond response (Figure 5.5 curve i)
and the resulting crack spacing is smaller, Sayg = 110 mm. For #6 steel bars, Sayg~ 210 mm,

while for #6 rGFRP bars the final crack spacing was Savg~ 250 mm.

The average crack width was computed by Equation [2.9]. Since GFRP bars have lower
modulus than steel, they are expected to exhibit larger crack widths, unless bond characteristics
are improved proportionally. Prisms reinforced with GFRP bars presented larger crack widths
— approximately three-four times greater than that of prisms reinforced with steel bars —
reflecting the modular ratio of the materials (Section 4.2). The members reinforced with #4
SGFRP bars exhibited a larger number of cracks having a smaller width compared to other
GFRP bars tested and presented the greater bond stress: 10.6 MPa; this is reflected in their

apparent superior bond performance resulting in ks = 0.66 for these bars from the prism test.

Several previous studies concluded that sand-coated GFRP bars exhibit better bond behaviour
among the surface types of GFRP bars (e.g., EI-Nemr et al., 2016; Shang, 2019). The pull-out
tests performed for #4 sGFRP bars did not capture such improved behaviour (Table 5.2).

6.3.1 Comparison of test methods

As mentioned in Section 5.1, the ASTM D7913 pull-out test is an A-B comparison test rather
than a test to establish a design parameter. The short bonded length of the bar (5db)
overestimates the average bond stress that may be developed in situ and is used in design. On
the other hand, the prism tension provides values of bond closer to those of a reinforced concrete

flexural member (see Section 2.1.4.4).

For the ribbed GFRP bars, ky, determined from pull-out tests for #4 rGFRP bar is 1.31, while
from prism tension tests kp is 1.14 for the same bar. For #6 rGFRP bar ky is 1.43 (pull-out test)
and 1.17 (prism tension test). As expected, the values of ky, predicted from pull-out tests were

higher than those estimated from prism tests — except for #4 sGFRP (Table 6.2). The single data
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point for sand-coated bars showing the opposite trend is problematic. The ky values provided
from pull-out test are conservative — they were about 15 to 20% greater than that determined
from the prism test. However, ky values reported from both tests are similar and follow the same
trends. This indicates that the prism tension test may be suitable to provide confident values of

ko as previously reported by Silva et al. (2021).

In a pilot study (Silva et al., 2021), the same #5 sand-coated bars as presented in this study
tested in 100dy long prisms having 127 mm square sections (p = 0.012) resulted in k, = 0.68.
In pull-out tests, the bond strength was observed to 11.9 MPa (Silva et al., 2021), whereas it
was 10.8 MPa in this study. In the earlier study, the concrete strength was only 28.3 MPa,
resulting in relatively lower bond strength for comparable steel bars (11.4 MPa) and a k, = 0.96.

These results highlight the sensitivity of the pull-out test and therefore ky when calculated from
such a test. In this study, the rib ratios of the steel bars are relatively large (Table 4.2), indicating
that good bond performance should be expected. This has the effect of decreasing the calculated

ky ratio.

Analysing ky values estimated from both pull-out and prism tension test (Table 6.2), it is
possible to conclude that for bars having same surface configuration (#2 hGFRP and #3 hGFRP,
and #4 rGFRP and #6 rGFRP), larger k, was obtained for larger diameters.

Table 6.2 — Bond-dependent coefficient (ky) calculated ASTM D7913 from pull-out and prism tension
tests.

Calculated kp
Equation [5.1]

Bar
nomenclature  ASTM D7913 .
Prism test
pull-out test
#2 hGFRP 0.62 -
#3 hGFRP 1.25 -
#4 rGFRP 1.31 1.14
#6 rGFRP 1.43 1.17

#4 sSGFRP 2.24 0.66
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6.4 SUMMARY OF THE CHAPTER

In this chapter, a description of the 12 prism tension tests performed in this study was presented.
The discussion of test results and their relationship to those of pull-out tests (reported in Chapter
5) were also presented.

Using the long prism tension test, crack spacing (Savg) and width (way) of embedded bars in

tension can be investigated. The main conclusions are as follows:

— for deformed bars, crack spacing and crack width are inversely proportional to bar
stiffness. Prisms reinforced with GFRP bars presented larger crack widths —
approximately three-four times greater than that of prisms reinforced with steel bars —
reflecting the modular ratio of the materials;

— sand-coated bars exhibited a larger number of cracks having smaller widths in
comparison to other GFRP bars tested; this resulted in k, = 0.66 for these bars from the

prism test;

— for the deformed GFRP bars, ky determined from the pull-out test is 15% to 20% greater
than that determined from the prism test. The single data point for sand-coated bars
showing the opposite trend is problematic, although the author is confident that the

prism tests leading to k, = 0.66 are representative;

— for the same surface configuration, the greatest ky values were found for larger diameters

of GFRP for both pull-out and prism tests.
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SAND ADHESION TEST

In this chapter, an experimental test to investigate the adhesion of the sand coating to the sand-
coated GFRP reinforcing bars tested in this study and thereby determine whether this may affect
the bond performance of such bars is presented. The apparently contradictory results of the
ASTM D7913 pull-out tests and prism tension tests for the #4sGFRP bars, that is, the average
bond stress from the pull-out test being lower than that obtained from the prism test, led to one
hypothesis explanation: a failure mode not considered, i.e., the loss of adhesion of the sand
coating from the bar during pull out. This chapter documents an ad hoc test programme intended
to test this hypothesis. The experimental set-up and testing procedure are described. The results
led to the conclusion that the bond of the sand coating is superior to any bond capacity expected

of the bar, although not by as great a margin as one may expect.
7.1 INTRODUCTION

GFRP reinforcing bars are manufactured with a variety surface deformation — indentations
(machined ribs), sand coating, and helical wrapping, among others — in order to provide
mechanical bond to the concrete in which the bars are embedded. Most of these surface
treatments differ significantly from the surface deformations of conventional steel reinforcing

bars.

Considering the GFRP bar geometry itself, surface deformations of GFRP bars usually present
lower shear strength than the rolled-in surface ribs or lugs of steel bars. The shear capacity at
the concrete-resin (i.e., concrete-GFRP bar) and resin-fiber interfaces (i.e., internal to the bar)
in a bond failure are influenced by the deformation geometry of the GFRP bars (Al-Zahrani et
al. 1999; Al-Mahmoud et al. 2007). In some older GFRP bars — especially those having post-
applied wrapped deformations, the deformations have been observed to shear off (e.g., Moon
et al. 2008). Similar to a GFRP lug, the sand coating on a sand-coated bar can be ‘sheared oft’

the bar. The sand is typically broadcast onto the bar as it is pultruded and is therefore
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‘embedded’ into the vinyl ester resin matrix prior to cure. There is no standard method to

quantify the resulting shear capacity (adhesion) of the sand and underlying bar.

A simple test method and apparatus is demonstrated that can be used to assess adhesion of sand
coating to FRP bars. Sand adhesion test results are compared with ASTM D7913 pull-off tests.



109

7.2 TEST DETAILS

7.2.1 Test Specimens and Procedure

Five short lengths of each #4 and #5 bars sand-coated GFRP bars were tested (Figure 7.1a).
The bars are cut longer than 50 mm. Measured bar properties are given in Table 4.2. Two 50
mm long hollow steel cylinders were fabricated (Figures 7.1b and c). The inside diameter, d, is
about 4 mm larger than the measured diameter of the finished bar to be tested (d» = 13.2 and
17.5 mm for #4 sGFRP and #5 sGFRP, respectively). A collar having a reduced inside diameter
(aperture) D = 11.9 mm and 16.8 mm for the #4 sGFRP and #5 sGFRP bars, respectively,
corresponding to the diameter of the bar without sand, is provided at midheight of the cylinder.
The length of the collar is L = 3.2 and 4.5 mm for #4 sGFRP and #5 sGFRP bars, respectively,
approximately one quarter the bar diameter. The upper 25 mm of the cylinder has a centering
apparatus, allowing the bar to be installed without eccentricity relative to the collar (Figure 7.1).
It should be noted that the test apparatus must be custom made for each bar type used since

outer dimensions of sand-coated bars can vary substantially.

Bars were placed vertically in the steel cylinder and the assembly was positioned in a servo
hydraulic testing machine with load capacity of 600 kN (Figure 7.1d). The bar was pushed into
the cylinder at a rate of 1 mm/s. The bar is forced through the collar aperture which ‘shears off’
the sand coating. Displacement and load were recorded from the tests. At 25 mm displacement,
the bar has been fully pushed through the cylinder assembly and its end begins to bear on the

test machine: the load increases signifying the end of the test.

slot for 6.4 mm ¢ 50 mm N
centering pin (tvp.) ISl le 25 mm

bar pushed

through
Measured
Bar dy (mm) d(mm) | D (mm) | L (mm)
#4 sGFRP 13.2 16.7 11.9 3.2
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|#5sGFRP | 175 | 215 | 168 | 45 |

b) Isometric drawing of test apparatus

a) #4 sGFRP and #5
SGFRP bars tested

1\

c) Top and bottom of #4 d) #5 bar being tested — bar is pushed into steel cylinder,
test apparatus shearing off sand coating
Figure 7.1 — Test specimens and apparatus.

The test is affected by friction and the accumulation of the removed sand surface around the
aperture. The force required to shear the sand from the perimeter of the bars, psand, is given in
terms of the force exerted in a circumferential ring 1 mm tall. psand and is determined at a

displacement L, corresponding to the bar first entirely engaging the aperture collar:

Py

Psand = T (7.2)

where Py is the applied load at displacement L, and L is the length of the aperture (Figure 7.1b).

A comparison is made with the ASTM D7913 test results. The bond stress determined in the
ASTM D7913 test is assumed to be acting uniformly over the 5d, embedment length (Figure
2.7). From Equation [2.6], the force acting on a portion of the bar perimeter, ppre13, can be

estimated as:

P
Pp7913 = SmTa: (7.2)

Combining Equations [2.6] and [7.2]:
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Pp7913 = TmaxTdp (7.3)

where tmax = Pmax/57dy? is the shear stress from the ASTM D7913 test (5d is the length of bar

embedment and zdy is the bar circumference).

In Equation [7.3], by convention, dy is based on the nominal bar diameter, 12.7 mm and 15.9
mm for #4 sGFRP and #5 sGFRP bars, respectively.

7.2.2 Sand Adhesion Test Results and Discussion

Five samples of each of the #4 sGFRP and #5 sGFRP bars were tested to determine the force
required to shear the sand from bar surface. The results are presented in terms of displacement

versus applied load in Figure 7.2 and individual results are summarized in Table 7.1.
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Figure 7.2 — Applied load versus displacement results for sand adhesion tests.
Table 7.1 — Results from sand adhesion tests.
p Tmax fI’0m p
dy L . sand pull-out D7913
Bar Specimen Py, (N) (N/mm) (N/mm)
(mm)  (mm) Equation [7.1] test (MPa) Equation [7.3]
1 2313 723
2 3491 1091
13.2 3.2 3 3341 1044
#4 sGFRP 4 3125 977
5 3512 1098
Average 986 7.33 292
cov 0.157 0.39 -
1 2995 666
2 2470 549
175 45 3 2888 642
#5 sGFRP 4 3678 817
5 3863 858
Average 706 10.78 538
Ccov 0.182 0.16 -

112

It is seen in Figure 7.2 that the applied force varies considerably during the test although does

not fall below the force at which the entire aperture is engaged at displacement L. The variation

and continued gradual increase in load are associated with friction and the accumulation of

removed sand in the upper chamber of the test apparatus.

For both bar types tested, the force required to shear the sand from the bar exceeded the pull-

out strength determined in the ASTM D7913 tests. Thus, it is possible to conclude that sand

adhesion was unlikely to be a factor contributing to the low bond stress results observed for
these bars in the ASTM D7913 tests (see Chapter 5).
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However, the results for the #5 sGFRP bars indicate some likelihood that sand adhesion may
affect pull-out results. Considering the variation inherent in both tests (assuming a Gaussian
distribution of results) and the small sample size (n = 5), the probability that pp7913 > psand — the
condition in which sand adhesion affects the ASTM D7913 pull-out test — is 14% for the #5
SGFRP bars tested. The same probability of sand adhesion failure for the #4 sGFRP bars is
negligible.

The motivation for this study was poor observed bond strength results for sand-coated GFRP
bars (Table 5.2). Had either of these bars achieved parity (i.e., ko = 1) with the #4 steel bars
tested (Tmax =16.45 MPa), the value of ppre13 increases to 656 N/mm and 822 N/mm for the #4
and #5 steel bars, respectively. This would indicate a possible sand adhesion failure for at least
the #5 bars tested.
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7.3 SUMMARY OF THE CHAPTER

It was confirmed that, for the sand-coated GFRP bars considered, the adhesion of the sand
coating to the bar was superior to the bond capacity of the bar, although not by as great a margin
as one may expect. While sand-coated bars are usually observed to behave better than
comparable deformed bars, the preliminary results presented here suggest that sand adhesion to
the bars could control bond strength in some cases. Ultimately, however, the reason for the
apparently low bond stress results for the bars tested is not deemed to be adhesion failure of the

sand in this instance.

A simple test method and apparatus is demonstrated that can be used to assess adhesion of sand
coating to FRP bars and may be adapted to consider the shear capacity of lugs on other types
of FRP bars.
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8

FINAL REMARKS

8.1 CONCLUSIONS

In situations where reinforced concrete structures are in aggressive environments, the corrosion
of steel reinforcement is considered the major problem related to durability and is a factor that
can significantly reduce service life. In this sense, Glass Fiber-Reinforced Polymers (GFRP)
reinforcing bars, as materials more resistant to corrosion, have emerged as an alternative to steel

as internal reinforcement in concrete structures.

Although GFRP shows a promising prospect for use as reinforcement, the mechanical
properties of the bars — low modulus of elasticity and high tensile strength — lead to changes in
the design paradigm for GFRP-reinforced concrete (GFRP-RC) structures. While steel RC
structures are typically designed based on the strength limit state and then checked for
serviceability requirements, the design of GFRP-RC members is often governed by deflection

and crack control at the serviceability limit state.

Equations for bond and cracking control of GFRP-RC members are generally based on similar
formulations as used for conventional steel RC elements with the addition of a bond-dependent
coefficient, kp, to account for bond performance different from that of steel. While bond
behaviour between conventional steel and concrete is relatively well-known and documented,

the same is not true for GFRP bars.

The first part of this study presented a parametric investigation based on data available in
published literature in order to analyze the influence of different parameters in the estimation
of ky at the serviceability level crack width limit of 0.70 mm, although other values of crack
width limit were also considered in the analysis. It was clear that ky is sensitive to the concrete
crack width at which it is calculated. Most of GFRP bars tested by the investigators presented
bond behaviour superior to that of steel (ky less than 1.0), although k, was found to be relatively

insensitive to the surface treatment of the bar: whether deformed (ribbed) or sand-coated. On
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the other hand, k, was found to be strongly correlated with the GFRP reinforcing bar stress, ft,
at which ky is determined. Correlations with other factors including concrete strength, cover
concrete (greater than 12 mm) and GFRP bar diameter (less than 25 mm) were weak,
reinforcing that the ky factor is a bond coefficient dependent on the reinforcing bar, not its
embedment. Considering values of k, reported by the original authors using both Gergely-Lutz
and Frosch equations, the paired t-test and the Wilcoxon signed-rank test confirmed that there
is statistical difference on ky estimated by both equations, indicating the more conservative
nature of Gergely-Lutz equation (lower mean ky). In the absence of bar-specific testing, the
value of ky equal to 1.2 recommend by ACI 440.11-22 could be considered appropriately

conservative and reflects the still relatively small amount of available data.

The experimental part of this thesis proposed two relatively simple tests — the ASTM D7913
pull-out and prism tension tests — to assess the bond performance and cracking behaviour of
GFRP bars, respectively. The study presented the evaluation of k, using ASTM D7913 and
confirming bond performance using a smaller number of prism tension tests. Data from the
seven GFRP bar types considered in this study were used to supplement and extend an earlier
database of 36 GFRP bar types reported by Sélyom and Balazs (2020).

Pull-out test results from this investigation indicated superior bond behaviour (ks less than 1.0)
for most of GFRP bars tested in normal-strength concrete, although the greater bond stresses
were attained by specimens fabricated with high strength concrete, independent of the bar
configuration. Furthermore, ky was higher for the larger diameter of bars with same surface
configuration. Considering all the GFRP bars tested, the higher bond stresses were found for
helically wrapped (diameter of 6.3 and 9.5 mm) and ribbed GFRP (diameter of 12.7 and 19.1

mm), while the 12.7 mm diameter sand-coated GFRP exhibited the lowest value.

Based on the limited number of prism tension tests conducted, prisms reinforced with GFRP
bars presented crack widths that were approximately three-four times greater than that of prisms
reinforced with steel bars. A comparison of results for prism tests with those of ASTM D7913
pull-out tests was proposed, allowing the latter to be better calibrated for providing appropriate
design values for ky, and bond strength of GFRP bars. It could be concluded that ky, predicted by
pull-out test were about 15-20% greater than those estimated by prism tension test for the same

bar type and kp estimated by both pull-out and prism tests were larger for the larger bar
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diameters (same surface configuration). The greater bond stresses were attained by the 12.7 mm
diameter sand-coated GFRP bars.

Based on this assessment, this study can conclude that ASTM D7913 pull-out tests can be used
to determine conservative values for k, and to benchmark bond strength of GFRP bars, although

this test must be used with caution when assessing relative bond parameters.

Comparing the results of pull-out and prism tests, apparently contradictory results for the bond
capacity of the 12.7 mm diameter sand-coated GFRP bars emerged: the average bond stress
from the pull-out test was lower than that obtained from the prism test. This led to one
hypothesis that is a failure mode involving shearing the sand coating from the bars. A bespoke
experimental study intended to assess the adhesion of the sand coating to the GFRP bar and
thereby determine whether this may affect the bond performance of the bar was performed. The
results confirmed that, for the bars considered, the adhesion of the sand coating to the bar was
superior to the bond capacity of the bar — although not by as great a margin as one may expect

—and that sand coating failure is unlikely.
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8.2 RECOMMENDATIONS FOR FUTURE WORKS

This research focused on the assessment of bond and cracking performances and k, of GFRP
bars. Suggestions for future investigations may include:

— conduct an experimental program using beam prism test — and pull-out tests — with a
large sample size to confirm the hypothesis that prism tests are an adequate simple test
for estimating k;

— perform prism tension test investigating parameters — such as bar diameter, surface
configuration, service stress, and concrete strength — independently in order to verify

their influence on cracking behaviour;

— propose a numerical model to describe bond-slip behaviour for different types of GFRP

bars;

— analyze the effect of reinforcement strain on bond performance in prism tension test by

adding strain gauges on the bar.
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CHARACTERISTICS OF THE
SPECIMENS OF THE EXPERIMENTAL DATABASE

Details of the specimens of the parametric study described in Chapter 3 are presented in Table

Al
Table A.1 — Details of the specimens of the database of the parametric study.
: i fe fat Ec d db fru = Cc Surface
Reference _ Specimen T (MP2) (MP&) (GPa)  (mm) (mm) (MPa) (GPa) (mm) teatmen

a S16-C38-1 1 200x300x 2,800 46.4 4.2 29.5 254 159 1,685 65 26.7 iv
a S16-C50-1 1 200 x 300x 2,800 46.4 4.2 29.5 254 159 1,685 65 26.7 iv
a S19-C50-1 1 200x300x 2,800 46.4 4.2 29.5 253 19.1 1,484 65 26.7 iv
a S22-C50-1 1 200 x 300 x 2,800 40.5 3.9 28.0 251 222 1,428 68 26.7 iv
a R16-C38-I 1 200 x 300 x 2,800  43.6 4.0 28.8 254 16 1,100 60 26.7 iv
a R16-C50-1 1 200 x 300x 2,800 43.6 4.0 28.8 254 16 1,100 60 26.7 iii
a R19-C50-I 1 200 x300x 2,800 43.6 4.0 28.8 252 20 1,060 64 26.7 iii
a S16-C38-11 1 200 x 300x 2,800 40.5 3.9 28.0 254 159 1,685 65 25.3 iv
a R16-C38-11 1 200 x 300x 2,800 40.5 3.9 28.0 254 16 1,100 60 25.3 iii

Total 9
b B1-35-12 1 200x300x 3,100 34.1 3.3 26.3 246 12 1,166 65 38 \
b B2-35-16 1 200 x 300 x 3,100 34.1 3.3 26.3 244 16 1,122 65 38 v
b B3-35-20 1 200 x 300 x 3,100 34.1 3.3 26.3 230 20 1,117 69 50 %
b B4-35-25 1 200 x 300 x 3,100 34.1 3.3 26.3 228 25 1,340 65 50 %
b B5-65-12 1 200 x 300 x 3,100 67.5 4.6 34.2 246 12 1,166 65 38 \%
b B6-65-16 1 200 x 300 x 3,100 67.5 4.6 34.2 244 16 1,122 63 38 %
b B7-65-20 1 200 x 300 x 3,100 67.5 4.6 34.2 230 20 1,117 69 50 \Y
b B8-65-25 1 200 x 300 x 3,100 67.5 4.6 34.2 228 25 1,340 65 50 %

Total 8
c 2D14-1 1 200 x 300 x 3,000 40.8 3.6 39.2 253 14 928 46 32 i
c 2D14-2 1 200 x 300 x 3,000 40.8 3.6 39.2 253 14 928 46 32 i
c 2D16-1 1 200 x 300 x 3,000  40.8 3.6 39.2 252 16 939 46 32 i
c 2D16-2 1 200 x 300 x 3,000 40.8 3.6 39.2 252 16 939 46 32 i
c 2D20-1 1 200 x 300 x 3,000  40.8 3.6 39.2 240 20 974 46 42 i
c 2D20-2 1 200 x 300 x 3,000 40.8 3.6 39.2 240 20 974 46 42 ii

Total 6
d B2#4-1 1 203 x 304 x 3,050 45 3.8 29.2 250 13 887 48.4 38 i
d B2#4-2 1 203 x 304 x 3,050 45 3.8 29.2 250 13 887 48.4 38 i
d B2#6-1 1 203 x 304 x 3,050 45 3.8 29.2 234 19 815 49.5 51 i
d B2#6-2 1 203 x 304 x 3,050 45 3.8 29.2 234 19 815 49.5 51 i
d B2#8-1 1 203 x 304 x 3,050 45 3.8 29.2 231 25 686 49.6 51 i
d B2#8-2 1 203 x 304 x 3,050 45 3.8 29.2 231 25 686 49.6 51 i

Total 6
e N2#15G1 1 200 x 400 x 4,250  38.9 3.81 27.6 343 15 762 50.0 40 iv
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. R fe fot Ec d dy fru = Cc Surface
Reference . Osnﬁ’:rc]'crl':t’ﬂr . N P(rr'f;m f('znfmbxxmhé)" (MP2)  (MPa) (GPa) (mm) (mm) (MP&) (GPa) (mm) treatmen:

e N2#15G3 1 200 x400x 4,250 33.8 3.11 26.2 343 15 1,245 595 40 iii
e N3#20G1 1 200 x400x 4,250 42.1 3.18 28.4 340 20 728 47.6 40 v
e N2#22G1 1 200 x400x 4,250 38.9 3.81 27.6 339 22 693 46.4 40 v
e N3#20G2 1 200 x400x 4,250 48.1 3.96 29.9 340 20 1,082 525 40 v
e N2#25G1 1 200 x 400 x 4,250 48.1 3.96 29.9 338 25 666 53.2 40 iv
e N2#25G2 1 200 x400x 4,250 48.1 3.96 29.9 338 25 1,132 66.3 40 iv
e N2#25G3 1 200 x400x 4,250 33.8 3.11 26.2 338 25 906 60.3 40 iii
e H3#20G2 1 200 x400x 4,250 81.5 5.45 37.0 340 20 1,082 525 40 iv
e H2#25G1 1 200 x400x 4,250 81.5 5.45 37.0 338 25 666 53.2 40 iv
e H2#25G2 1 200 x400x 4,250 81.5 5.45 37.0 338 25 1,132 66.3 40 iv
e H2#25G3 1 200 x400x 4,250 76.5 4.62 36.0 338 25 906 60.3 40 iii

Total 12
f G1-216-25-150 1 180 x240x2,800 33.1 3.2 24.8 201 16 1,313 69.1 25 iii
f G1-216-25-250 1 180 x240x 2,800 33.1 3.2 24.8 201 16 1,313  69.1 25 iii
f G1-216-25-000 1 180 x240x 2,800 33.1 3.2 24.8 201 16 1,313  69.1 25 iii
f G1-212-25-150 1 180 x 240x 2,800 33.1 3.2 24.8 203 12 1,231 64.4 25 iii
f G1-212-40-150 1 180 x 240x 2,800 33.1 3.2 24.8 188 12 1,231 644 40 iii
f G1-212-55-150 1 180 x240x 2,800 34.3 3.3 27.9 173 12 1,231 644 55 i
f G2-213-25-150 1 180 x240x 2,800 34.3 3.3 27.9 203 13 827 45.9 25 i
f G2-213-25-000 1 180 x240x 2,800 34.3 3.3 27.9 203 13 827 45.9 25 i
f G2-310-25-000 1 180 x240x2,800 34.3 3.3 27.9 204 10 827 45.7 25 i
f 62-213-25-150G 1 180 x240x 2,800 34.3 3.3 27.9 203 13 827 45.9 25 i
f G2-213-25-250G 1 180 x240x 2,800  34.3 3.3 27.9 203 13 827 45.9 25 i
f G2-216-25-150 1 180 x240x 2,800 34.3 3.3 27.9 201 16 758 48.8 25 i
f G2-313-25-150 1 180x240x2,800 34.3 3.3 27.9 203 13 827 45.9 25 i

Total 13
g Gl 1 600 x 300 x 5,000 58.1 3.9 32.2 262 16 683 48.2 30 iv
g G1-ST 1 600 x 300 x 5,000 58.1 3.9 32.2 252 16 683 48.2 30 iv

Total 2
h B1 1 200 x 300 x 3,000 31 3.1 25.4 243 15.9 724 46.0 38 i
h B2 1 200 x 300 x 3,000 31 3.1 25.4 229 19.1 690 46.0 50 i
h B3 1 200 x 300 x 3,000 36 3.4 26.8 243 15.9 724 46.0 38 i
h B4 1 200 x 300 x 3,000 36 3.4 26.8 229 19.1 690 46.0 50 i
h B5 1 200 x 300 x 3,000 36 3.4 26.8 231 15.9 724 46.0 50 i
h B6 1 200 x 300 x 3,000 36 3.4 26.8 241 19.1 690 46.0 38 i
h B7 1 200 x 300 x 3,000 32 3.2 25.7 243 15.9 724 46.0 38 i
h B8 1 200 x 300 x 3,000 32 3.2 25.7 229 19.1 690 46.0 50 i
h B9 1 200 x 300 x 3,000 32 3.2 25.7 243 15.9 724 46.0 38 i
h B10 1 200 x 300 x 3,000 32 3.2 25.7 229 19.1 690 46.0 50 i
h B13 1 200 x 300 x 3,000 28 3.0 24.5 243 15.9 724 46.0 38 i
h B14 1 200 x 300 x 3,000 28 3.0 24.5 229 19.1 690 46.0 50 i
h B15 1 200 x 300 x 3,000 28 3.0 24.5 243 15.9 724 46.0 38 1
h B16 1 200 x 300 x 3,000 28 3.0 24.5 229 19.1 690 46.0 50 1
h S1 1 600 x 150 x 3,000 31 3.1 25.4 107 9.5 765 45.4 38 iv
h S2 1 600 x 150 x 3,000 31 3.1 25.4 106 12.7 708 46.3 38 iv
h S3 1 600 x 150 x 3,000 36 3.4 26.8 104 15.9 683 48.2 38 iv
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. R fe fot Ec d dy fru = Cc Surface
Reference . Osnﬁ’:rc]'crl':t’ﬂr . N P(rr'f;m f('znfmbxxmhé)" (MP2)  (MPa) (GPa) (mm) (mm) (MP&) (GPa) (mm) treatmen:
h S4 1 600 x 150 x 3,000 36 3.4 26.8 102 19.1 656 47.6 38 v
h S5 1 600 x 200 x 3,000 30 3.1 25.1 157 9.5 765 45.4 38 v
h S6 1 600 x 200 x 3,000 30 3.1 25.1 156 12.7 708 46.3 38 v
h S7 1 600 x 200 x 3,000 29 3.0 24.8 154 15.9 683 48.2 38 v
h S8 1 600 x 200 x 3,000 29 3.0 24.8 152 19.1 656 47.6 38 iv
h S9 1 600 x 225 x 3,000 25 2.8 23.5 162 25.4 597 51.9 50 iv
Total 23
i N2#13G2 1 200 x400x 4,250 335 3.6 26.1 344 13 1,639 67.0 40 iv
i N3#13G1 1 200 x400x 4,250 335 3.6 26.1 344 13 817 48.7 40 iv
i H2#13G2 1 200 x400x 4,250 59.1 4.6 324 344 13 1,639 67.0 40 iv
i H3#13G1 1 200 x400x 4,250 59.1 45 324 344 13 817 48.7 40 iv
i N5#15G2 1 200 x400x 4,250 29.0 2.5 24.8 322 16 1,362 69.3 40 iv
i N6#15G1 1 200 x400x 4,250 335 3.6 26.1 319 16 762 50.0 40 iv
i H5#15G2 1 200 x400x 4,250 734 3.7 35.3 322 16 1,362 69.3 40 iv
i H6#15G1 1 200 x400x 4,250 734 3.7 35.3 319 16 762 50.0 40 iv
i N5#15G3 1 200 x400x 4,250 33.8 3.1 26.2 322 16 1,245 595 40 iii
i N2#25G3 1 200 x400x 4,250 33.8 3.1 26.2 337 25 906 60.3 40 iii
i H5#15G3 1 200 x400x 4,250 734 3.7 35.3 322 16 1,245 595 40 iii
i H2#25G3 1 200 x400x 4,250 734 3.7 35.3 337 25 906 60.3 40 iii
Total 12
j N-212-D1-A 1 140 x 190 x 2,060 32.1 2.8 25.9 164 12 1,321 634 12 iii
j N-212-D1-B 1 140 x 190 x 2,050 32.1 2.8 25.9 164 12 1,321 63.4 12 iii
j N-216-D1-A 1 140 x 190 x 2,050 32.1 2.8 25.9 162 16 1,015 64.6 12 iii
j N-216-D1-B 1 140 x 190 x 2,050 32.1 2.8 25.9 162 16 1,015 ©64.6 12 iii
j N-316-D1-A 1 140 x 190 x 2,050 32.1 2.8 25.9 162 16 1,015 64.6 12 iii
j N-212-D2-A 1 160 x 190 x 2,060 32.1 2.8 25.9 144 12 1,321 63.4 32 iii
j N-212-D2-B 1 160 x 190 x 2,060 32.1 2.8 25.9 144 16 1,321 63.4 32 iii
j N-216-D2-A 1 160 x 190 x 2,060 32.1 2.8 25.9 142 16 1,015 64.6 32 iii
j N-216-D2-B 1 160 x 190 x 2,050 32.1 2.8 25.9 142 16 1,015 ©64.6 32 iii
j N-316-D2-A 1 160 x 190 x 2,050 32.1 2.8 25.9 142 16 1,015 ©64.6 32 iii
j N-316-D2-B 1 160 x 190 x 2,050 32.1 2.8 25.9 142 16 1,015 ©64.6 32 iii
Total 11
k N2#4 1 200 x300x 3,100 41.5 3.6 28.3 256 12 1,166 65 28 v
k N2#5 1 200 x300x 3,100 41.5 3.6 28.3 254 16 1,122 63 28 v
k N2#6 1 200 x300x 3,100 41.5 3.6 28.3 240 20 1,117 69 40 v
k N2#8 1 200 x300x 3,100 41.5 3.6 28.3 238 25 1,340 65 40 v
Total 4
| G1-6 1 200 x 300 x 3,250 39.05 35 29.3 232 12.7 617 40 30 iv
| G1-8 1 200 x 300 x 3,250 39.05 35 29.3 232 12.7 617 40 30 iv
| G2-6 1 200 x 300 x 3,250 39.05 35 29.3 233 12 747 36 30 iii
| G2-8 1 200 x 300 x 3,250 39.05 35 29.3 233 12 147 36 30 iii
Total 4
m G2NO 1 120 x 250 x 1,830 43 5.6 28.7 197 6.4 507 37.8 50 i
m G3NO 1 120 x 250 x 1,830 39 6.1 27.6 195 9.5 769 43.3 50 i
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. R fe fot Ec d dy fru = Cc Surface
Reference . Osnﬂ’:f]'crl':t’ﬂr . N P(rr'f;m f('znfmbxxmhé)" (MP2)  (MPa) (GPa) (mm) (mm) (MP&) (GPa) (mm) treatmen:
m G4ANO 1 120 x 250 x 1,830 39 54 27.6 194 12.7 690 45.6 50 i
m G2P1 1 120 x 250 x 1,830 31 5.2 25.4 197 6.4 507 37.8 50 i
m G3P1 1 120 x 250 x 1,830 33 5.2 26.0 195 9.5 769 43.3 50 i
m G4P1 1 120 x 250 x 1,830 30 5.0 25.1 194 12.7 690 45.6 50 i
Total 6
n C3 X 8.5H5 1 76 x 215 x 1,830 27.9 4.9 24.4 182 15.9 655 40.8 25 i
n C4 X 8.5H5 1 102 x215%x 1,830 27.9 49 24.4 182 15.9 655 40.8 25 i
n C5 X 8.5H5 1 127 x215%x1,830 27.9 49 24.4 182 15.9 655 40.8 25 i
n C6 X 8.5H5 1 152 x215%x1,830 27.9 49 24.4 182 15.9 655 40.8 25 i
n C3 X 8.5P5 1 76 x 215 x 1,830 27.9 49 24.4 182 15.9 674 42 25 iv
n C4 X 8.5P5 1 102 x 215%x 1,830 27.9 4.9 24.4 182 15.9 674 42 25 iv
n C5 X 8.5P5 1 127 x215%x1,830 27.9 4.9 24.4 182 15.9 674 42 25 iv
n C6 X 8.5P5 1 152 x215%x1,830 27.9 49 24.4 182 15.9 674 42 25 iv
Total 8
0] GIS-6 1 200 x 300x 3,300 39.05 35 29.3 232 12.7 617 40 30 i
0 GIS-8 1 200 x 300 x 3,300 39.05 3.5 29.3 232 12.7 617 40 30 i
0 GCB-6 1 200 x 300 x 3,300 39.05 3.5 29.3 233 12 747 36 30 iii
0 GCB-8 1 200 x 300 x 3,300 39.05 3.5 29.3 233 12 747 36 30 iii
Total 4
p S-G1 1 1,000 x 200 x 3,100 40 35 30 162 15.9 597 40 30 iv
p S-G2 1 1,000 x 200 x 3,100 40 35 30 159 22.2 540 40 30 iv
p S-G3 1 1,000 x 200 x 3,100 40 35 30 159 22.2 540 40 30 iv
Total 3
q 1A, 1B 2 190 x 225 x 2,900 44 3.7 29.0 179 15 675 41 35 iv
q 2A, 2B 2 190 x 225 x 2,900 36 3.4 26.8 179 15 675 41 35 iv
q 3A, 3B 2 190 x 225 x 2,900 42 3.6 28.4 179 15 675 41 35 iv
q 4A, 4B 2 190 x 225 x 2,900 46 3.8 29.4 179 15 675 41 35 iv
Total 8
r BC2NA 1 130x180x 1,800 53.1 41 33.0 148 12.3 773 38 20 v
r BC2NB 1 130x180x 1,800 53.1 41 33.0 148 12.3 773 38 20 v
r BC2HA 1 130x180x 1,800 57.2 4.2 34.0 148 12.3 773 38 20 v
r BC2HB 1 130x180x 1,800 57.2 4.2 34.0 148 12.3 773 38 20 v
r BC2VA 1 130x180x 1,800 97.4 55 42.1 148 12.3 773 38 20 v
r BC4NA 1 130x180x 1,800 46.2 3.8 31.6 119 12.3 773 38 20 v
r BC4HA 1 130x180x 1,800 53.9 4.1 33.2 119 12.3 773 38 20 v
r BC4HB 1 130x180x 1,800 53.9 4.1 33.2 119 12.3 773 38 20 v
r BC4VA 1 130 x180x 1,800 93.5 5.4 41.1 119 12.3 773 38 20 Y
r BC4VB 1 130 x180x 1,800 93.5 5.4 41.1 119 12.3 773 38 20 Y
Total 10
S CB2B-1 1 200 x 300 x 3,300 52 4.0 33.0 253 14.9 773 37.6 30 Vv
S CB2B-2 1 200 x 300 x 3,300 52 4.0 33.0 253 14.9 773 37.6 30 Vv
S CB3B-1 1 200 x 300 x 3,300 52 4.0 33.0 253 14.9 773 37.6 30 Vv
S CB3B-2 1 200 x 300 x 3,300 52 4.0 33.0 253 14.9 773 37.6 30 Vv
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. L fe fa Ec d dy fru Eb Cc Surface
Reference Specimen Prismsize:b xhx L
@ nongenclature n (mm x mm x mm) (MPa)  (MPa)  (GPa)  (mm) (mm) (MPa) (GPa) (mm) treaar)? ent
S CB4B-1 1 200x300x3,300 45 4.0 33.0 230 14.9 773 37.6 30 s
S CB4B-2 1 200x300x3,300 45 4.0 33.0 230 14.9 773 37.6 30 s
s CB6B-1 1 200x300x3,300 45 4.0 33.0 230 14.9 773 37.6 30 s
s CB6B-2 1 200x300x3,300 45 4.0 33.0 230 14.9 773 37.6 30 s
Total 8
@ Reference list given in Section 3.1.
® Surface treatment: i = helically wrapped with sand-coated; ii = helically wrapped; iii = grooved/ indented; iv = sand-coated; v = ribbed.

n = number of specimens.

f’c = concrete compressive strength.
b x h x L = width x height x length.
f’c = concrete compressive strength.

*“fe = concrete tensile strength (for studies in which fe was not reported by authors, nominal f is calculated in this work by equation

f. = 0.56,/f) [ACI 318-14]).

"Ec = modulus of elasticity of concrete (for studies in which E; was not reported by authors, nominal E. is calculated in this work by

Equation [C.2]).
d = depth of the section.
dy = bar diameter.

fry = tensile strength of the GFRP bar.

E, = modulus of elasticity of bar.

Cc = clear cover.
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APPENDIX B - CALCULATION EXAMPLE:
BOND-DEPENDENT COEFFICIENT FOR CRACK
WIDTH EQUAL TO 0.70 MM

This appendix presents beam N2#13G2 tested by EI-Nemr et al. (2013) as an example of
calculation of the bond-dependent coefficient, kp, at crack width equal to 0.70 mm (Figure 3.2).
The calculation follows the elastic cracked section theory that is based on the following
assumptions: (i) the section is cracked but remains linear elastic and (ii) the concrete in tension
is considered to be ineffective while the GFRP reinforcement takes all tensile stress.

B.1 GEOMETRIC CHARACTERISTICS AND MECHANICAL
PROPERTIES OF MATERIALS

— Compressive strength of concrete: /”c = 33.5 MPa.

— Modulus of elasticity of concrete: Ec = 26.1 GPa.

— Nominal diameter of GFRP bar: d, = 13 mm.

— Reinforcement configuration: 2 $13 mm diameter bars in 1 layer.
— Total area of GFRP reinforcement: As = 258 mm2.

— Modulus of elasticity of GFRP bar: Ep = 67 GPa.

— Tensile strength of GFRP bar: fr, = 1639 MPa.

— Stirrup configuration: double legged ds= 10 mm diameter.
— Cross section (b x h): 200 mm x 400 mm.

— Span of the beam: L = 4,250 mm.

— Clear cover: ¢ = 40 mm.

— Reinforcement ratio: ps= 0.38%.

B.2 PROCEDURE FOR CALCULATION OF THE BOND-
DEPENDENT COEFFICIENT

Rearranging Frosch equation (Equation 2.11) to calculate ko at w = 0.70 mm:
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w

kb,w=0.70 - >
ffﬁ /d + (2) (B.1)

B.2.1 Tensile stress in GFRP reinforcement, ft

The stress in GFRP reinforcement can be calculated as:

M

fr= 7d (B.2)

where M is the applied moment equal to 25 kN.m corresponding to crack width of 0.7 mm (see
Figure B.1), As= 258 mm?, and jd is the moment arm between tension and compression force
computed as (ACI PRC 440.1, 2007):

1
j=1-3k (B.3)

and

2
k = \/ 2p/m + (prn)” = ppm (B.4)
where 7 is the modular ratio: # = Ep/ Ec.

Thus: # =2.57, k=0.13, and j = 0.96.

Crack width, in
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Figure B.1 — Moment-to-maximum crack width relationships (EI-Nemr et al., 2013).
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The effective depth, d, is calculated as:

d=h—d, (B.5)

where d. is the thickness of concrete cover measured to the center of bar calculated as:
dc=cc+ ds+ (dv/ 2) = 56.4 mm; making d = 343.6 mm.

B.2.2 Ratio of the distance from the neutral axis of the member to the extreme
tension fiber to the distance from the neutral axis to the centroid of the tensile

reinforcement, g

The factor S can be estimated as (Park and Paulay, 1975):

_h—x
b=71—% (B.6)

where x is the depth of the neutral axis calculated as:

Vv2dB+1-1
X=— (B.7)
B
and
B - b
N 77Af (B.8)

Then, B=0.30, x=44.5, and g = 1.19.

B.2.3 Longitudinal GFRP bar spacing, s

The longitudinal GFRP bar spacing in the experimental specimen can be estimated as:
S=b—c,*x2—ds*2—d, (B.9)

where cc, is the lateral clear cover equal to 25 mm. Thus, s =117 mm.

B.2.4 Bond-dependent coefficient for crack width of 0.70 mm, Ko w=0.70

Finally, the bond-dependent coefficient for crack width equal to 0.70 mm calculated by
Equation [B.1] is 0.82.
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All other data presented in Chapter 3 is calculated similarly when ks is not explicitly reported

in the source material.
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APPENDIX C - CALCULATION OF TENSILE
STRENGTH OF C3 CONCRETE

Considering the prism to be a composite element, the assumption of perfect bond (i.e., &c = &n)
in the uncracked section can be applied. Starting from such hypothesis, the C3 concrete tensile
strength, fct, can be estimated by equating the strains in the concrete and bar to that of the

composite transformed section:

N N, _ N
E,A, E,A, E.,A.+E,A, (C.1)

where N¢ and Ny are the portion of the load carried by the concrete and the bar, respectively;
that is, Nc + Ny = applied load N; Ec and Ac are the modulus of elasticity and the area of the
concrete, respectively; and Ep and Apare the modulus of elasticity and the area of the reinforcing

bar, respectively.

The modulus of elasticity of concrete can be calculated as (Carrasquillo et al., 1981):

Ec = 3320,/f'c + 6900 (C2)

where f7¢ is the concrete compressive strength.

Finally, the concrete tensile strength, fei, can be determined using the measured load

corresponding to the appearance of the first crack, P1:

1 PAE._ PE
T A.EA, + E,A, E.A, +EyA, (C.3)

fet

Table C.1 shows the results for tensile strength for the twelve prisms tested.



Table C.1 — Calculation of tensile strength of C3 concrete.
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Prism #4 steel #6 steel #4 rGFRP #6 rGFRP #4 sGFRP
Specimen 1 2 1 2 3 1 2 1 2 3 1 2
dp (mm) 12.7 19.1 12.7 19.1 12.7
Nominal
Ao (mm?) 127 287 127 287 127
b (mm) 100 150 100 150 100
L (mm) 1905 2860 1905 2860 1905
Ae (zmAn?];) Ao 9873 22213 9873 22213 9873
Ey (GPa) 200 200 60.3 60.3 46.9
E. (MPa) 27.3
P1 (kN) 22.2 23.7 46.3 39.8 52.8 20.0 315 49.9 33.3 49.7 28.1 32.8
fee (MPa) 2.06 2.20 1.91 1.64 2.17 1.97 3.11 2.18 1.46 2.18 2.79 3.25
Average
2.24

(COV)




138

APPENDIX D — PULL-OUT TESTS RESULTS FOR
ALL SPECIMENS

The experimental results for all the 80 specimens tested are detailed in Table D.1. Specimens
having #2 and #3 bars were tested at CEFET-MG (Brazil) and with larger #4, #5 and #6 bars

were tested at the University of Pittsburgh (USA).

Table D.1 — Pull-out test results.

Average
free end .
. Concrete 70.05 70.10 70.25 Tmax ) ko at Failure
Bar  Specimen i oich  (MPa) (MPa) (MPa)  (MPa) S'T'p at o mode

max

(mm)
#2 steel 1 C1 2.59 4.28 8.03 12.18 1.059 PO
#2 steel 2 C1 1.38 2.25 6.06 12.70 1.193 PO
#2 steel 3 C1 1.57 3.29 6.18 10.59 0.932 n.a. PO
#2 steel 4 C1 1.05 1.99 5.24 10.86 1.038 PO
#2 steel 5 C1 2.90 4.43 6.27 10.62 1.241 PO

Average 1.90 3.25 6.36 11.39 1.093

Cov 042 0.34 0.16 0.09 0.11
#3 steel 1 Cc2 5.83 8.26 12.14 17.44 1.109 PO
#3 steel 2 Cc2 5.62 7.44 10.71 16.81 1.261 PO
#3 steel 3 Cc2 0.17 0.38 6.57 17.01 1.512 n.a. PO
#3 steel 4 Cc2 2.11 3.44 5.45 10.39 1.582 PO
#3 steel 5 c2 3.47 5.43 8.41 12.96 1.254 PO

Average 3.44 4,99 8.66 14.92 1.344

Ccov  0.70 0.64 0.32 0.21 0.15
#2 hGFRP 1 C1 3.92 6.37 11.45 17.56 1.453 PO
#2 hGFRP 2 C1 0.91 2.95 9.39 18.37 1.453 PO
#2 hGFRP 3 C1 1.83 4.59 13.20 22.17 1.242 0.62 PO
#2 hGFRP 4 C1 0.15 0.23 1.02 19.86 2.006 PO
#2 hGFRP 5 C1 2.71 5.22 9.68 14.03 1.560 PO

Average 1.90 3.87 8.95 18.40 1.543

Cov  0.78 0.62 0.52 0.16 0.18
#3 hGFRP 1 c2 1.22 1.46 2.56 9.77 2.893 PO
#3 hGFRP 2 c2 1.23 1.59 2.66 10.72 2.763 PO
#3 hGFRP 3 c2 2.59 3.37 5.34 12.07 2.269 1.25 PO
#3 hGFRP 4 c2 2.50 3.22 6.01 16.17 2.904 PO
#3 hGFRP 5 c2 1.33 1.77 2.86 10.99 2.875 PO

Average 1.77 2.28 3.89 11.94 2.741

Cov  0.40 0.41 0.43 0.21 0.10
#4 steel 1 C3 E E E 16.40 1.296 PO
#4 steel 2 C3 E E E 14.64 1.034 PO
#4 steel 3 C3 6.67 8.02 13.72 17.36 0.974 PO
#4 steel 4 C3 3.87 5.23 9.57 15.40 1.260 PO
#4 steel 5 C3 6.96 9.11 14.07 17.20 0.834 n.a. PO
#4 steel 6 C3 8.84 10.97 14.72 20.10 0.925 PO
#4 steel 7 C3 5.94 8.59 12.85 15.91 0.953 PO
#4 steel 8 C3 7.38 8.11 13.69 18.47 0.735 PO
#4 steel 9 C3 7.70 9.71 12.38 14.51 0.662 PO
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Average
free end .
. Concrete 70.05 70.10 70.25 Tmax . ko at Failure
Bar  Specimen “iiich  (MPa)  (MPa) (MPa)  (MPa) S'T'p a L. mode
max
(mm)
#4 steel 10 C3 10.39 11.07 12.99 14.50 0.808 PO
Average  7.22 8.85 13.00 16.45 0.95
Ccov  0.27 0.21 0.12 0.11 0.22
#6 steel 1 C3 E E E E E S
#6 steel 2 C3 E E E E E S
#6 steel 3 C3 E E E E E S
#6 steel 4 C3 E E E 19.35 1.747 PO
#6 steel 5 C3 E E E 18.98 1.551 PO
#6 steel 6 c3 £ E E 1861 1454 & PO
#6 steel 7 C3 E E E 20.59 1.020 PO
#6 steel 8 C3 9.78 11.51 14.84 17.28 0.949 PO
#6 steel 9 C3 6.17 9.55 15.25 24.33 1.259 PO
#6 steel 10 C3 9.11 11.27 16.70 24.14 1.000 PO
Average 8.35 10.78 15.60 20.47 1.28
Cov  0.23 0.10 0.06 0.13 0.24
#4 rGFRP 1 C3 3.82 5.03 7.72 15.90 2.294 PO
#4 rGFRP 2 C3 3.70 4.09 5.78 12.13 2.322 PO
#4 rGFRP 3 C3 2.14 2.90 4.71 10.02 2.302 PO
#4 rGFRP 4 C3 3.33 4.07 5.80 14.02 3.046 PO
#4 rGFRP 5 C3 2.68 3.51 5.28 9.96 2.551 131 PO
#4 rGFRP 6 C3 2.81 3.21 4.78 10.20 3.062 ' PO
#4 rGFRP 7 C3 3.05 3.77 5.28 10.53 2.681 PO
#4 rGFRP 8 C3 E 3.62 5.54 13.71 2.811 PO
#4 rGFRP 9 C3 4.44 4.86 6.59 13.98 2.768 PO
#4 rGFRP 10 C3 3.81 4.61 6.50 14.65 2.472 PO
Average 3.31 3.97 5.80 12,51 2.63
cov o021 0.18 0.16 0.18 0.11
#6 rGFRP 1 C3 E E E 15.56 1.116 PO
#6 rGFRP 2 C3 E E E 14.04 2.289 PO
#6 rGFRP 3 C3 E E E 11.12 1.927 PO
#6 rGFRP 4 C3 E E E 12.54 1.949 PO
#6 rGFRP 5 C3 4.34 521 6.87 13.46 1.914 143 PO
#6 rGFRP 6 C3 3.55 4.67 6.94 13.03 2.192 ' PO
#6 rGFRP 7 C3 6.23 7.29 9.08 14.37 1.653 PO
#6 rGFRP 8 C3 4.93 5.48 7.36 14.77 2.106 PO
#6 rGFRP 9 C3 6.57 7.77 11.36 20.20 1.839 PO
#6 rGFRP 10 C3 3.69 4.50 6.65 14.38 2.222 PO
Average 4.89 5.82 8.04 14.35 1.92
CoVv 0.26 0.24 0.23 0.17 0.18
#4 sGFRP 1 C3 E E E 9.85 0.804 PO
#4 sGFRP 2 C3 6.29 7.40 7.62 7.65 0.154 PO
#4 sGFRP 3 C3 E 1.89 2.72 3.44 0.770 PO
#4 sGFRP 4 C3 9.51 10.27 11.95 11.95 0.237 PO
#4 sGFRP 5 C3 5.32 5.63 5.35 5.63 0.076 594 PO
#4 sGFRP 6 C3 412 5.04 5.91 6.43 0.761 ' PO
#4 sGFRP 7 C3 2.18 3.15 4.31 4.74 0.656 PO
#4 sGFRP 8 C3 8.28 10.30 10.81 11.13 0.548 PO
#4 sGFRP 9 C3 5.10 5.80 7.07 7.70 0.885 PO
#4 sGFRP 10 C3 2.29 2.97 4.14 4.79 0.861 PO
Average  5.39 5.83 6.66 7.33 0.58
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Average
free end .
. Concrete 70.05 70.10 70.25 Tmax . ko at Failure
Bar  Specimen “iiich  (MPa)  (MPa) (MPa)  (MPa) S'T'p a L. mode

max

(mm)

COV  0.48 0.52 0.46 0.39 0.53
#5 sGFRP 1 C3 5.22 7.33 8.53 8.99 3.878 PO
#5 sGFRP 2 C3 10.10 11.14 11.48 11.52 0.307 PO
#5 sGFRP 3 C3 7.13 9.02 10.01 10.40 0.516 n.a. PO
#5 sGFRP 4 C3 5.57 6.54 8.16 9.70 7.690 PO
#5 sGFRP 5 C3 10.20 10.75 11.74 13.27 6.350 PO

Average 7.64 8.96 9.98 10.78 3.75

cov 031 0.23 0.16 0.16 0.89
#5 SGFRP-s 1 C3 E E E 9.35 6.658 PO
#5 sGFRP-s 2 C3 4.09 5.54 6.53 9.23 7.268 PO
#5 sGFRP-s 3 C3 7.27 8.50 10.38 12.43 4.805 n.a. PO
#5 sGFRP-s 4 C3 3.57 4.49 6.39 11.31 8.646 PO
#5 sGFRP-s 5 C3 5.36 6.56 7.86 12.02 8.677 PO

Average 5.07 6.27 7.79 10.87 7.21

cov 0.32 0.27 0.24 0.14 0.22

E = error during data acquisition.

“PO = pull-out of the bar; S = splitting of the concrete cube.
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APPENDIX E - DETAILS OF THE COMPLETE
EXPERIMENTAL DATABASE OF PULL-OUT TESTS

Table E.1 — Results of the pull-out tests of the experimental database.

Bar type ASTM A615 Gr. 60 steel
ID R14 #2 steel #3 steel  #4 steel #6 steel
Reference Sélyom and Balazs (2020) This study
Image of the B g
bar (all ' d
images are not
in the same I
scale) .
dp (mm) 6 6 8 8 12.7 19
Ap (Mm2) 28.3 28.3 50.3 50.3 129 284
Epn (MPa) 210 210 210 210 200 200 200 200
fru (MPa) > 500 > 500 > 500 > 500 500 500 500 500
Rr 0.092 0.092 0.120 0.120 0.049 0.086 0.074 0.089
sy (mm) 4.3 4.3 6.0 6.0 4.4 6.2 8.6 11.8
C“kzﬁ%e' b 150 150 150 150 200 200 200 200
f'c (MPa) 35.3 66.1 35.3 66.1 33.2 35.0 37.8 37.8
fer (MPa) 2.9 4.6 2.9 4.6 3.1 2.9 2.2 2.2
I, = 5dp (Mmm) 30 30 40 40 31.5 47.5 63.5 95
Tavgat 0.002
mm slip 1.52 2.05 8.51 5.66
(MPa) n.a. n.a. n.a. n.a.
CoVv 0.30 0.18 0.78 0.53
n 4 4 4 3
Tavgat 0.05
mm slip 3.71 6.82 11.6 16.05 1.90 3.44 7.22 8.35
(MPa)
Ccov 0.32 0.42 0.53 0.08 0.42 0.70 0.27 0.23
n 4 4 4 3 5 5 8 3
Tagat 0.10
mm or & ig'15 6.009 13410  1546® 23110 3250 499  ggs® 10,780
(MPa)
Cov 022 0.33 0.44 0.09 0.34 0.64 0.21 0.10
n 4 4 4 3 5 5 8 3
Tagat 0.25
mm slip 6.36 8.66 13 15.6
(MPa) n.a. n.a. n.a. n.a.
cov 0.16 0.32 0.12 0.06
n 5 5 8 3
Tmaxavg (MPa)  11.66 20.04 21.85 25.23 11.39 14.92 16.45 20.47
cov 021 0.17 0.30 0.07 0.09 0.21 0.11 0.13
n 4 4 4 3 5 5 10 7
Average free
end slip at z7max  0.786 0.585 0.545 0.751 1.09 1.34 0.95 1.28
(mm)
CoVv 0.25 0.46 0.36 0.28 0.11 0.15 0.22 0.24
n 4 4 4 4 5 5 10 7
Kp at Tmax n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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| s s
Bar type Fine sand-coated GFRP coated
coated GERP
GFRP
ID R2 R5 R4 #4 sGFRP
Reference Sélyom and Balazs (2020) This study
Image of the (&
bar (all <
images are P
not in the 2
same scale) —
dy (Mmm) 6 10 6 10 12 12 6 12.7
Ap (MM?) 28.3 78.5 28.3 78.5 113.1 113.1 28.3 129
54.5— 54.5— 50.0 - 50.0 - 50.0 - 50.0 - 54,5 -
Eo(MP) 599 599 550  55.0 55.0 550 599 46.9
1308 - 1308 - 990 - 990 - 990 - 990 - 1308 -
fru (MPa) 1415 1415 1130 1130 1130 1130 1415 2
s, (Ifnrm) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
C“tzfn%e' b 459 150 150 150 150 150 150 200
f'c (MPa) 35.3 35.3 35.3 35.3 35.3 66.1 35.3 37.8
fo (MPa) 2.9 2.9 2.9 2.9 2.9 4.6 2.9 2.2
I, = 5dy (Mmm) 30 50 30 50 60 60 30 63.5
Tavgat 0.002
mm slip 6.53 8.04 9.95 11.11 E 10.20 6.70
(MPa) n.a.
Cov  0.26 0.16 0.12 0.13 na 0.34 0.27
n 4 4 4 4 h 4 4
Tavg at 0.05
mm slip 6.52 3.17 4,72 7.08 3.3 3.42 4.38 5.39
(MPa)
Ccov 011 0.26 0.10 0.38 0.36 0.21 0.28 0.48
n 4 4 4 4 4 4 4 8
Tagat 0.10
mm or & ig.ls 11550 8189  1187@ 14549 8420 10309 11039 5830
(MPa)
Cov 0.15 0.14 0.09 0.15 0.27 0.19 0.11 0.52
n 4 4 4 4 4 4 4 9
Tagat 0.25
mm slip 6.66
(MPa) n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ccov 0.46
n 9
Tmaxavg (MPa)  13.97 13.18 23.67 20.10 17.53 22.85 18.78 7.33
Ccov 0.17 0.09 0.03 0.03 0.08 0.03 0.13 0.39
n 4 4 4 4 4 4 4 10
Average free
end slip at 0.198 0.226 0.329 0.276 E 0.026 0.243 0.580
Tmax (MM)
Ccov  0.29 0.34 0.25 0.28 na 1.35 0.19 0.53
n 4 4 4 4 h 4 4 10
Kb at Timax 0.83 n.a. 0.49 n.a. n.a. n.a. 0.79 2.24
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Sand- Most sand .
Bar type coated  removed Hellcagl)zll_\\ixgapped Helically wrapped GFRP
GFRP _ GFRP
ID oo, #5SGFRPs  #2hGFRP  #3 hGFRP R6
Reference This study Sélyom and Balazs (2020)
Image of the ~N D) | :
bar (all { 1
images are not o i
in the same ! 1 ,
scale) ! :
dy (mm) 15.9 15.9 6.3 9.5 6 6 8 8
Ap (Mm?2) 200 200 31 71 28.3 28.3 50.3 50.3
P de4 as4 2w 00 U0 U0 T
fu(MPa) 7386 73856 590 T T o o
Ry e e 0.035 0.050 0.043 0.043 0.047 0.047
s (mm) & & 15.4 13.3 18.3 18.3 21.0 21.0
C“tzfnsr:f)e' b 200 200 200 200 150 150 150 150
f'c (MPa) 37.8 37.8 33.2 35.0 35.3 66.1 35.3 66.1
fet (MPa) 2.2 2.2 3.1 2.9 2.9 4.6 2.9 4.6
I, = 5dy (Mmm) 79.5 79.5 31.5 47.5 30 30 40 40
Tavgat 0.002
mm slip 2.88 1.25 3.17 E
(MPa) n.a. n.a. n.a. n.a.
cov 0.18 0.26 0.50 na
n 4 4 3 h
Tavg at 0.05
mm slip 7.64 5.07 1.90 1.77 15 1.58 2.75 1.71
(MPa)
Cov 031 0.32 0.78 0.40 0.53 0.16 0.46 0.49
n 5 4 5 5 4 4 3 4
Tavgat 0.10
mm or & ig'15 896" 6270 3870 22800 3740 4430 5760 4790
(MPa)
Cov 0.23 0.27 0.62 0.41 0.42 0.12 0.22 0.40
n 5 4 5 5 4 4 3 4
Tagat 0.25
mm slip 9.98 7.79 8.95 3.89
(MPa) n.a. n.a. n.a. n.a.
Cov 0.16 0.24 0.52 0.43
n 5 4 5 5
Tmaxag (MPa) ~ 10.78  10.87 18.40 11.94 17.90 2119 16.54 26.74
Cov 0.16 0.14 0.16 0.21 0.20 0.17 0.08 0.06
n 5 5 5 5 4 4 3 4
Average free
end slip at zmax = 3.750 7.210 1.54 2.74 1.695 2.825 1.367 E
(mm)
Cov 0.89 0.22 0.19 0.10 0.51 0.50 n.a. n.a.
n 5 5 5 5 4 4 2 n.a.
Ko at Tmax n.a. n.a. 0.62 1.25 0.65 0.95 1.32 0.94
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Bar type Helically wrapped and sand-coated GFRP
ID R7 R8
Reference Sélyom and Balazs (2020)
Image of J
the bar (all
images are
not in the
same scale)
dy (Mm) 6 6 8 10 12 12 6 8
Ap (MM?) 28.3 28.3 50.3 78.5 113.1 113.1 28.3 50.3
Eb (MPa) 46 46 46 46 46 46 > 45 > 45
fuMPa) o B27-gos o %27 %2TC 27 896 >1100  >1100
Rr 0.021 0.021 0.021 0.015 0.024 0.024 0.051 0.037
Sy (mm) 24.2 24.2 24.2 24.6 23.1 23.1 6.1 6.8
Cube size, 150 150 150 150 150 150 150 150
b (mm)
f'c (MPa) 35.3 66.1 35.3 35.3 35.3 66.1 35.3 35.3
fer (MPa) 2.9 4.6 2.9 2.9 2.9 4.6 2.9 2.9
ls = 5d; 30 30 40 50 60 60 30 40
(mm)
Tavgat 0.002
mm slip 7.05 7.36 3.17 7.83 5.77 11.66 7.58 9.26
(MPa)
cov 0.19 n.a. n.a. n.a. 0.03 0.03 0.46 0.15
n 4 2 2 2 4 3 3 3
Tavg at 0.05
mm slip 5.34 6.77 2.75 4.64 2.76 10.67 4.27 5.53
(MPa)
cov 0.47 0.20 0.46 0.11 0.13 0.21 0.41 0.21
n 4 4 3 3 4 3 4 3
Tagat 0.10
B”Tsor & 1066@ 14200  576@  1031® 6500 17200  911@ .99
.15 mm
slip (MPa)
cov 0.15 0.11 0.22 0.07 0.12 0.02 0.19 0.11
n 4 4 3 3 4 3 4 3
Tagat 0.25
mm slip
(MPa) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
cov
n
E’;\‘ZES 13.59 18.37 18.27 18.39 13.55 21.86 16.22 16.45
cov 0.10 0.05 0.12 0.11 0.08 0.10 0.05 0.08
n 4 4 3 3 4 3 4 3
Average
free end 0.153 0.125 0.268 0.380 0.513 0.245 0.215 0.206
slip at zmax
(mm)
cov 0.04 n.a. 0.40 0.28 0.12 0.09 0.21 0.20
n 4 2 3 3 3 3 3 3

Ko at Tmax 0.86 1.09 1.20 n.a. n.a. n.a. 0.72 1.33
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Bar type Helically wrapped and sand-coated GFRP Indented GFRP
ID R8 R9 R10
Reference Sélyom and Balazs (2020)
-
Image of
the bar (all -~
images are
not in the
same scale) i
dy (mm) 8 6 8 8 10 8 8 12
Ap (MM?) 50.3 28.3 50.3 50.3 78.5 50.3 50.3 113.1
Ep (MPa) > 45 >50 >50 >50 > 50 60 60 60
fru (MPa) > 1100 > 1100 > 1100 > 1100 > 1100 1500 1500 1500
Ry 0.037 0.059 0.043 0.043 0.035 0.055 0.055 0.090
Sy (mm) 6.8 5.2 6.1 6.1 7.1 8.3 8.3 8.7
Cgbe SIZ€, 150 150 150 150 150 150 150 150
(mm)
f'c (MPa) 66.1 35.3 35.3 66.1 35.3 35.3 66.1 35.3
fet (MPa) 4.6 2.9 2.9 4.6 2.9 2.9 4.6 2.9
ls = 5d; 40 30 40 40 50 40 40 60
(mm)
Tavgat 0.002
mm slip 10.39 11.93 9.34 11.29 8.86 1.94 3.07 3.21
(MPa)
cov n.a. 0.15 0.46 0.11 0.26 0.39 0.28 0.26
n 2 4 3 4 4 3 4 4
Tavg at 0.05
mm slip 2.80 2.55 6.53 10.95 7.78 3.06 3.19 4.41
(MPa)
cov 0.30 0.18 0.39 0.14 0.17 0.07 0.09 0.18
n 4 4 4 4 4 3 4 4
Tagat 0.10
015 a goo®  O5®  1391@ 16950  1386@  6.81®  850@ 866
.15 mm
slip (MPa)
cov 0.10 0.16 0.18 0.11 0.13 0.25 0.10 0.15
n 4 4 4 4 4 3 4 4
Tagat 0.25
mm slip
(MPa) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ccov
n
E"I\‘Z?gg 22.57 20.79 19.36 23.00 18.03 10.75 17.70 12.23
Ccov 0.09 0.10 0.11 0.15 0.10 0.15 0.12 0.12
n 4 4 4 4 4 3 4 4
Average
free end 1.047 0.247 0.203 1938 0248  0.470 0.314 0.574
slip at zmax
(mm)
Ccov n.a. 0.23 0.14 0.07 0.13 0.03 0.12 0.35
n 2 4 3 4 4 3 4 4
Ko at Tmax 1.12 0.56 1.13 1.10 n.a. 2.03 1.43 n.a.




Indented . GFRP with machined
Bar type GFRP Ribbed GFRP Mo
ID R10 R12 R13 #4rGFRP  #6 rGFRP
Reference Sélyom and Balazs (2020) This study
Image of the £ " m
bar (all - - -
images are
not in the ;j x|
same scale) -~ -
dy (mm) 12 12 12 12 12 12.7 19
Ap (MM?) 113.1 113.1 113.1 113.1 113.1 129 284
Ep (MPa) 60 42.5 425 425 42.5 60.3 603
fru (MPa) 1500 > 1000 > 1000 > 1000 > 1000 962 898
Rr 0.090 0.082 0.082 0.074 0.074 0.030 0.024
Sy (mm) 8.7 5.9 5.9 7.3 7.3 10.2 10.4
C“tzfn%e' b 450 150 150 150 150 200 200
f'. (MPa) 66.1 35.3 66.1 35.3 66.1 37.8 37.8
fet (MPa) 4.6 29 4.6 2.9 4.6 2.2 2.2
I, = 5d, (mm) 60 60 60 60 60 63.5 95
Tavgat 0.002
mm slip 5.82 4.36 8.21 4.06 3.92
(MPa) n.a. n.a.
cov 0.22 0.09 0.07 0.06 0.04
n 4 4 4 4 4
Tavg at 0.05
mm slip 10.84 3.58 8.12 1.77 2.7 3.31 4.89
(MPa)
cov 0.38 0.15 0.15 0.11 0.54 0.21 0.26
n 4 4 4 4 4 9 6
Tagat 0.10
0 ;”5”‘ orat 15740 g2g@ 18400 5320 210 3970 580
.15 mm slip
(MPa)
cov 0.26 0.12 0.11 0.15 0.26 0.18 0.24
n 4 4 4 4 4 10 6
Tagat 0.25
mm slip 5.80 8.04
(MPa) n.a. n.a. n.a. n.a. n.a.
cov 0.16 0.23
n 10 6
E'RZ?S 18.40 15.13 28.36 15.38 18.09 12.51 14.35
cov 0.17 0.08 0.10 0.02 0.04 0.18 0.17
n 4 4 4 4 4 10 10
Average free
end slip at 0.230 1.556 0.559 1.438 1.747 2.63 1.92
Tmax (MM)
cov 0.12 0.07 0.22 0.20 0.27 0.11 0.18
n 4 4 4 4 4 10 10
Ko at Tmax n.a. n.a. n.a. n.a. n.a. 1.31 1.43

@ Bond stress corresponding to 0.15 mm loaded end slip.

® Bond stress corresponding to 0.10 mm free end slip.
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