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Abstract: This paper presents an experimental and analytical study of the bond behaviour of basalt
fibre reinforced polymer (BFRP) bars in geopolymer concrete (GPC). Pull-out tests were conducted
on ribbed BFRP bars embedded in GPC cubes considering different bar diameters (6, 8 and 10 mm)
and embedment lengths (5d;, 10d,, and 15d;,) to investigate their effects on bond behaviour in terms
of bond-slip response, bond strength and failure mechanisms. Results indicate that the chemical
adhesion is low, and the bond is mainly dependent on mechanical interlocking which stopped when
pullout occurred by local crushing of the GPC with the BFRP ribs remaining undamaged, suggesting
high rib shear strength. A theoretical bilinear model was used to describe the local bond-slip
relationship and the bond interface properties. There exists nonlinear bond stress distribution,
especially for longer embedment lengths and lower load levels with a bond stress concentration factor
of 3.9. A parametric study was performed to estimate the influences of bar diameter, embedment
length and elastic modulus on maximum pull-out load, based on which the load transfer mechanisms
between BFRP bars and GPC were explored, and a formula for predicting the bond strength was
proposed in comparison with experimental data.
Keywords: Fibre reinforced polymer; Alkali-activated concrete; Bond strength; Analytical analysis;
Theoretical prediction
1. Introduction
Steel reinforced Portland cement concrete (PCC) is the most widely used construction material in the
world. As the binding material in concrete, Portland cement is responsible for around 7% of global
CO:z emissions [1]. To improve the sustainability of concrete, different alternative binding materials
to Portland cement have been proposed. Among them, geopolymer, also known as alkali-activated
materials, made from industrial by-products such as fly ash (FA) and ground granulated blast-furnace
slag (GGBS) is considered as a promising alternative [2], the use of which as a substitute for Portland
cement for concrete can help reduce CO2 emissions by up to 80% compared to PCC [3]. Another
issue with reinforced concrete is inadequate durability due to corrosion of steel reinforcement, which
has an estimated global cost of $2.5 trillion [4,5]. In recent years, basalt fibre reinforced polymer
(BFRP) bars have been introduced as an alternative reinforcement to steel bars because of their light
weight, high tensile strength, excellent resistance to acids and corrosion, and a wide range of working
temperatures [6]. Considering the promising properties, the combination of GPC and BFRP bars has
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been recently proposed as a sustainable and durable building system for the construction industry [7—
9].

The bond between reinforcement and concrete is a key property that strongly influences the
structural performance of reinforced concrete structures. The load transfer between reinforcement and
concrete is generally characterised by the local bond-slip curve, which can be determined using either
pull-out or beam-end tests [10]. To date, many studies have been conducted to investigate the bond-
slip behaviour of steel reinforced GPC and BFRP reinforced PCC systems using pull-out and beam-
end tests, while the bond between BFRP bars and GPC has not been explored. The bond slip curves
for steel reinforcement in GPC and PCC are similar in shape, but with up to 40% more bond strength
in GPC, which can be attributed to the more homogenous and dense microstructure of GPC [11-14].
Thus, GPC is not only more sustainable than PCC but may also offer superior structural performance.

The bond-slip behaviour of fibre reinforced polymer (FRP) in PCC is more complex than steel
rebars, owing to the potential influences of fibre type, resin type, anisotropic feature and surface
treatment of FRP [6,15,16]. Previous pull-out tests on BFRP reinforced PCC indicated that BFRP
bars developed an average bond strength of 75% of glass FRP (GFRP) bars but higher residual stress
[17]. Increasing bar diameter and embedment length increased the maximum pull-out load but
reduced the average bond strength [18,19]. The reduction in bond stress can be ascribed to the higher
interface surface area, non-uniform distribution of the shear bond stress along the bar embedded
portion and shear lag effect [20,21]. Excellent bond durability of BFRP bars in PCC was proven
where after 45 days of exposure to alkaline environment, vinyl-ester-made BFRP bars and GFRP bars
experienced similar a bond strength retention (92.4 %), while the bond stress retention of epoxy-made
BFRP bars was relatively higher (139.5%) [22]. Several other studies [22—25] also demonstrated that
BFRP bars have comparable or higher bond durability than the similar GFRP bars. The superior bond
properties of BFRP bars support their application as internal reinforcement in concrete, although they
have not been included in the design codes available for other FRP reinforcements [26—29].

As the use of strain gauges or distributed optical fibre sensors [26-30] has been proven to have
limited efficacy for the experimental assessment of bond stress distribution [31], the analytical study
appears to be a more helpful tool. The most well-known bond-slip constitutive models for the FRP
reinforced concrete include the Malvar model [32], the modified BPE model [20,33] and the CMR
model [34], calibrated from pull-out tests with short embedment lengths of bar in concrete. It is worth
pointing out that the set of values defining the bond-slip constitutive law are identified based on non-
local measurements such as the average bond stress that does not account for the shear stress nonlinear
distribution along the bar embedded portion. It is still a debate whether the parameters defining the
bond-slip law should be derived from samples with shorter (5d;,) or longer (>5d,;) embedment length.

To avoid the influences of significant deformation and damage of concrete on the local bond-slip
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curve and to obtain a relatively uniform bond stress distribution, it is recommended to derive the
bond-slip law from samples with short embedded length (5d}) [35-37]. On the contrary, for shorter
embedment length, the local imperfections at the interface could have a strong influence on the bond-
slip curve, resulting in scattered values of 7, and s,,. Therefore, to minimise the effect of local
imperfections, the use of longer embedment lengths was suggested to calibrate the bond-slip
constitutive law [38].

The analytical solutions to governing differential equations for different systems need to be
derived to compute the interface properties. Focacci et al. [39] provided the analytical solution to
calculate the slip and bond stress profiles along the bar based on the mBPE and CMR bond-slip laws.
A closed-form solution can be determined if the embedment length is longer than the development
length, i.e. if the slip at the free end of the bar is zero. When some slip is recorded at the bar free end,
the differential equation must be solved numerically [38,39]. A multilinear model was proposed for
GFRP bars in high-performance steel fibre reinforced self-compacting concrete [35], which accounts
for the high stiffness induced by the chemical adhesion in the initial stage of the bond-slip curve and
the friction phase after the softening. The stress distribution of GFRP bars in concrete was predicted
using a linear model [40], which can only provide the constitutive behaviour at the serviceability state
level as it lacks a definition for the descending branch. To the best of the authors’ knowledge, the
bond behaviour of BFRP bars in GPC has not yet been investigated analytically.

The main purpose of this study is to investigate experimentally and analytically the bond between
BFRP bars and GPC made from FA, GGBS and alkaline activator and cured at ambient temperature.
Pull-out tests on ribbed BFRP bars with different bar diameters (6, 8, 10 mm) embedded in GPC
cubes for different embedment lengths (5d,,, 10d;,, 15d,) were conducted according to ACI 440.3R
[41] to explore the bond behaviour in terms of average bond stress-slip curves at the bar free and
loaded ends, bond strength, failure modes, and influences of bar diameter and embedment length.
Afterwards, a bilinear model was proposed to theoretically describe the local bond-slip relationship
of BFRP bars in GPC and closed-form solutions of the governing equations were developed to predict
the interface properties. The bilinear model was validated against experimental data and then used to
predict the tensile stress and bond stress distribution along the bar embedded portion. A parametric
study was then carried out to estimate the influences of the involved bond-slip curve variables and
the bar properties on the maximum pull-out load, based on which the underlying mechanisms of
BFRP-GPC interaction were explored and discussed in depth.

2. Experimental program
2.1. Materials
2.2.1 Geopolymer concrete (GPC)



In this study, class F FA and GGBS, alkaline solution (AL), superplasticiser (SP), along with fine and
coarse aggregates were used to prepare GPC. FA and GGBS were adopted as the precursors with a
proportion of 85%:15% by mass. A combination of 10 molar sodium hydroxide (SH) solution and
sodium silicate (SS) solution with a modulus (SiO,/Na,0) of 2.0 was used as the alkaline activator.
The SH solution consisted of 31.40 wt% NaOH and 68.60 wt% H,0, while the SS solution was
composed of 30.71 wt% Si0,, 15.36 wt% Na, 0 and 53.93 wt% H,0. The alkaline activator-to-binder
(AL/B) ratio was 0.4. A modified polycarboxylate-based superplasticiser (SP) was added to improve
the workability of GPC. Standard river sand with a nominal size of 0.03 - 2 mm was used as fine
aggregates, while crushed limestone with a nominal maximum size of 20 mm was chosen as coarse
aggregates (CA). Fine and coarse aggregates were used in saturated surface dry (SSD) condition
according to ASTM C128 [42] and ASTM C127 [43], respectively. Table 1 shows the mix proportion
of GPC adopted in this study, which was determined as reported in previous studies [44,45]
considering the acceptable engineering properties in terms of workability, setting time and strengths.

Table 1. Mix proportion of geopolymer concrete.

FA GGBS SH SS SP Sand CA
(kg/m3) (kg/m®) (kg/m®) (kg/m3) (kg/m®) (kg/m3) (kg/m?)
340.00 60.00 53.00 107.00 4.00 632.50 1197.50
Note: FA (fly ash); GGBS (ground granulated blast-furnace slag); SH (sodium hydroxide); SS

(sodium silicate); SP (superplasticizer); CA (coarse aggregate).

The mixing procedure for GPC is given as: (1) FA, GGBS, sand and coarse aggregates were mixed
in the dry state for 3 min to ensure homogeneity of the mixture. Then, AL and SPs were added and
mixed for another 3 min. (2) The moulds were coated with a thin oily film to facilitate the de-
moulding procedure. (3) The fresh GPC was poured in two layers and vibrated for compaction. (4)
The specimens were covered with a plastic film to avoid moisture loss and cured for 24 h at room
temperature (20 £2 <C). (5) Afterwards, the specimens were de-moulded and cured in a standard
curing room (20 %2 <C, 95% relative humidity) until the days of testing.

The workability of fresh GPC was determined with a slump test as per ASTM C143 [46]. The
slump value of fresh GPC was 166 mm, indicating high workability according to the classification
proposed by Talha Junaid et al. [47] for GPC. The hardened properties of GPC at 28 days including
compressive strength, splitting tensile strength, and elastic modulus were measured in accordance
with BS 12390 [48]. Three samples were tested for each property and the mean value was obtained
and used. The compressive strength, splitting tensile strength, and elastic modulus of GPC were 42.34
MPa (#2.68 MPa), 3.57 MPa (#0.18 MPa), and 30.58 GPa (20.76 GPa), respectively.

2.2.2 Basalt fibre reinforced polymer (BFRP) bar



Fig. 1 shows the ribbed BFRP bars used in this study, produced by pultrusion of continuous basalt
fibres embedded in vinyl-ester. Three nominal diameters of 6, 8 and 10 mm were tested. The ribs
with a smooth and round surface were obtained during pultrusion with a nylon laminate helically
wrapped around the outside diameter. The rib depth was 6% of the diameter, which is considered to
provide adequate bonding to concrete [49]. Five BFRP bars of 1000-mm length were prepared and
tested according to ASTM D7205 [50] to determine effective diameter, tensile strength and elastic
modulus. Due to their low transverse strength, an anchorage system was placed at the end of the bar
between the bar and the tensile testing machine’s jaws as a protection to prevent grip-induced damage,
as recommended in ASTM D7205 [50]. Table 2 lists the results of the tested mechanical properties
of BFRP bars under uniaxial tension.

As seen in Fig. 2, the BFRP bars exhibited a linear behaviour until failure and failed due to rupture
of fibres. As expected, the tensile strength of the 10-mm bar (876 MPa) was 21% lower than that of
the 8-mm bar (1117 MPa) due to potentially increased voids and defects with the increase of bar
diameter [51,52]. However, unexpectedly, the tensile strength of the 6-mm bar was 899 MPa that is
approximately 19% lower than that of the 8-mm bar. Fig. 2 also suggested a high variability in the
stress-strain behaviour of different 6-mm bar samples at high stress levels. Such unexpected
mechanical behaviour may be ascribed to the BFRP bars manufacturing method which could have
led to some degree of inhomogeneous properties, as discussed in the following sections, and thus
would affect the pull-out test results.

Fig. 1. Ribbed BFRP bars with various diameters.



Table 2. Physical and mechanical properties of BFRP bars.

Nominal diameter Effective diameter Ultimate tensile strength  Elastic modulus
(mm) (mm) fru (MPa) E, (GPa)

6 5.15 899.89 55.4

8 7.20 1117.58 58.2

10 8.00 876.37 57.5
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Fig. 2. Tensile behaviour of BFRP bars with various diameters.
2.2. Pull-out test
2.2.1 Sample preparation
The bond behaviour was investigated using pull-out tests on samples consisting of BFRP bars
embedded at various depths in GPC cubes. The concrete was cast on a 150-mm cubic mould. A 700-
mm long BFRP bar was placed horizontally, aligned transverse to the concrete casting direction. An
anchorage was fitted at the bar loaded extremity to prevent damage, as discussed for the tensile test.
Bond-breaker PVC tubes were fitted to the bar to obtain embedment lengths of 5d;,, 10d;, 15d,,.
Three specimens were cast for each studied parameter to ensure data reliability. Each specimen was
identified using a code that summarises the bar diameter, the embedment length, and the tested sample.
For instance, the code 8-15d-1 represents a bar of 8-mm diameter and 15d;, embedment length, and
the first sample tested.
2.2.2 Test method
Fig. 3 shows the pull-out test configuration. During testing, the samples were held by a frame made
of two steel plates connected by four rods. The lower plate had a central hole to allow the bar to pass

through. The upper plate had a pin on the top to be gripped by the testing machine upper jaw. The
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relative slips between bar and concrete were recorded using linear variable displacement transducers
(LVDT), one at the free end and three at the loaded end. A universal testing machine with a capacity
of 1000 kN was arranged to apply the load to the bar under displacement control at 1.3 mm/min, as
per ACI 440.3R [41]. At the end of pull-out tests, some samples were cut open to investigate the

surface between concrete and bar, while other samples split open during the tests.
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Fig. 3. Pull-out test configuration: (a) graphical detail; (b) photo.
3. Experimental results and discussion
3.1. Bond stress-slip response
The experimental data of pull-out tests include tensile load applied and slips at the bar free end and
loaded end. The average bond stress is defined as the shear force per area of bar-concrete interface,

which can be calculated from the measured pull-out load as follows:

P
T= (1)

N T[dbld

where 7 is the average bond stress (MPa), P is the tensile load (N), d;, is the nominal bar diameter
(mm) according to [21], and [, is the embedded length (mm).

The average bond strength (z,,) can be calculated by dividing the peak load (B,,) by the contact
surface area. The results obtained from the pull-out tests are summarised in Table 3, including the
failure mode (PO = pull-out of the bar, BF = failure of the bar, SC = splitting of concrete), the failure
load (B,,), the average bond strength (z,,), the coefficient of variation (COV) of the average bond

strength, the slip at the free end (s, r.) for the maximum load, the slip at the loaded end (s ;) for



the maximum load, and the bond stress at the onset of slip at the loaded end (z,,; .) and the free end

(Tons,fe)-

Fig. 4 shows the average bond stress-slip curves of BFRP bars in GPC at both the free (FE) and
loaded ends (LE) for various bar diameters and embedded lengths. As expected, there exist three
typical stages. The chemical adhesion was lost immediately, as suggested by the low level of bond
stress at the onset of the slip at the loaded end (7,,5,.), given in Table 3, ranging from 0.07 to 1.06
MPa. The early loss of chemical adhesion implies that the bond is mainly dependent on the
mechanical interlock offered by the bar ribs and the concrete [53]. In the ascending branch, the stress
increase was accompanied by a slip increase following a linear behaviour until the peak point. The
linear ascending branch of BFRP bars in GPC is consistent with that observed for pull-out studies of
similar materials such as GFRP bars in PCC [21,54].

After the peak point, the bond stress dropped sharply, followed by minor slippage for all the
samples, except the sample 6-15d that exhibited a small region of constant stress level. The softening
branches of the samples that failed due to bar rupture displayed a sharp reduction in the bond stress
with limited slips, indicating the brittle failure along with a significant energy release. An obvious
reduction in bond stress was also observed for the sample 8-5d which failed due to bar pull-out with
a sudden loss of bond stress after the peak point. The sample 10-5d also failed due to bar pull-out but
exhibited a more extended softening branch with a sharp falling slope. A similar bond loss along with
small slips was illustrated during pull-out tests of BFRP bars in PCC cubes [25]. It is worth
mentioning that the softening branch for the sample 10-15d was not recorded as the concrete cube
split abruptly into two parts during the test.

Due to the low longitudinal elastic modulus of BFRP bars, there existed a difference between the
slips measured at the bar ends, where the free end slipped at the maximum bond stress between 0.07
and 0.34 mm, and the loaded end slipped between 0.11 and 1.41 mm. Hence, the bond behaviour of
BFRP bars was characterised by two curves, i.e. the bond stress-slip response at both the free and
loaded ends. As soon as the pull-out test began, after the chemical adhesion between the bar and
surrounding concrete was lost, the loaded end slip could be observed, and it increased rapidly. On the
other hand, the onset of the slip at the free end happened at a higher level of stress, as seen in Fig. 4,
and it developed at a slower pace than that at the loaded end. The difference between the slips at free
and loaded ends implies the nonlinear distribution of shear bond stress along the BFRP bar embedded
portion, which can be attributed to the peak bond stress moving progressively towards the bar free
end as the load increases [55].
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Table 3. Pull-out test results.

Sample  Failure (PkmN) wpay GOV ?rn;%lren) ?rr:%fﬁn) PR  (MPa)
6-5d-1 PO/BE 820 1450 013 007 071 212
6-5d-2 POBF 980  17.33 12.3% 018 009 035  3.18
6-5-3 PO/BE 7.80  13.79 041 008 106 283
6-10d-1 PO/BE 1560 13.79 034 008 018 159
6-10d-2 PO/BF 1840 1627 165% 040 008 018  2.30
6-10d-3 PO/BF 1320  11.67 030 008 035 071
6-150-1 PO/BF 2480 14.62 034 011 035 259
6-150-2 PO/BE 2420 1426 12% 038 011 035 071
6-150-3 PO/BE 2460  14.50 038 021 035 318
850-1 PO 4150 4128 057 033 050 149
8502 PO 4100 4078 45% 059 034 050  1.49
850-3 PO 4450  44.26 055 028 050  2.49
8-10d-1 BF 8300 4128 141 030 025 149
8-10d-2 BF 8200 4078 09% 134 028 025 149
8-10d-3 BF 8350 4153 136 024 025 671
8150-1 PO 57.00 18.90 125 013 017 1.6
81502 PO 5660 1877 04% 135 020 007 093
8-150-3 PO 56.60 1877 135 020 013 086
10501 PO 39.00 2483 049 026 038 051
10-50-2 PO 4460 2839 8.6% 060 034 038 255
10-50-3 PO 3820 24.32 054 030 025  1.02
10-10d-1 BF 7280 2317 114 030 013 025
10-10d-2 BF 7080 2254 37% 098 022 013 019
10-10d-3 BF 6760 2152 104 024 013 038
10-150-1 SC 5040  10.70 095 014 008 064
10-15d-2 SC 6140 1303 11.6% 118 018 008 115
10-15d-3 SC 6260 13.28 121 019 017 093

3.2. Bond strength

Table 4 summarises the sample repetitions, the total number of tests and the COV of the present study
in comparison with those of available studies of pull-out tests on steel and FRP bars embedded in
concrete blocks [17,56-58]. The COV of average bond strength was found to be between 0.4% and
16.5%, suggesting good repeatability of the failure load for BFRP bars in GPC and good agreement
with that reported in the reference studies. The effects of different factors on bond strength of BFRP

bars in GPC are analysed and discussed in detail below.

11



Table 4. Comparison of COV of maximum bond stress with existing studies.

Total number

Ref. Material Concrete Sets Repetitions cov
of tests

Present work B,S GPC 14 3 27 0-17%

El Refai et al. (2015) B, G PCC 16 3 48 2-30%

Baena (2010) C,G, S PCC 23 2o0r3 88 1-41%

Tekle et al. (2016) G GPC 9 3 27 4-16%

Ahmed et al. (2008) C,G, S PCC 8 5 40 2-21%

Note: B = basalt FRP, G = glass FRP, C = carbon FRP, S = steel, PCC = Portland cement concrete,

GPC = geopolymer concrete.
3.2.1. Effect of embedment length
Fig. 5a shows the effect of BFRP bar embedment length in GPC on bond strength, which indicates
that the increase of bar embedment length from 5d,, to 15d,, resulted in a reduction of the average
bond strength of 52% for 8-mm bars and 55% for 10-mm bars, respectively, while only 5% reduction
of bond strength can be observed for 6-mm bars. The reduction in bond strength with the increase of
embedment length can be attributed to the nonlinear distribution of bond stress along the bar-concrete
interface and a more extensive surface area of contact between bar and concrete which lowers the
average bond strength. The changing trend observed for BFRP bars in GPC agrees with the findings
of pull-out studies on similar materials such as BFRP bars in PCC [17] where an average bond
strength reduction of up to 29% was reported, and different FRP bars in PCC [53,55]. The embedded
length also influences the mode of failure, as discussed in Section 3.3.
3.2.2. Effect of bar diameter
Fig. 5b shows the effect of BFRP bar diameter on bond strength, indicating a reduction of bond
strength with increasing diameter, which is consistent with the findings on BFRP bars in PCC [59],
CFRP bars in PCC [53], and GFRP bars in GPC [57]. The bond strength for 10-mm bars were about
34% to 46% lower than that for 8-mm bars with the same embedded length. The bond strength drop
with increasing diameter can be ascribed to the nonlinear distribution of stress along the concrete-bar
interface, the shear lag effect and the Poisson’s effect. Nevertheless, the 6-mm bars unexpectedly
exhibited an average bond strength of about 23% to 66% lower than 8-mm bars, which can be
attributed to the premature failure caused by bar rupture. As discussed in Section 2.1, the 6-mm bars
have relatively lower mechanical properties, which could lead to a detrimental effect on their bond

performance. For clarity reasons, the data of the 6-mm samples were not included in Fig. 5b.
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Fig. 5. Average bond strength between BFRP bar and geopolymer concrete against: (a)
embedment length; (b) bar diameter.

3.3. Failure modes

Fig. 6 shows the typical failure modes of the BFRP bar pull-out tests, including bar pull-out, concrete
splitting, and bar rupture. The failure mode was affected by the embedment length. Shorter
embedment length (5d;), e.g. in samples 8-5d and 10-5d, provided insufficient interaction area
between BFRP bars and GPC, leading to pull-out failure. Bar pull-out is experienced when the
embedded length is shorter than the development length [38], representing the minimum length of
the bar embedded in the concrete capable of developing the strength necessary to transfer the tensile
force from the reinforcement to the concrete.

Fig. 6a shows the sample 8-5d cut open to inspect the interface zone between the bar and the
concrete, indicating that the pull-out failure was due to concrete lugs shearing off, causing the
embedded concrete surface to become smooth, while the bar ribs were intact, implying a high shear
strength good integrity between the ribs and the successive bar layers. The pull-out failure usually
occurs at the interface when the shear bond strength between the bar and surrounding concrete is
exceeded. When the concrete provides an adequate amount of confinement to prevent splitting, the
cracks remain limited to the portion surrounding the bar, leading to a pull-out failure [16]. Bar pull-
out is the preferred type of failure during pull-out tests, as it provides an estimation of the bonding
between bar and concrete. On the other hand, concrete splitting and bar rupture are considered
premature failures as the interface between bar and concrete is still intact after the sample failure.

Fig. 6b shows the sample 10-15d that splitted open during the test, suggesting that the longer
embedment length (15d,) would cause concrete splitting. Only a thin layer of concrete can be found

on the bar surface while the bar surface and the concrete at the interface were still intact, indicating
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that the maximum bond strength was not attained. The splitting failure is associated with the poor
confinement. The radial stress originated by the tensile pull-out load generates some cracks at the
interface between the rebar and the surrounding concrete. When the concrete confinement is not
sufficient to bear the radial stress and the concrete tensile strength is reached, the cracks propagate
towards the concrete surface, resulting in splitting failure while the interface zone with the
reinforcement remains intact. The present findings are consistent with the behaviour observed for
GFRP bars in PCC [38,60] and GFRP bars in GPC [61,62].

Fig. 6¢c and d display the failure of specimens induced by bar rapture, which occurs when the bond
is adequate, and the pull-out load reaches the bar tensile strength leading to its failure in tension.
Some samples (6-15 and 10-10) failed due to bar rupture at the expected tensile stress, while others
underperformed or exceeded the tensile strength. For instance, the samples 6-5d and 6-10d failed
respectively at a load of 66% and 38% lower than the expected one, while the samples 8-10
overperformed and failed at a load level 46% higher than the expected one. Overall, all 6-mm BFRP
bars failed due to bar rupture, regardless of the embedment length. The variability of bond
performance can be ascribed to the variations of tensile stress-strain behaviour for 6-mm bars

discussed in Section 2.1.
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Fig. 6. Typical failure modes under pull-out tests due to: (a) pull-out of the bar for sample

8-5d; (b) splitting of concrete for sample 10-15d; (c) bar rupture in tension for samples 6-
5d and 8-10d.
4. Theoretical analysis of bond behaviour of BFRP bars in GPC
As introduced above, the available analytical models for the bond-slip response of FRP bars in
concrete, i.e. mBPE and CMR models, present a nonlinear behaviour in the ascending branch [20,34].
However, as the experimental data of BFRP bars in GPC suggested a linear behaviour both in the
ascending and descending phases, a bilinear model in calibration with experimental results is
proposed here to describe the bond stress-slip relationship, which can also be used for finite element
modelling of the pull-out test of BFRP bars in GPC. Furthermore, closed-form solutions are
developed, allowing to predict the stress and strain distribution along the bar embedded length in
GPC.
4.1. Bilinear local bond stress-slip model
Fig. 7 illustrates the bilinear model proposed to describe the bond stress-slip relationship for BFRP
bars in GPC. The bond-slip curve can be expressed as:
ks 0<s<spy

T
(s) = L (s +Sg—5) Sp<s<sy, (2)

da
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where 7 is the bond stress (MPa), k = t,,,/s,, is the bond stiffness (N/mm?q), 7,,, is the maximum
bond stress (MPa), s is the slip of the bar (mm), s, is the slip at the maximum bond stress that is
generally determined at the free end of the bar [20], and s; = s,, — s,,, Where s, is the ultimate slip
(mm).

Fig. 8 shows a schematic illustration of a bar embedded in concrete during the pull-out process
under a tensile load. The bond stress acting on the contact surface between bar and concrete is t =
7(s), where the slip s = s(x) represents the relative displacement between bar and concrete at a
location x and ¢ = o(x) denotes the tensile stress at the location x, being x a reference axis along
the bar. The equilibrium of a small length dx of a bar with diameter d;, in terms of the tensile stress
acting on the bar cross-sectional area and the shear stress acting on the contact surface between the

bar and the concrete can be described as [63]:

md}
T(sp(x))mdydx = e do(x) 3)
=
A
=
5
<
o)
Q
M
k
S S, Slip (mm)

T

Sda = Sy — Sm

Fig. 7. Bilinear bond stress-slip relationship.
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Fig. 8. Equilibrium of bar element embedded in concrete under uniaxial tensile force.
As per previous studies [39,64], two assumptions are made herein: the BFRP bar along the

longitudinal direction is considered to be linear elastic, and the deformation of concrete is ignored as
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the displacement of concrete at the interface between bar and concrete can be negligible if compared
to the displacements of the points of the bar.

The slip, strain, bond stress and tensile stress for the ascending branch can be expressed as:

s(x) = ¢ cosh(A1x) + c;sinh(A,x) @)
d“;(;) — 2,6, sinh(A,%) + A,¢c,cosh(A,x) )
t(x) = k[c; cosh(Ax) + ¢, sinh(2;x)] ®)
o(x) = Ey[Arcy sinh(Ax) + A1¢5c08h(21%)] @

where 4, = /%, E}, is the bar elastic modulus (MPa), and d,, is the bar diameter (mm).
b%b

For the descending branch, the bond properties can be given as:

s(x) = c3sin(A,x) + ¢, cos(A,x) + 5, + 54 (8)
ds(x) = A,¢3 cos(A,x) — A,¢, sin(A,x) 9)
dx
T(x) = — Z—m [c3 sin(A,x) + ¢4 cos(A,x)] (10)
d
0(x) = Ep[Ayc53 cos(Ayx) — Ayc4 Sin(A,x)] (11)

4
where 1, = /Z—’:ﬁ

The constants ¢, ¢,, c; and c,can be determined considering the boundary conditions at the bar

free end (x = 0) and loaded end (x = 1) listed below:

dSb

E o = Eb(O) =0 (12)
dSb P
— =¢&,(lg) = 13
dx x=lg bitd EbAb ( )

4.2. Comparison of theoretical predictions with experimental data

The proposed model was applied to the experimental results of the pull-out of BFRP bars in GPC,
and the validity of the theoretical predictions was assessed. For comparison purposes, the sample 10-
5d-1 was chosen within those that failed due to bar pull-out, providing a close estimation of the bond
strength, the results of which are shown in Fig. 9. It can be seen that the proposed model offered the
predictions of bond-slip curve with satisfactory accuracy in terms of values and shape compared to
the experimental data. The predictions scored a root-mean-square error of 5% for the bond-slip curve
at the free end and 8% for that at the loaded end. After such validation, the theoretical formulation
was then used to predict the distribution of bond stress and tensile stress along the bar embedded

portion, which is presented below.
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Fig. 9. Comparison between experimental and analytical bond-slip response for sample 10-
5d-1.

4.3. Bond interface properties

Fig. 10a displays the bar normal tensile stress, which increased with the load level and decreased
from the loaded end towards the free end. The tensile stress tended to be nonlinear for lower pull-out
loads but constant for higher pull-out loads. As shown in Fig. 10b, the bond stress along the bar
increased with increasing pull-out load until the maximum bond stress was reached. For lower pull-
out loads (20% - 60% PB,,), the peak bond stress was found at the bar loaded end, and by increasing
the load level, the peak bond stress reached the maximum bond stress and progressively migrated
towards the bar free end, suggesting a nonlinearity of the bond behaviour along the bar embedment
length. It is worth noting that the bond stress distribution along longer embedment lengths can vary
compared to the average bond stress. Thus, following the recommendations by [35-37], the shorter
embedment length (~5d;) was considered to obtain a relatively uniform bond stress distribution, as
indicated in Fig. 10b for the case of 10-5d, which was found to be similar to the experimental value
(24.83 MPa) provided in Table 3.

Fig. 11 shows the bond stress concentration factor (K,), i.e. the ratio of the predicted peak bond
stress to the average bond stress, at different load levels. A parametric study was run to estimate the
variation of K, for different bar diameters (8 and 10 mm) and embedment lengths (5d,,, 10d,,, 15d,)
whilst maintaining the bond-slip parameters. K. increased with increasing bar diameter and

embedment length and reduced with increasing load. At low load levels (20% B,,), a high K, was
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found, with values ranging from 1.50 to 3.93, and it approached 1.0 with the increase of pull-out load.
This trend indicated a strong nonlinearity of the bond stress profile at lower load levels and a more
even distribution for higher loads, consistent with that illustrated in Fig. 10b. Furthermore, the
changes of K, with bar diameter and embedment length can be observed at lower loading stages,

while for higher load levels (80% - 100% B,,) all samples displayed a similar K.
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Fig. 10. Theoretical predictions of stress distribution for sample 10-5d-1: (a) tensile stress;
(b) bond stress.
To investigate the radial bond stress profile along the bar embedment length at different loading
levels, finite element modelling of pull-out process of BFRP bars in GPC for the sample 10-5d was

performed, the results of which are shown in Fig. 12. In fact, the bond force develops at an angle a
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to the bar axis, which can therefore be divided into two components, the shear bond stress (t) as
discussed above, and the radial bond stress (a;.), being the latter normal component. The radial bond
stress generated by the wedging actions of the bar ribs acts as a splitting pressure on the concrete and
is resisted by the tensile hoop stress [65]. The angle a depends on the surface profile of BFRP bar,
and higher values of a suggest an increasing tendency to splitting. A smooth bar is expected to
develop no radial stress (a = 0<) while for sand coated GFRP bars, @ = 30°can be adopted, and for
ribbed bars, the values of @ up to 60°can be used [66]. Being the two stress components related to
each other as g, = 7 tan(a), an average angle a = 42 “was estimated for the sample 10-5d, indicating

a good mechanical interlocking offered by the surface ribs of BFRP bars, as discussed in Section 3.1.
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Fig. 11. Variation of bond stress concentration factor with load level for different bar
diameters and embedment lengths.
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4.4. Parametric study on maximum pull-out load

After the validations of bond-slip model, a parametric study was carried out to estimate the influences
of different parameters considered in the theoretical equations on the maximum pull-out load,
including the parameters characterising the bond-slip curve, namely, slip at peak, ultimate slip and
bond strength, as well as the diameter, embedment length, and elastic modulus of BFRP bar. For
parametric study, the value of each parameter varied while the other parameters remained unchanged.
4.4.1. Effect of bond-slip curve parameters

First, the sensitivity of the theoretical predictions to the input parameters for bond-slip curve was
evaluated and shown in Fig. 13. As seen in Fig. 13a, the value of the slip at peak (s,,,) varied between
0.1 and 0.5 mm, and the value of the ultimate slip (s,,) changed from 5 to 9 mm, which have been
chosen based on the study on pull-out of BFRP bars in PCC [17]. The bond strength (z,,,) was in the
range of 20 and 30 MPa. As indicated in Fig. 13a and b, the slip at peak and the ultimate slip had no
significant influence on the maximum pull-out load. Nevertheless, the maximum pull-out load was
increased linearly with the increase of bond strength (see Fig. 13c), suggesting that the theoretical
predictions are sensitive to the input bond-slip curve, which should be calibrated on the specific
experimental conditions, limiting the theoretical predictions.

4.4.2. Effects of bar diameter and embedment length

Different bar diameters ranging from 6 to 20 mm with an increment of 2 mm, and embedment lengths
in the range of 5 - 20d,, with an increment of 2.5d,; were adopted to estimate the effects of bar
diameter and embedment length on maximum pull-out load, which are the most commonly used
ranges to investigate the bond between BFRP bars and concrete [17,18,59,67]. The results shown in
Fig. 13d and e indicate that both the bar diameter and embedment length have a significant influence
on the maximum pull-out load that rised obviously with the increase of bar diameter and embedment
length. The predicted bond strength reduced less significantly compared to the experimental data: it
was reduced by about 5% with the increase of bar diameter from 6 to 10 mm and by about 11% as
the embedment length increases from 5d, to 15d,. The lower reduction in bond strength with
increasing bar diameter and embedment length obtained from theoretical predictions than
experimental data can be attributed to the sensitivity of theoretical predictions to the bond-slip
parameters, as discussed above.

4.4.3. Effect of bar elastic modulus

Fig. 13f shows the variation of maximum pull-out load with the elastic modulus of BFRP bar ranging
from 30 to 80 GPa, which are commonly reported in the literature on BFRP bars [17,68-73]. For
BFRP bars in GPC, the predicted maximum pull-out load remained relatively constant, regardless of
the bar elastic modulus, implying that the elastic modulus of BFRP bar has no significant influence

on the maximum pull-out load. A similar conclusion was drawn in literature for materials comparable
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to those investigated here that the changes in elastic moduli of GFRP bars from 30 to 65 GPa [35]
and 42 to 50 GPa [61] have a negligible influence on the maximum pull-out load of GFRP bars in
concrete and GPC, respectively.

However, BFRP bars have a lower elastic modulus than conventional steel rebars [16]. Fig. 14
shows a comparison of the bond stress distribution of the 10-mm BFRP bar with an elastic modulus
of 57.5 GPa for the sample 10-5d-1 with that of steel rebar which has an elastic modulus of 210 GPa
but the same configurations. The distribution of bond stress along the bar embedded in GPC was
remarkably influenced by its elastic modulus, where the stiffer steel rebar provided a more constant
bond stress distribution along the embedded length in comparison with the more uneven distribution
exhibited by the BFRP bar with a relatively lower elastic modulus. Therefore, the nonlinearity of the
bond stress between BFRP bars and GPC can be attributed to the bar elastic modulus, similarly to the
findings for GFRP bars in PCC [40].
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Fig. 13. Variation of pull-out load with: (a) slip at peak; (b) ultimate slip; (c) bond

strength; (d) bar diameter; (e) embedment length; (f) bar elastic modulus.
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Fig. 14. Comparison between bond stress distribution of BFRP bar and steel bar for sample
10-5d-1.
4.5. Theoretical predictions of bond strength
According to the above paramedic study, only the bar diameter and embedment length among the
parameters evaluated exhibited a significant influence on the maximum pull-out load. Therefore, the
bond strength of BFRP bars in GPC was expressed as a function of bar diameter (d;) and embedment

length (I,) by fitting the obtained data shown in Fig. 13 as follows:
T =—0.0162d? + 0.41793d,, — 0.425261, + 23.2037 (14)

In Table 5, the experimental bond strengths of BFRP bars in GPC are compared with the
predictions obtained from available standard codes for FRP bars as internal reinforcement as well as
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that by Eq. (14). The relevant recommendations of ACI 440 [74], CSA S806-02 [75], CSA S6-14
[76], and JSCE [77] for predictions are given in Egs. (15)-(18), respectively:

! —40+03C+100d” 15
0.083./f. T dy lq (15)
I = dcs fc (16)
1.15 kykoksk, ks 7w dy,
d

T = f;‘T CS (17)

0.451d, kykok-
T = fphoa/1 (18)

where t is the average bond stress developed (MPa), c is the concrete cover dimension (mm), f is
the concrete compressive strength (MPa), k, is the bar location factor equal to 1.0, k, is the concrete
density factor equal to 1.0, k5 is the bar size factor equal to 0.8, k, is the bar fibre factor assumed
equal to 1.0, ks is the bar surface profile equal to 1.05, d., is the smallest of the distance from the
closest concrete surface to the centre of the bar being developed which shall not be taken greater than

2.5dy, kg is the coating factor equal to 1.0, k- is the bar size factor equal to 0.8, £, is the tensile
strength of the concrete and equal to 0.4,/f, where the value of \/£; shall not exceed 8.0 MPa. For

the JSCE code, «, is the modification factor equal to 0.6, f;,,4 IS the design bond strength of concrete
2

(MPa) calculated as fpoq = @5 <O.28 fcy—ég) where the value of f;,,4 shall not exceed 3.2 MPa, a, is

the modification factor equal to 1.0, f, is the characteristic value for concrete compressive strength

(MPa), and y, is the safety coefficient for concrete equal to 1.3. Regarding the CSA S6 and JSCE

codes, they consider the confining effect offered by the transverse reinforcement which was neglected

in this study since no stirrups were used in the tested samples.

As indicated in Table 5, the CSA S806, CSA S6 and JSCE codes provided similar values of
predicted bond strength, regardless of the variations of bar diameter and embedded length, which is
due to the limitations imposed on the concrete cover ¢ for the Canadian standards (CSA S806 and
CSA S6) and a, for the Japanese standard (JSCE). Furthermore, the influence of embedment length
on bond strength is neglected in both CSA S806 and JSCE. On the contrary, the prediction by ACI
440 considered the effect of the embedment length and thus, a reduction in predicted bond strength
with the increase of embedment length can be observed. However, as per the other design codes, no
difference was found between different bar diameters as the effect of bar diameter was not considered
due to the limitation imposed to the ratio c¢/d;. All design codes provided conservative estimations
of the bond strength between BFRP bars and GPC, where CSA S806, CSA S6 and JSCE seem to be
too conservative and CSA S6 is the most conservative one. ACI 440.1R offered still conservative but

more accurate predictions of bond strength.
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The predictions of bond strength using Eq. (14) show a closer estimation to experimental data,

with an average ratio of experimental to predicted bond strength of 1.07 against those ranging from

2.62 to 5.46 obtained using the standard provisions. Nonetheless, some of the predicted values seem

to be non-conservative, especially those for the 6-mm bar samples which failed prematurely due to

bar rupture, and that for the sample 10-15d with a failure of concrete splitting. Therefore, Eq. (14)

can be considered a preliminary equation for predicting the bond strength of BFRP bars in GPC,

which can be further modified to consider more experimental data for calibration.

Table 5. Comparison of experimental bond strength with predictions from standard codes and regression

analysis equation.

EXP | ACI 440.1R CSA S806 CSA S6 JSCE Eq. (14)
Sample Texp Tpred Texp/Tpred | Tpred  Texp/Tpred | Tpred  Texp/Tpred | Tpred  Texp/Tpred | Tpred Texp/Tpred
6-5d 1521 | 13.15 1.16 521 2.92 559 272 420 3.62 23.00 0.66
6-10d 13911790 1.76 521 2.67 559 249 420 3.31 20.88 0.67
6-15d 1446 | 6.15 2.35 521 2.78 559 2.59 4.20 3.44 18.75 0.77
8-5d 42,11 | 13.15 3.20 5.21 8.08 559 7.53 4.20 10.03 23.38 1.80
8-10d 4120 | 790 5.21 521 7.91 559 7.37 420 981 21.26 1.94
8-15d 18.81 | 6.15 3.06 521 3.61 559 3.36 420 4.48 19.13 0.98
10-5d 25.85 | 13.15 1.97 521 4.96 559 4.62 420 6.16 23.64 1.09
10-10d 2241|1790 284 521 4.30 559 4.01 420 5.34 2151 1.04
10-15d 12341615 201 521 237 559 221 420 2.94 19.38 0.64
AVERAGE 2.62 4.40 4.10 5.46 1.07
SD 1.18 2.20 2.05 2.73 0.49
cov 45% 50% 50% 50% 46%

5. Conclusions

In this paper, a series of pull-out tests were carried out to investigate the bond behaviour of BFRP

bars in GPC, considering the effects of bar diameter (d;,) and embedment length (1;). Afterwards, a

bilinear bond-slip model was proposed to describe the bond-slip behaviour of BFRP bars in GPC.

According to the experimental results and the theoretical analysis, the main conclusions can be drawn

as follows:

e The bond of BFRP bars in GPC occurs mainly by the mechanical interlocking of the bar ribs

instead of chemical adhesion as indicated in the low bond stress at loaded end slip onset. The

bond-slip curve consists of a linear ascending branch followed by a sudden loss in bond stress

along with small slippage for all the samples, except the sample 6-15d exhibiting a small region

of constant stress level. The bilinear model proposed to describe the bond-slip curve analytically

shows a good agreement with experimental data with a root-mean-square error of about 5% for

the curve at the free end and 8% for the curve at the loaded end.
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The bar diameter and embedment length have a significant influence on the bond behaviour in
terms of average bond strength and failure patterns. As the bar diameter increases from 8 to 10
mm, the average bond strength is reduced by 34-46%. Increasing the bar embedment length from
5d,, to 15d,, results in a reduction of the average bond strength by 5%, 52% and 55% for the 6-
mm, 8-mm and 10-mm bars, respectively. The failure modes include bar pull-out, concrete
splitting, and bar rupture. Shorter embedment length (5d,) leads to pull-out failure due to
insufficient contact area between BFRP bars and GPC, while longer embedment length (15d;)
causes concrete splitting. The pull-out failure can be ascribed to the crushing of the concrete lugs
while no damage can be found on the reinforcement surface, suggesting high shear strength of the
BFRP bar ribs. All samples containing 6-mm BFRP bars fail due to bar rupture, regardless of the
embedment length.

There exists a non-linear distribution of bond stress along the embedded BFRP bars in GPC as
indicated in the difference in slips at the bar free and loaded ends. According to the theoretical
predictions, the bond stress concentration factor that represents the ratio of the bond strength to
the average bond stress at a specific load level at low load levels varies from 1.50 to 3.93,
suggesting a high nonlinearity of the bond stress profile, which can be attributed to the low elastic
modulus of BFRP bars as demonstrated in the parametric study.

An empirical equation was proposed to predict the bond strength of BFRP bars in GPC
considering the effects of bar diameter and embedment length. The predictions of bond strength
using this equation agree well with experimental data as compared with the estimations by the

available recommendations for FRP bars in concrete which are too conservative.
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