UNIVERSITY OF LEEDS

This is a repository copy of Influence of synthetic fibres on the bond performance of glass
fibres reinforced polymers concrete: an experimental investigation and regression-based
analysis.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/230938/

Version: Accepted Version

Article:

Al Marahla, R.H., Almarahlleh, N.H., Shehzad, M.K. et al. (2 more authors) (2024)
Influence of synthetic fibres on the bond performance of glass fibres reinforced polymers
concrete: an experimental investigation and regression-based analysis. Innovative
Infrastructure Solutions, 9. 423. ISSN: 2364-4176

https://doi.org/10.1007/s41062-024-01737-6

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

| university consortium eprints@whiterose.ac.uk
WA Universities of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1007/s41062-024-01737-6
https://eprints.whiterose.ac.uk/id/eprint/230938/
https://eprints.whiterose.ac.uk/

Influence of Synthetic Fibres on the Bond Performance of Glass Fibres
Reinforced Polymers Concrete: An Experimental Investigation and
Regression-Based Analysis

Abstract

Fibre-reinforced polymer bars are considered as an alternative to conventional steel bars in
harsh and corrosive conditions. However, the utilisation of glass FRP-reinforced elements has
certain limitations due to the poor bond performance compared to steel-reinforced concrete. This
research experimentally investigated the impact of synthetic fibres on the bond behaviour of
concrete reinforced with glass fibre-reinforced polymer. The experimental programme comprised
pull-out tests conducted on GFRP bars embedded in synthetic fibre-reinforced concrete cubes
considering different parameters like concrete cover, type of reinforcement, bar diameter and
fibre content. In total 36 cubic specimens were tested. The influence of the parameters on the
bond behaviour of GFRP-reinforced concrete was discussed in terms of the bond strength,
overall bond stress-slip response, and the mode of failure. Experimentally, results showed that
incorporating synthetic fibres resulted in more considerable ductile behaviour under pull-out
tests. Analysis of Variance (ANOVA) and multiple linear regression analysis were conducted on
the experimental results obtained from bond strength using Minitab. Equations for bond strength
and contour plots were generated for each type of reinforcement. Results indicated that the
influence of the bar diameter and concrete cover on the bond strength is more important than
that of fibre content. Moreover, the utilisation of synthetic fibres allows for the reduction in the

concrete cover.
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1. Introduction

Fibre-reinforced concrete (FRC) has been increasingly introduced in various structural and non-
structural uses. Available research revealed that incorporating fibres in the concrete mixes

contributes towards bridging cracks leading to improved crack control, enhanced mechanical



properties, and flexural performance in the cracked state [1-3]. Steel fibres are typically favoured
for applications where the fibres' structural contribution is intended to be substantial [4, 5]. The
study conducted by Abdolpour et al. [4] investigated the impact of steel fibres in producing
ultrahigh-performance concrete. Results indicated that the inclusion of steel fibres as a structural
material resulted in excellent mechanical properties and improved seismic resistance. In
contrast, non-metallic fibres have lower tensile strength and modulus of elasticity compared to
steel fibres. They are generally used in applications where their primary function is to limit the

formation of plastic cracks and reduce shrinkage cracking [6-8].

However, the performance of non-metallic FRC concrete has drawn the interest of several
researchers. The influence of glass fibres on concrete mechanical properties was investigated
recently by Pérez et al. [9], and results showed significant improvements in concrete mechanical
properties including compressive and tensile strength, elastic modulus, and flexural strength.
Improvements were up to 40.3%, 38.3%, 18.5%, and 37.3%, respectively. Moreover, Zainal et al.
[4] investigated the influence of micro-synthetic fibres on the structural performance of reinforced
concrete slabs and observed an improvement in the load-carrying capacity and cracking
resistance, and a reduction in deflections. Recently, Mufioz et al. [10] investigated the
mechanical properties of concrete mixes with different combinations of steel and plastic fibres,
findings reported noticeable improvements in the mechanical properties of concrete mixes

having 0.44% steel fibres and 0.11% plastic fibres.

Moreover, the advantage of achieving a reduced carbon footprint and hence improving the
sustainability of concrete structures has also triggered the interest of researchers [8, 11, 12] for
evaluating the mechanical properties and structural behaviour of reinforced concrete using non-
metallic fibres. Ali et al. [13] evaluated the environmental and economic benefits of the inclusion
of glass and polypropylene fibres in concrete mixes and concluded that non-metallic fibres can
be reliably used as eco-friendly materials for reducing the concrete carbon footprint. Besides the
use of synthetic fibres in concrete, research [14, 15] have also found the naturally occurring
materials ichu and coconut fibres to be of great value for reducing carbon emissions associated

with Portland cement as well as improving the mechanical characteristics of resulting concretes.



Fibres have also displayed the ability to provide passive confinement, thereby improving the
bond strength, strain capacity and energy absorption in cracked sections [16]. Experimental
investigations [17-21] evaluated the influence of fibres on the bond behaviour considering
conventional steel reinforcement and fibre-reinforced polymers (FRP) such as aramid, carbon
and glass in different concrete types. These studies investigated the influence of various
parameters including the concrete strength, fibre content, type and diameter of reinforcing bars,
embedded length and concrete cover on the bond performance. Results revealed fibres can be
employed as an effective method of enhancing the bond performance and toughness of concrete
due to their crack bridging capability. Moreover, fibres have also been found to increase friction
and mechanical interlocking which eliminates the problem of poor toughness and low bond
capacity of FRP bars [22-24]. Won et al. [25] observed the volume fraction of steel and macro-
polypropylene fibres to be instrumental in improving the flexural strength, achieving higher bond

strength and lower slip in specimens with GFRP-FRC concrete.

Lee et al. [19] analysed the bond performance of GFRP reinforcement in various grades of
concrete and reported that the bond strength of GFRP increased at a constant rate in high-
strength concrete but remained inferior to that of steel-reinforced specimens. Moreover, the
mode of bond failure was investigated in the recent research [26] by considering different
concrete strengths and covers. It was noticed that the specimens with normal-strength concrete
exhibited slip failure, whereas failure of specimens with high-strength concrete occurred due to
interlaminar delamination at the interface between the resin material and the fibre. Generally, the
bond failure between concrete and reinforcing bars occurs either in splitting mode or in pull-out
mode depending on the confinement; if the concrete is well confined and the concrete cover is
high, the failure mechanism occurs in pull-out mode. On the contrary, in the case of unconfined
concrete or where the bars are closely spaced, splitting failure occurs as a result of cracks

developing in the surrounding concrete [27].

A critical review of the currently available research indicates that previous investigations have
focused on the analyses of the effect of individual parameters, in isolation, on the bond strength
of GFRP reinforcement in FRC. However, for a better understanding of the interaction between

several parameters in fibre-reinforced concrete, extensive investigations of multiple parameters



in the same scenario are required to evaluate the relative contribution of different factors.
Accordingly, the work presented here involves an experimental and statistical investigation of the
combined influence of several variables including concrete cover, reinforcement diameter and
type, volume fraction of fibres, and embedded length on the bond performance of GFRP by
analysing their significance, identify potential synergies with other factors, and analyse non-linear
patterns. Moreover, a multiple linear regression analysis was performed using ANOVA to
establish the statistical significance of considered parameters and to develop a bond strength
equation which was further employed to develop the contour plots for illustrating the relationship

between the different factors.

2. Experimental Programme

2.1. Research Methodology

The methodology adopted for this research involved experimental investigation on GFRP bars
embedded in FRC cubes. The outcomes of experimental campaign were utilised for statistical
analysis using ANOVA. Various components of the research methodology are summarised in a

flow chart presented in Figure 1.
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Figure 1: Research Methodology.

2.2. Materials

Concrete mix with a target compressive strength of 60 MPa at 28 days, having a water-to-
cement ratio (w/c) of 0.29 and prepared with CEM | (52.5N) cement was used in this research.

Natural river sand with a maximum patrticle size of 5 mm was used as fine aggregate and the



crushed Limestone coarse aggregate ranging between 4-20mm in size was utilised. Three
groups of concrete mixes were categorized by the fibre content of i.e. 0, 0.55% and 1.1%
represented as Mixes 1, 2, and 3, respectively. Macro synthetic fibres referred to as
polypropylene macro with 54 mm polymeric fibres length, 0.34 mm diameter, and 600 MPa
tensile strength were used. High range water reducing admixture known as SikaViscoCrete
25MP was used at 1.8, 2.4 and 2.7% by weight of cement for mix 1, mix 2 and mix 3,
respectively. Details about the proportions of mix constituents are presented in Table 1.

Table 1. Mix designs (per cubic metre)

Ingredients Quantity (kg/m?3)
Mix 1 Mix 2 Mix 3
Water 147 147 147
Cement 510 510 510
Fine aggregate 950 950 950
Coarse aggregate (20 mm) 300 300 300
Coarse aggregate (10 mm) 580 580 580
Synthetic fibres 0 5 10
Superplasticiser 9.4 12 14

The mixing sequence and procedure used was the same for all mixes. Cement and aggregates
were added to the mixer in the amounts indicated in Table 1, and were dry mixed for three
minutes. Following that, 80% of the total water was added and further mixed for another three
minutes. For concrete mixes containing fibres, the synthetic fibres were added to the mix at this
stage gradually until they were evenly distributed throughout the mix. Thereafter, the remaining
20% of water containing the selected proportion of superplasticizer for each mix was added, and
the mixing process was continued for further four minutes. The test specimens were prepared
using mixed concrete and stored in a curing room with average temperature of 20°C and

average relative humidity of 99%.

Pultruded GFRP rebars with three different bar diameters i.e., 12, 16 and 20 mm were
embedded in the concrete cubes of 225mm sides. The control specimens for each mix were
reinforced with ribbed steel bars of 16mm diameter. Mechanical properties of GFRP bars were
obtained by following the ACI 440.3R-04 standard [15]. Tests were conducted on five bars for

each bar diameter.



2.2. Testing
2.3.1. Characterisation tests

Control cylinder specimens of 150x300 mm were used to obtain concrete tensile strength,
compressive strength, and modulus of elasticity at 28 days. The concrete specimens for concrete
for compressive strength, tensile strength, and modulus of elasticity were prepared, cast and
tested according to BS EN 12390-3 [28], BS EN 12390-6 [29], and BS EN 12390-13 [30],

respectively.
2.3.2 Pull-out tests

The pull-out tests were carried out on cube samples to evaluate the influence of inclusion of
synthetic fibres on the bond behaviour of GFRP bars and FRC considering several parameters
as described below. For pull-out tests, the GFRP and steel bars were embedded in each FRC
cube specimen. This test considered different factors: rebar diameter (Dv), concrete cover (Ce,
C1=2.5Dp, C2= 0.5(C1+C3), C3=5Dy), synthetic fibre content, and reinforcement type. Cubic
samples reinforced with the same bar diameter had a constant bond length (Lt) equal to 5Do.
Concrete mixes with different synthetic fibres dosages of 5, and 10 kg/m?® were considered, and
control concrete mixes with no fibres were also tested as reference samples. Following the
design of the experiment strategy (DOE), 12 combinations were considered, and three typical
samples for each combination were produced and tested to ensure the reliability of more
conclusive results, in total experimental regime comprised 36 samples. The combinations are
listed in Table 2.

Table 2: Pull-out combinations



No.of Cc(mm) Fibre conte  Bar ® (mm)  Ly(mm)

Combination sample (kg/m?) type

Comb.1 3 30 0 GFRP 12 60
Comb.2 3 80 0 GFRP 16 80
Comb.3 3 75 0 GFRP 20 100
Comb.4 3 80 0 Steel 16 80
Comb.5 3 45 5 GFRP 12 60
Comb.6 3 40 5 GFRP 16 80
Comb.7 3 100 5 GFRP 20 100
Comb.8 3 40 5 Steel 16 80
Comb.9 3 60 10 GFRP 12 60
Comb.10 3 60 10 GFRP 16 80
Comb.11 3 50 10 GFRP 20 100
Comb.12 3 60 10 Steel 16 80

The POT specimen’s dimensions and the test set-up complied with the RILEM TC 162-TDF [31]
and ASTM D7913/D7913M [32]. The specimen cross-section was (225x225) mm, in which the
total length (Lt) of samples was selected as 225mm because the length had to be more than 10

times the bar diameter, and 200 mm.

To prevent rupture and crushing of GFRP bars while applying tensile force, the bars were
enclosed in grout-filled steel tubes of 460 mm length and 48.3 mm outer diameter as
recommended by ASTM D7205/D7205M standard [33]. Steel tubes, as shown in Figure 2, were
filled with SikaGrout-3200 grouting material with a mixing ratio of 11-12.5% were used. Special
wooden moulds were prepared and used, and a bond-breaker was utilised to ascertain the

required unbonded length in each sample as a function of the bar size.

Mo dla




The pull-out test was performed under direct tension, and the linear variable differential
transformer (LVDT) was placed at the surface of loaded ends to measure the relative
displacements (slip values were calculated based on ASTM D7913/D7913M). The machine was
operated at 4kN/min at a constant rate and load was applied through a steel tube which was
clipped vertically in the universal testing machine for gripping, load and slip were monitored and

recorded through the data acquisition system. Figure 3 illustrates the pull-out test setup.

225 mm

1250 mm

GFRP bar

Steel tube
with grout

460 mm

Figure 3: Pull-out test set-up.

3. Results and discussion

The results from this experimental investigation were focussed on evaluating the influence of
various parameters considered i.e., concrete cover, volume fraction of fibres, bar type and bar
diameter. The influence of these parameters on the concrete mechanical properties, bond
strength, bond stress-slip response, and the mode of failure are discussed in this section.

3.1. Concrete characterisation tests results

Concrete mechanical properties obtained from characterisation tests carried out on control
samples are summarised in Table 3.

Table 3: Concrete mechanical properties in (MPa)

Mix 1 Mix 2 Mix 3
Properties
Average (Standard deviation)
Compressive strength (MPa) 60.3 (0.8) 60.1 (0.7) 59.7 (1.0)
Tensile strength (MPa) 3.90 (0.3) 4.40 (0.2) 4.60 (0.5)
Modulus of elasticity (10%) (MPa)  39.6 (0.8) 40.9 (0.8) 39.8 (1.0)

3.1.1 Concrete compressive strength



Compressive strength of concrete did not vary significantly due to variations of fibre content.
Moreover, it was also concluded, in a detailed investigation [34], that the type and content of
non-metallic fibres do not influence the concrete compressive strength. These findings align with
those of Mazaheripour et al. [35] and [36] who evaluated the influence of different volume
fractions of non-metallic fibres on compressive strength and noticed no significant improvements
in concrete compressive strength. According to ACI 544 [37], steel fibres tend to increase the
compressive strength of concrete by up to 15%, however, it is not clear if this is applicable to

non-metallic fibres.

3.1.2 Concrete splitting tensile strength

Results of splitting strength presented in Table 3 indicate an increase in tensile strength due to
the addition of fibres in concrete. The inclusion of synthetic fibre contents of 0.55% and 1.1%,
increased the tensile strength of concrete by 13% and 18%, respectively. This is in good
agreement with the findings of the previous studies [36, 38, 39] which reported that concrete
splitting tensile strength was observed to increase by up to 19% with the inclusion of
polypropylene fibres based on the volume fraction considered. Ahmad and Zhou [40]
investigated the optimum proportion of synthetic fibres for improvement of tensile strength and
reported the optimum fibre content as 1.0%. Moreover, ACI 544 [32] also reported noticeable
improvements in concrete tensile strength based on type and volume fractions of non-metallic
fibres. However, it has been reported by researchers that steel fibres can result in a higher
increase in tensile strength as compared to non-metallic fibres primarily because of the lower
elastic modulus of synthetic fibres. Abbass et al. [41] in their study found that steel fibres

contributed to an increase of 47% in the direct tensile strength.
3.2. GFRP tensile strength results

Direct tensile tests were performed on 12, 16, and 20 mm diameter GFRP bars using a universal
testing machine by embedding the ends of the bars in grout-filled steel tubes to prevent crushing
of bars at the gripped ends. Tensile strength results for each bar diameter are summarized in
Table 4. The results indicated similar tensile strength and elastic modulus for the tested bars
irrespective of the bar diameter. Average tensile strength, modulus of elasticity, and the ultimate

strain of GFRP bars were found to be 694 MPa, 40 GPa, and 1.76%, respectively.



Table 4: Reinforcement (GFRP bars) mechanical properties

Mechanical properties 12 mm 16 mm 20 mm
) 690 698.3 689.5
Tensile strength (MPa)
S.D (6.2) S.D (7.92) S.D (5.59)
Modulus of elasticity (MPa) 40000 (2154) 40000 (2425) 40000 (1587)
Ultimate strain (%) 1.77 (0.05) 1.79 (0.08) 1.73(0.1)

S.D, standard deviation

3.3. Pull-out test results

Experimental results obtained from the POT campaign have been analysed and discussed in
terms of the mode of failure and the bond stress-slip profiles. The mode of failure namely pull-out
or splitting was observed in each test and also retained as a non-quantitative experimental
outcome. Experimental results obtained from POT include the peak bond strength and the slip to
the peak which were quantified from the bond stress-slip curves. The corresponding bond stress

(t) values were calculated using the formula given in Equation (1) below.

P

sz (1)

Where; P is the pullout load (in kN), D is the bar diameter (in mm), and L is the embedded length
(in mm). Experimental results obtained from the pull-out test are given in Table 5.

Table 5: Pull out samples and test results

Combination Cc Vi (kg/m3) ¢ Rebar L T (MPa)
Comb.1 30 0 12 GFRP 60 21.66
Comb.2 80 0 16 GFRP 80 2711
Comb.3 75 0 20 GFRP 100 17.35
Comb.4 80 0 16 Steel 80 30.09
Comb.5 45 5 12 GFRP 60 29.18
Comb.6 40 5 16 GFRP 80 19.65
Comb.7 100 5 20 GFRP 100 22.28
Comb.8 40 5 16 Steel 80 24.37
Comb.9 60 10 12 GFRP 60 26.97
Comb.10 60 10 16 GFRP 80 25.37
Comb.11 50 10 20 GFRP 100 17.51
Comb.12 60 10 16 Steel 80 30.84

3.3.1 Modes of failure

10



In all cases where concrete had no fibres, specimens showed splitting failure modes, whilst
specimens with synthetic fibres exhibited pull-out failures. Fibre-reinforced concrete samples
presented a ductile behaviour in which the softening curve showed a gradual decrease with
higher values of slip. Previously, similar behaviour was also observed by Sivakumar and
Santhanam [42], Kim, et al. [43] who reported that fibres changed the failure mode, and more
ductile behaviour was observed in FRC samples. Figure 4 illustrates samples that exhibited pull-

out failure.

" (b)

Figure 4: Pull-out failure of samples reinforced with (a) 12 mm, and (b) 16 mm GFRP bars

Samples that exhibited pull-out failure had a significant initial increase in the bond stress without
any noticeable slip, representing the linear increase up to the formation of micro-crack
(increasing load resulted in increased bond stress up to the peak value). It is worth mentioning
that bond stress was developed in this stage due to the adhesion between the bar surface and
the concrete. As the free end of the bar developed higher slip values, the stiffness of the bond
stress decreased, this descending part reflects the bond failure where adhesion was lost, hence
friction resistance governing the bond behaviour. However, few samples with plain concrete
developed longitudinal cracks, and those cracks broke out through the whole cover and resulted

in a splitting failure as shown in

11



Figure 5. This can be attributed to the high level of anisotropy of FRP bars which results in weak
matrix bond performance. Similarly, Peng et al. [44] found that samples reinforced with carbon

FRP in plain concrete exhibited splitting failure.

(b)
Figure 5: Splitting failure of samples reinforced with (a) 16 mm, and (b) 20 mm GFRP bars.

In some samples, it was observed that the bond breaker did not work efficiently, and a better
bond developed between bars and concrete along the length, accordingly, higher bond strength

was observed. The bond breaker is shown in Figure 6.

Bonded length X

Figure 6: Interfacial bond failure of the GFRP bars; (a) unbonded length attained, (b) bond
breaker inefficacy.

3.3.2 Bond stress-slip profiles

Generally, bond stress-slip relationship is used to represent the bond performance of reinforced
concrete members, where the slip is defined as the relative displacement of the reinforcement
bar with reference to the surrounding concrete. Bond stress-slip profiles for each combination as
given in Table 2 are discussed for each bar diameter by varying the fibre content and concrete

cover.

Figure 7 demonstrates the behaviour of three different combinations of samples reinforced with

12 mm diameter GFRP bars. Each combination represents the average of 3 tested samples.
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Combination 1 represents plain concrete samples with a concrete cover of 30 mm, combination 5
corresponds to samples that had a concrete cover of 45 mm and 5 kg/mé fibre content (0.55%
volume fraction), and combination 9 pertains to samples with a 60 mm concrete cover and fibre
content of 10 kg/m?3(1.1% volume fraction). Samples in combination 1 had no fibres and were
observed to exhibit splitting failure after reaching the peak, whilst FRC samples in combinations
5 and 9 showed ductile behaviour with a 16% increase in bond stress. Increasing the fibre
content to a volume fraction of 1.1% resulted in higher bond strengths with reduced slip values.
Results of samples with volume fractions of 0.55 and 1.1% indicated that the maximum force
required to pull out the 12 mm GFRP bar increased by 24% and 34%, respectively. Findings of
the previous study conducted by Qasem et al. [45] on 12mm carbon FRP bars in FRC
(containing steel fibres) revealed that the bond stress increased by 176% due to the presence of
fibres.

30

—— GFRP 12 mm, v=0 Kg/m?,C.= 30 mm
254 U —— GFRP 12 mm, v,=5 Kg/m®, C.= 45 mm
! - - - GFRP 12 mm, v=10 Kg/im? C.= 60 mm

N
o
|

Bond sress, MPa
o
1

Slip, mm

Figure 7: Bond stress-slip for 12 mm GFRP bar with varying fibre content and concrete cover.

Results from three combinations of samples reinforced with 16 mm GFRP bars and various
concrete cover and fibre volume fractions are presented in Figure 9. Results revealed no
significant increase in bond stress; however, the observed bond behaviour was more ductile in
samples with fibres. Combination 10 (10 kg/m? fibres and 60 mm concrete cover) exhibited a
higher slip value compared to combination 6 (5 kg/m3 fibres and 40 mm concrete cover).
Samples of combination 10 exhibited a very close bond strength to plain concrete samples in
combination 2 which had relatively higher concrete cover of 80mm, which indicated that the use

of synthetic fibres can allow a reduction in concrete cover. Results are in good agreement with
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the findings reported by Qi et al. [46] where the plain concrete with higher concrete cover

resulted in an increase in the pullout energy and bond strength.

30+

——GFRP 16 mm, v=0 Kg/m®, C.= 80 mm
——GFRP 16 mm, v;=5 Kg/m3, C.= 40 mm
- - ~GFRP 16 mm, v=10 Kg/m®, C.= 60 mm

Bond sress, MPa

Slip, mm

Figure 8: Bond stress-slip for 16 mm GFRP bar with different fibre content and concrete cover

Bond stress-slip profiles of the 20 mm diameter GFRP bar samples are presented in Figure 9. It
can be noticed that FRC samples from combination 7 (5 kg/ms3 fibres and 100 mm concrete
cover) exhibited splitting failure and developed lower bond strength when compared to
combination 3 (no fibres and 75 mm concrete cover). This is attributable to the poor dispersion of
fibres which tends to reduce the bond performance of reinforced concrete. A similar tendency of
fibre dispersibility and lower bond performance was reported by Huan et al. [47]. Azammi et al.
[48] investigated the bond performance of concrete containing synthetic fibres and reported that
lower fibre dosages can lead to low interfacial bonding. However, more ductile behaviour was
observed in the case of combination 11 (10 kg/m? fibres and 50 mm concrete cover) as
compared to the other two combinations. Improved ductile behaviour can be attributed to higher

dosage as well as better dispersion of fibres.
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Figure 9: Bond stress-slip for 20 GFRP bar combinations.
In terms of using the conventional steel reinforcement, samples reinforced with 16 mm steel bars
exhibited a ductile behaviour for all combinations with and without fibres as presented in Figure
10. Results revealed that adding fibres improved the ductility of bond behaviour where more
ductile behaviour was obtained as the fibre content was increased. Moreover, comparing the
results of FRC samples in combination 12 (10 kg/m3 fibres and 60 mm concrete cover) with plain
concrete samples in combination 4 (no fibres and 80 mm concrete cover), it can be noticed that
both combinations developed the same bond strength. In the case of combination 8 (5 kg/m?3
fibres and 40 mm concrete cover), a reduction of 34% in bond stress was observed which is
attributed to the poor dispersion of synthetic fibres in the concrete mix. In general, fibres are
randomly scattered in concrete mix and have the tendency to clump together. Previous
experimental studies carried out by Chu et al. and Karim and Shafei [49, 50] for investigating the
influence of non-metallic fibre on the bond performance of steel-FRC revealed that fibres
introduced a significant improvement in the pull-out resistance. Moreover, it was also reported

that increasing the fibre content resulted in a more ductile performance.

15



W
o
]

——Steel 16 mm, v=0 Kg/m®, C.=80 mm
—— Steel 16 mm, v,=5 Kg/m*, C.= 40 mm
! - - -Steel 16 mm, v;=10 Kg/m®, C.=60 mm

W
o
1

~

N [
o (&)
1 1

Bond sress, MPa
o
1

10 4|

0 4 8 12 16 20 24 28 32
Slip, mm

Figure 10: Bond stress-slip for 16 steel bar combinations

In general, the bond behaviour of various combinations of GFRP-fibre reinforced concrete
revealed that the synthetic fibres improved the ductility of samples under POT. Samples in
combinations 6, 8, 10,11 and 12, having lower concrete cover but various additions of fibres in
the concrete mix, displayed better bond performance than those in combinations 2, 3, and 4 with
higher concrete cover and no fibres. This comparison indicates that using synthetic fibres allows
for reducing the concrete cover. From the experimental observations, it can be deduced that the
addition of synthetic fibres significantly improved the ductile behaviour primarily due to the
enhancement of concrete confinement and consequently, interception of the propagating cracks
by fibres. This aligns well with the findings reported by Won, et al. [17], and Ding, et al. [18] who
observed the interface toughness and pullout strength of synthetic fibre-reinforced concrete and

reported that specimens with fibre displayed significant improvements in concrete confinement.

It was also observed that combinations reinforced with lower GFRP bar diameters (12 and 16
mm) resulted in relatively higher bond strength compared to 20 mm. These bars were embedded
in concrete with different fibre contents and higher concrete covers. Better bond performance
with smaller bar diameters is in good agreement with the bond behaviour observed in previous
investigations [51-53]. However, it is worth mentioning that these findings reported by previous

work correspond to samples designed and tested considering only one variable factor each time.

4, Statistical Analysis
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The selected combinations of samples were such that each combination had two variables i.e.,
fibre content and concrete cover for the selected bar diameter. However, these combinations
were limited due to time and resource constraints, which made it difficult to analyse each variable
individually. Therefore, the Analysis of Variance (ANOVA) was utilised to assess the significance
of distinct parameters analysed in this research. Several researchers employed artificial
intelligence and ANOVA in their investigations to provide predictive modelling of the influential
parameters on concrete performance considering several properties [54-56]. Parvizi et al. utilised
the ANOVA tests to determine the significance of using seawater on the bond strength. Similarly,
Chumacero et al. [56] employed the K-OPLS model to optimize the plastic fibre content on the

geological characteristics of a specific soil.

In this research, a multiple linear regression analysis was carried out on the bond strength
results to fit an equation to the experimentally obtained data so that this equation could be
plotted with respect to the different variables as shown in Figure 11 and Figure 12. The final
adopted model considered only the terms and interactions with the highest statistical
significance. The obtained R-squared value of the model using ANOVA was 89.34% which

indicated that the bond equation fits the data relatively well.
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Figure 11: Main effects plot for bond strength, fitted means.
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Figure 12: Interaction plot for bond strength fitted means

Two versions of the bond strength equation were generated by using Minitab based on the type
of reinforcement, where the only difference is the multiplicative coefficient of concrete cover.
Bond strength for GFRP bars and conventional steel bars are given in Equations 2 and 3,

respectively.

Bond strength = 25.52 + 0.1435Cc - 0.04685*D?+ 0.01789 Vi*D (2)

Bond strength = 25.52 + 0.2214 Cc - 0.04685*D?+ 0.01789 V¢*D (3)

Further, contour plots were generated for both types of reinforcement, GFRP bars and steel bars
considering one variable constant each time in Minitab. This type of plotting helps to show how
the fitted response relates to two continuous variables using a two-dimensional view in which all
points having the same response are connected to produce the contour lines as shown in

Figure 13 (a) and (b), where darker green regions indicate higher bond strength. For instance, in
the contour plot for the cover-diameter shown in

Figure 13 (a) where the fibre content of 5 kg/m3 is held constant, the lowest values of the bond
strength are in the top left corner of the plot, which corresponds to the lowest value of concrete
cover and the highest value of bar diameter. In the next plot, fibre content and the concrete cover
were increased and the bar diameter was constant, increasing the concrete cover significantly

increased the bond strength while no noticeable improvement was observed when fibre content
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was increased from 5 to 10 kg/m3. The same behaviour was observed when the bar diameter
was considered against the fibre content with a constant 60 mm concrete cover (the highest
bond strength value was obtained when the concrete cover was 100 mm with 10 kg/m? fibre

content - top right corner).

Similarly, for 16 mm steel bar shown in

Figure 13 (b), results obtained from variation in bar diameter-concrete cover, concrete cover-
fibre content and bar diameter-fibre content indicated that the influence of the fibre content on
the bond strength is less important than that of diameter and concrete cover for both types of

reinforcement. In the statistical Investigation conducted by Bankir [57] on the bond strength of

FRC, the significance of each independent variable on the responses was assessed considering

one variable each time. Multilinear regression using ANOVA was applied to investigate the
significance of w/c, cement content, and fibres (steel and plastic fibres) [57]. According to the
ANOVA results, w/c and cement dosage were found to be statistically significant and the most
influential parameter was the cement dosage with effect rate of 33.2% and the then steel and

glass fibres with less significance factor of 29% effect rate.
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Figure 13: Contour plots for cubic reinforced with (a) GFRP bars, and (b) steel bars.

5. Conclusions

Pull-out test carried out in this study aimed at understanding and characterising the bond
between GFRP bars and concrete with different contents of synthetic fibres considering several
factors (concrete cover, bar diameter, and type of reinforcement). Findings obtained from the
experimental campaign on the inclusion of synthetic fibres in concrete mixes were presented and
discussed. Moreover, the results of the ANOVA analysis conducted based on statistical analysis
using Minitab are presented and discussed. Based on the discussion and results presented

herein, the following conclusions are drawn:

e The addition of synthetic fibres with the dosages considered in this study did not
introduce any significant improvement to concrete compressive strength. However, the

inclusion of fibres noticeably increased the tensile strength of concrete by up to 18%.
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The incorporation of synthetic fibres in volume fractions of 0.55 and 1.1% resulted in
more ductile behaviour during pull-out tests. Specimens without fibres exhibited brittle

failure irrespective of the reinforcement ratio (bar diameter).

Samples with relatively lower concrete cover but having fibres in the concrete mix
showed more ductile behaviour than those in the plain concrete with higher concrete
cover. This indicates that the utilisation of synthetic fibres allows for a reduction in the

concrete cover.

Multiple linear regression was conducted on the experimental results obtained from bond
strength using Minitab. ANOVA test was utilised to determine the significance of the
effect of the parameters considered in this study and their possible interactions on the
response variables. The final adopted model considered only the terms and interactions
with the highest statistical significance at significance level of 89.34%. Equations for
bond strength and contour plots were generated for each type of reinforcement. Results
indicated that the influence of the bar diameter and concrete cover on the bond strength

are more important than that of fibre content.

Acknowledgements

The authors acknowledge the contribution of Oscrete Construction Products, part of Christeyns

UK Ltd, and Sika Ltd (UK), which very kindly provided the fibres used in this study.

References

[1]

[2]

[3]

[4]

L. Biolzi, S. Cattaneo, and G. L. Guerrini, "Fracture of plain and fiber-reinforced
high strength mortar slabs with EA and ESPI monitoring," Applied Composite
Materials, vol. 7, no. 1, pp. 1-12, 2000.

A. Nogales and A. de la Fuente, "Crack width design approach for fibre
reinforced concrete tunnel segments for TBM thrust loads," Tunnelling
Underground Space Technology, vol. 98, p. 103342, 2020.

N. P. Tran, C. Gunasekara, D. W. Law, S. Houshyar, and S. Setunge,
"Microstructural characterisation of cementitious composite incorporating
polymeric fibre: A comprehensive review," Construction Building Materials, vol.
335, p. 127497, 2022.

H. Abdolpour et al., "Performance and life cycle of ultra-high performance
concrete mixes containing oil refinery waste catalyst and steel fibre recovered
from scrap tyre," Journal of Building Engineering, vol. 79, p. 107890, 2023.

21



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

X. Lyu, M. Elchalakani, T. Ahmed, M. A. Sadakkathulla, and O. Youssf,
"Residual strength of steel fibre reinforced rubberised UHPC under elevated
temperatures," Journal of Building Engineering, vol. 76, p. 107173, 2023.

A. Sivakumar and M. Santhanam, "Mechanical properties of high strength
concrete reinforced with metallic and non-metallic fibres," Cement Concrete
Composites, vol. 29, no. 8, pp. 603-608, 2007.

A. D. K. Esakki, S. K. A. Dev, T. Gomathy, and C. C. Gifta, "Influence of adding
steel—-glass—polypropylene fibers on the strength and flexural behaviour of hybrid
fiber reinforced concrete," Materials Today: Proceedings, 2023.

H. Yu, X. Wang, K. S. Nikolaevich, and L. S. Nikolaevich, "Mechanical properties
and environmental protection analysis of non-metallic fibers," in 2023 9th
International Conference on Architectural, Civil and Hydraulic Engineering
(ICACHE 2023), 2023, pp. 830-842: Atlantis Press.

S. P. Munoz Pérez et al., "Glass fiber reinforced concrete: overview of
mechanical and microstructural analysis," Innovative Infrastructure Solutions,
vol. 9, no. 4, p. 116, 2024.

S. Mufoz, A. Calderdén, and N. Marin, "Mechanical characterization of concrete
with additions of steel fiber and plastic fiber," Engineering Applied Science
Research, vol. 51, no. 1, 2024.

P. Joseph and S. Tretsiakova-McNally, "Sustainable non-metallic building
materials," Sustainability, vol. 2, no. 2, pp. 400-427, 2010.

B. Kromoser et al., "Article of RILEM TC 292-MCC: life cycle assessment (LCA)
of non-metallic reinforcement for reinforcing concrete: manufacturing, durability,
dismantling, recycling and reuse: a review," Materials Structures, vol. 56, no. 7,
p. 126, 2023.

B. Ali, L. A. Qureshi, and R. Kurda, "Environmental and economic benefits of
steel, glass, and polypropylene fiber reinforced cement composite application in
jointed plain concrete pavement," Composites Communications, vol. 22, p.
100437, 2020.

S. P. Munoz Pérez et al., "Influence of rice husk ash (RHA) with gypsum and
ichu fibers in the processing of geopolymers," Innovative Infrastructure
Solutions, vol. 8, no. 8, p. 211, 2023.

S. P. M. Pérez, L. |. V. Zapata, F. L. T. Mufioz, Y. C. C. Sanchez, J. Garcia, and
C. E. R. Ramos, "Influence of coconut fiber on mortar properties in masonry
walls," Electronic Journal of Structural Engineering, vol. 23, no. 4, pp. 52-58,
2023.

K. Tsiotsias and S. Pantazopoulou, "Bond behavior of high-performance fiber
reinforced concrete (HPFRC) under direct tension pullout," Engineering
Structures, vol. 243, p. 112701, 2021.

J.-P. Won, D.-H. Lim, and C.-G. Park, "Bond behaviour and flexural performance
of structural synthetic fibre-reinforced concrete," Magazine of concrete research,
vol. 58, no. 6, pp. 401-410, 2006.

P. Bamonte and P. G. Gambarova, "High-bond bars in NSC and HPC: Study on
size effect and on the local bond stress-slip law," Journal of Structural
Engineering, vol. 133, no. 2, pp. 225-234, 2007.

22



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]

[34]

J.-Y. Lee et al., "Interfacial bond strength of glass fiber reinforced polymer bars
in high-strength concrete," Composites Part B: Engineering, vol. 39, no. 2, pp.
258-270, 2008.

N. Majain, A. B. A. Rahman, A. Adnan, and R. N. Mohamed, "Bond behaviour of
deformed steel bars in steel fibre high-strength self-compacting concrete,”
Construction Building Materials, vol. 318, p. 125906, 2022.

M. A. Mujalli, S. Dirar, E. Mushtaha, A. Hussien, and A. Maksoud, "Evaluation of
the tensile characteristics and bond behaviour of steel fibre-reinforced concrete:
An overview," Fibers, vol. 10, no. 12, p. 104, 2022.

F. S. Ahmad, G. Foret, and R. Le Roy, "Bond between carbon fibre-reinforced
polymer (CFRP) bars and ultra high performance fibre reinforced concrete
(UHPFRC): Experimental study," Construction Building Materials, vol. 25, no. 2,
pp. 479-485, 2011.

K. Wu, F. Chen, J. Lin, J. Zhao, and H. Zheng, "Experimental study on the
interfacial bond strength and energy dissipation capacity of steel and steel fibre
reinforced concrete (SSFRC) structures," Engineering Structures, vol. 235, p.
112094, 2021.

Z. Shan, K. Liang, and L. Chen, "Bond behavior of helically wound FRP bars
with different surface characteristics in fiber-reinforced concrete," Journal of
Building Engineering, vol. 65, p. 105504, 2023.

J.-P. Won, C.-G. Park, H.-H. Kim, S.-W. Lee, and C.-I. Jang, "Effect of fibers on
the bonds between FRP reinforcing bars and high-strength concrete,”
Composites Part B: Engineering, vol. 39, no. 5, pp. 747-755, 2008/07/01/ 2008.

B. Umesh, "Experimental investigation on bond behaviour of the GFRP bars with
normal and high strength geopolymer concrete," Construction Building Materials,
vol. 429, p. 136395, 2024.

E. Garcia-Taengua, J. R. Marti-Vargas, and P. Serna, "Bond of reinforcing bars
to steel fiber reinforced concrete," Construction and Building Materials, vol. 105,
pp. 275-284, 2016.

B. En, "12390-3 (2009) Testing hardened concrete—part 3: compressive
strength of test specimens," British Standards Institution, 2009.

B. EN, "12390-6 (2009)“Testing Hardened Concrete. Tensile Splitting Strength
of Test Specimens”," British Standard Institution, London, 2009.

B. EN, "Testing hardened concrete—Part 13: Determination of secant modulus
of elasticity in compression," ed: CEN Brussels, Belgium, 2013.

T.-T. RILEM, "RC 6 Bond test for reinforcement steel. 2. Pull-out test, 1983,"
RILEM recommendations for the testing use of constructions materials, pp. 218-
220, 1994.

A. D/DM-14, "Standard test method for bond strength of fiber-reinforced polymer
matrix composite bars to concrete by pullout testing," ed: ASTM International
West Conshohocken, PA, USA, 2014.

A. International, "ASTM D7205/D7205M-06: Standard Test Method for Tensile
Properties of Fiber Reinforced Polymer Matrix Composite Bars," 2016: American
Society for Testing and Materials West Conshohocken, PA, USA.

R. H. Al Marahla and E. Garcia-Taengua, "Sensitivity of the Flexural
Performance of Glass and Synthetic FRC to Fibre Dosage and Water/Cement

23



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Ratio," in Fibre Reinforced Concrete: Improvements and Innovations, Cham,
2021, pp. 301-312: Springer International Publishing.

H. Mazaheripour, S. Ghanbarpour, S. Mirmoradi, |. J. C. Hosseinpour, and B.
Materials, "The effect of polypropylene fibers on the properties of fresh and
hardened lightweight self-compacting concrete," vol. 25, no. 1, pp. 351-358,
2011.

Y. Zheng, Y. Zhang, J. Zhuo, Y. Zhang, and C. Wan, "A review of the
mechanical properties and durability of basalt fiber-reinforced concrete,"
Construction Building Materials, vol. 359, p. 129360, 2022.

ACI554, "ACI 544.1 R-96: State-of-the-art report on fiber reinforced concrete—
Technical report,” ed: ACI Farmington Hills, Michigan, 1996.

M. R. Latifi, O. Biricik, and A. Mardani Aghabaglou, "Effect of the addition of
polypropylene fiber on concrete properties," Journal of Adhesion Science
Technology, vol. 36, no. 4, pp. 345-369, 2022.

M. O. Ghone, G. Long, K. Yang, X. Ma, and N. Islam, "Toughness improvement
of low strength ceramsite lightweight concrete by polypropylene fiber and
recycled rubber particle," Construction Building Materials, vol. 422, p. 135716,
2024.

J. Ahmad and Z. Zhou, "Mechanical Properties of Natural as well as Synthetic
Fiber Reinforced Concrete: A Review," Construction and Building Materials, vol.
333, p. 127353, 2022/05/23/ 2022.

W. Abbass, M. I. Khan, and S. Mourad, "Evaluation of mechanical properties of
steel fiber reinforced concrete with different strengths of concrete," Construction
and Building Materials, vol. 168, pp. 556-569, 2018/04/20/ 2018.

A. Sivakumar and M. Santhanam, "Mechanical properties of high strength
concrete reinforced with metallic and non-metallic fibres," Cement and Concrete
Composites, vol. 29, no. 8, pp. 603-608, 2007/09/01/ 2007.

B. Kim, J.-H. Doh, C.-K. Yi, and J.-Y. Lee, "Effects of structural fibers on bonding
mechanism changes in interface between GFRP bar and concrete," Composites
Part B: Engineering, vol. 45, no. 1, pp. 768-779, 2013.

K.-D. Peng, J.-J. Zeng, B.-T. Huang, J.-Q. Huang, Y. Zhuge, and J.-G. Dai,
"Bond performance of FRP bars in plain and fiber-reinforced geopolymer under
pull-out loading," Journal of Building Engineering, vol. 57, p. 104893,
2022/10/01/ 2022.

A. Qasem, Y. S. Sallam, H. Hossam Eldien, and B. H. Ahangarn, "Bond-slip
behavior between ultra-high-performance concrete and carbon fiber reinforced
polymer bars using a pull-out test and numerical modelling," Construction and
Building Materials, vol. 260, p. 119857, 2020/11/10/ 2020.

J. Qi, Z. Cheng, Z. John Ma, J. Wang, and J. Liu, "Bond strength of reinforcing
bars in ultra-high performance concrete: Experimental study and fiber—-matrix
discrete model," Engineering Structures, vol. 248, p. 113290, 2021/12/01/ 2021.

X. Huan et al., "High performance epoxy composites prepared using recycled
short carbon fiber with enhanced dispersibility and interfacial bonding through
polydopamine surface-modification," Composites Part B: Engineering, vol. 193,
p. 107987, 2020.

A. N. Azammi et al., "Characterization studies of biopolymeric matrix and
cellulose fibres based composites related to functionalized fibre-matrix

24



[49]

[50]

[51]

[52]

[53]

[54]

[53]

[56]

[57]

interface," in Interfaces in particle and fibre reinforced composites: Elsevier,
2020, pp. 29-93.

S. Chu, C. Unluer, D. Yoo, L. Sneed, and A. Kwan, "Bond of steel reinforcing
bars in self-prestressed hybrid steel fiber reinforced concrete," Engineering
Structures, vol. 291, p. 116390, 2023.

R. Karim and B. Shafei, "Ultra-high performance concrete under direct tension:
investigation of a hybrid of steel and synthetic fibers," Structural Concrete, vol.
25, no. 1, pp. 423-439, 2024.

E. Cosenza, G. Manfredi, and R. Realfonzo, "Behavior and modeling of bond of
FRP rebars to concrete," Journal of composites for construction, vol. 1, no. 2,
pp. 40-51, 1997.

M. Antonietta Aiello, M. Leone, and M. J. J. 0. m. i. c. e. Pecce, "Bond
performances of FRP rebars-reinforced concrete," vol. 19, no. 3, pp. 205-213,
2007.

N. Saleh, A. Ashour, and T. Sheehan, "Bond between glass fibre reinforced
polymer bars and high-strength concrete," in Structures, 2019, vol. 22, pp. 139-
153: Elsevier.

E. Garcia-Taengua, J. R. Marti-Vargas, and P. Serna, "Bond of Reinforcing Bars
to Steel Fiber Reinforced Concrete," 2016.

M. Parvizi, M. Noél, J. Vasquez, A. Rios, and M. Gonzalez, "Assessing the bond
strength of Glass Fiber Reinforced Polymer (GFRP) bars in Portland Cement
Concrete fabricated with seawater through pullout tests," Construction Building
Materials, vol. 263, p. 120952, 2020.

J. M. G. Chumacero, P. L. A. Torres, C. C. C. La Portilla, and S. P. M. Perez,

"Influence of artificial intelligence on the optimization of the dosage of natural

hydraulic lime, plastic and metallic fibers on the geological characteristics of a
treated soil," Revista ingenieria de construccion, vol. 38, no. 3, 2023.

M. B. Bankir, "Statistical Investigation of the Effects of w/c, Cement Dosage and
Fibers on Bond Strength and Carbonation Coefficient of Hybrid Fiber
Concretes," KSCE Journal of Civil Engineering, vol. 27, no. 11, pp. 4812-4822,
2023.

On behalf of all authors, the corresponding author states that there is no conflict of interest.

25



