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Abstract: The current research on concrete and cementitious materials focuses on finding sustainable
solutions to address critical issues, such as increased carbon emissions, or corrosion attack associated
with reinforced concrete structures. Geopolymer concrete is considered to be an eco-friendly alterna-
tive due to its superior properties in terms of reduced carbon emissions and durability. Similarly, the
use of fibre-reinforced polymer (FRP) bars to address corrosion attack in steel-reinforced structures
is also gaining momentum. This paper investigates the bond performance of a newly developed
self-compacting geopolymer concrete (SCGC) reinforced with basalt FRP (BFRP) bars. This study ex-
amines the bond behaviour of BERP-reinforced SCGC specimens with variables such as bar diameter
(6 mm and 10 mm) and embedment lengths. The embedment lengths adopted are 5, 10, and 15 times
the bar diameter (d},), and are denoted as 5 d,, 10 dy,, and 15 dy, throughout the study. A total of
21 speciments, inclusive of the variable parameters, are subjected to direct pull-out tests in order to
assess the bond between the rebar and the concrete. The result is then compared with the SCGC
reinforced with traditional steel bars, in accordance with the ACI 440.3R-04 and CAN/CSA-S806-02
guidelines. A prediction model for bond strength has been proposed using artificial neural network
(ANN) tools, which contributes to the new knowledge on the use of Basalt FRP bars as internal
reinforcement in an ambient-cured self-compacting geopolymer concrete.

Keywords: self-compacting geopolymer concrete; basalt; fibre-reinforced polymer; pull-out test;
bond strength prediction; ANN model

1. Introduction

The construction industry today is heavily focused on the use of durable and sustain-
able construction materials for major infrastructural developments, owing to increased
repair and maintenance expenses [1]. The service life of reinforced structures is considered
significant when used in aggressive or marine environments. Hence, these structures need
to be corrosion proof and durable in terms of structural performance [2]. In traditional con-
struction practices involving the use of cement, a large amount of carbon dioxide emission
occurs, and they are also energy intensive. Therefore, it has become necessary to adopt al-
ternate construction materials which are sustainable and durable at the same time. The use
of sustainable geopolymer concrete in conjunction with fibre-reinforced polymer (FRP) bars
ought to resolve the corrosion issues of traditional reinforced structures [3]. However, in
order to achieve wider acceptance for this novel composite structure, it is necessary to inves-
tigate the serviceability properties of FRP-reinforced concrete structures, including factors
such as deflections and crack widths [1,3]. The formation of crack width and deflections is
often governed by the reinforcement bar spacing and bond behaviour [4,5]; this necessitates
the need for more studies on the bond behaviour of the newly developed composite.

Advanced research on using combustion by-products from power plants, including fly
ash and slag, as cementitious materials has resulted in the development of self-compacting
geopolymer concrete (SCGC), which can be cured under ambient conditions and is very
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much suitable for structures involving dense reinforcements [6-8]. The quality of concrete,
especially when using self-compacting concretes (SCCs), may be of significance, since the
composition of SCCs with higher fines contents and lower amounts of coarse aggregates
may affect the shear capacity of the specimens under consideration [9,10]. It is reported
that unlike conventional concrete, self-compacting concrete may cause an accumulation of
water when used in reinforced structures, due to bleeding and segregation.

Furthermore, research on producing corrosion-resistant materials has resulted in the
development of reinforcement bars made of fibre-reinforced polymers, known as fibre-
reinforced polymer (FRP) bars. Different FRP bars, such as glass FRP (GFRP), carbon
FRP (CFRP), basalt FRP (BFRP), and aramid FRP (AFRP), are now commercially available,
and are being used in aggressive environments owing to their superior durability prop-
erties in comparison to conventional steel reinforcement [11,12]. FRP bars are generally
produced by pultrusion of the polymer fibre bundles held together by the use of various
resins or epoxies [2]. Even though FRP bars are durable, lightweight, and stronger com-
pared to conventional steel reinforcement, the wider application of these bars is limited
due to the lack of research on their wider properties, including those relating to bond
behaviour—specifically, bonding with concrete and structural performance [13-15]. Un-
like other FRP bars, basalt FRP bars are cost effective and weather resistant in comparison
with the widely used glass FRP bars [16].

To promote the wider use of this newer composite construction material, research
needs to be conducted on the holistic aspects of structural properties. Current design
practices consider the knowledge of bond properties to govern the serviceability and
ultimate capacity requirements of reinforced structures [17-19]. Unlike steel bars, FRP bars
are anisotropic, reporting a different pull-out and failure type in comparison with steel
bars [20]. It is also to be noted that the bond behaviour of FRP bars in any type of concrete is
governed by various factors, including rebar stiffness, rebar surface type, grade of concrete,
types of resins used, and volume of fibre bundles in the FRP bars [1,17]. Knowledge of
bond properties is also required for computing the development lengths of the reinforced
structures [10,21].

In this paper, direct pull-out tests have been carried out in order to study the bond
strength of basalt FRP bars reinforcing a newly developed self-compacting geopolymer
concrete (SCGC) [8]. The variables used in this study are bar diameter and embedment
length. The test results compile the influence of bar diameter and embedment length on
bond strength, failure type, and calculation of development length. Based on the outcomes
from the experimental investigation, a prediction model has been developed for the bond
strength and anchorage length of the BFRP-reinforced SCGC specimens.

2. Experimental Investigation

The experimental program consisted of direct pull-out tests on composite specimens
of BFRP-SCGC and Steel-SCGC. Compared to the bond beam test, the direct pull-out test
is the simplest and most efficient as per the ACI440.3R-04 [22] and RILEM recommenda-
tions [23]. This study will investigate the effects of bar diameter and embedment length
on the bond behaviour of the pull-out specimens made of BFRP- and steel bar-reinforced
SCGC. The tests conducted on the specimens, after 28 days of curing, will evaluate the
effects of the above-mentioned parameters on the maximum pull-out load and, thereby,
the bond strength, of the composites under investigation.

2.1. Test Program

The test program consisted of pull-out tests on SCGC specimens reinforced with BFRP
and steel bars. The test variables were the bar embedment lengths (5 dy,, 10 dy,, 15 dy)
and bar diameters (6 mm, 10 mm) of the basalt FRP bars, aiming to assess their effects
on the bond behaviour with SCGC. Thus, three pull-out specimens were cast for each
configuration, along with the specimens made of SCGC with steel bars for comparison
purposes. The reinforcement bars were of 400 mm length and the SCGC cubes were of
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150 mm x 150 mm x 150 mm size. A total of 21 specimens were designed for the experi-
mental investigation; the parameters were selected in such a way that the desired failure
would be of pull-out type, ensuring accurate depiction of the bond stress distribution and
bond strength development.

2.2. Materials

Two types of reinforcing bars—namely, basalt FRP, and steel bars—are used in this
study. The basalt fibre-reinforced polymer (BFRP) bars were provided by Jiangsu Ocean-
power New Material Technology Co., Zhenjiang, China. The BFRP bars were produced via
a pultrusion process, in which the continuous basalt fibres were embedded in an epoxy
resin with minimal fibre volume. The bars used in the study were 400 mm long, with two
bar diameters of 6 mm and 10 mm, and a spiral-wound surface. The steel rebars used in
this study were 10 mm deformed steel bars from a local manufacturer.

The mechanical properties of the BFRP and steel bars were previously compared by
the second author [24] in a study on the bond behaviour of basalt FRP bars in normal
concrete. The material properties of the BFRP bars were then cross-checked against those
given by the manufacturer at Deakin’s testing facility [24]. The test results confirmed the
values provided by the manufacturer, and the results are detailed in Table 1 below.

Table 1. Mechanical properties of BFRP and steel bars [1].

Bar Type Nominal Diameter Tensile Strength Elastic Modulus
(mm) (MPa) (GPa)
BFRP 6 1000 >55
BFRP 10 1260 >55
Steel 10 620 200

The steel bars and the basalt FRP bars used in this study are also shown in Figure 1 below:

10mm Steel Bar

3 O .y

10mm BFRP bar

6mm BFRP bar

Figure 1. Basalt FRP and steel pull-out bars used in this study.

The concrete used in this study is a 40 MPa novel ambient-cured self-compacting
geopolymer concrete (SCGC) developed by the authors [8]. The SCGC, which was pro-
duced in the Structures Laboratory at Deakin University’s Geelong Waurn Ponds Campus,
exhibits self-compacting properties and eliminates the need for compaction and vibration
of the specimens [9,25,26]. The newly developed SCGC consists of fly ash, slag, and micro
fly ash as binder materials and anhydrous sodium metasilicate as an alkali activator, along
with fine and coarse aggregates without use of any superplasticisers. The fly ash and micro
fly ash for the SCGC are sourced from Cement Australia and Fly Ash Australia, respectively.
Also, the slag and sodium metasilicate are sourced from Independent Cements and Redox,
Melbourne, Australia respectively.
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The mixing and casting of the SCGC was carried out using the same procedure as
mentioned in the previous study by the authors [8]. The mixing, casting, and curing of the
pull-out specimens was carried out in laboratory environmental conditions of 23 4= 2 °C at
a relative humidity of 50% in Deakin University’s Geelong Waurn Ponds Campus. Prior
to casting, the fresh properties of the SCGC were determined using the slump flow and
T500 tests. In this study, 12 additional cylinders (200 mm x 100 mm) were prepared from
the same batch of SCGC in order to determine the mechanical properties after 28 days of
curing under ambient conditions. The additional cylinders will help in confirming the
mechanical properties of the pull-out specimens. The mix proportion and average strength
characteristics of the SCGC used in this study are given in Table 2 below [8]:

Table 2. Mix proportion and properties of self-compacting geopolymer concrete.

Mix Proportion (Kg/m?) [2]

Fly Ash 480
Slag 360
Micro Fly Ash 120
Sodium Metasilicate (Anhy.) Alkali Activator 9
Fine Aggregates 763
Coarse Aggregates 677
Properties of Fresh SCGC
Slump Flow (mm) 670
T500 (sec) 4.10
Properties of Hardened SCGC
Compressive Strength, at 28th Day (MPa) 40
Indirect Tensile Strength, at 28th Day (MPa) 3
Modulus of Elasticity, at 28th Day (GPa) 15

A laboratory pan mixer with a maximum capacity of 200 kg was used for the mixing
of the SCGC, and the slump flow and T500 of the SCGC mix were tested using an Abrams
Cone. The slump flow of the current SCGC mix is shown in Figure 2 below:

Figure 2. Slump flow of SCGC.

2.3. Pull-Out Specimen Preparation

The direct pull-out test was carried out in accordance with the ACI 440.3R-04 and
CSA-5806-02 standard guidelines. A 150 mm cubic mould was used to prepare the pull-out
specimens. The moulds were prepared by partitioning rectangular steel moulds with
plywood formwork supported by clamps, as shown in Figure 3.
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Figure 3. Moulds for pull-out specimens.

Prior to the preparation of the cubic moulds, the basalt FRP bars were marked and
fixed in the steel socket using a strong adhesive named HILTI RE500 for better grip in the
socket, unlike the conventional cement grout method. The use of an epoxy adhesive of
this kind will prevent the failure of FRP bars due to the gripping force of the clamps in the
universal testing machine during testing [3]. The basalt FRP bars gripped in the steel socket
tubes were left to dry for one week. The embedment length, also known as the bonded
length or bond length, was determined with respect to the reinforcing bar’s diameter. The
three embedment lengths used in this study were the 5 dy,, 10 d}, and 15 dy, lengths. The
embedment length of 5 dy, corresponds to a bonded length equal to 5 times the diameter
of the bar. Later, the embedment lengths were marked on the basalt FRP bars, and the
unbonded lengths were taped using foams as bond breakers and made ready for casting in
the cubic moulds (Figure 4).

Foam bond breaker

Riways ungiug power for pull-out bars
Betore placing hand into

Figure 4. Pull-out bars taped with bond breaker foams before casting.

A day before casting, the steel cubic moulds were cleaned, and a natural release agent
called LanoForm was applied. Later, the prepared basalt FRP and steel bars were placed at
the bottom of the mould and clamped on either side of the mould to prevent slippage from
the centre of the mould. On the day of casting, the freshly prepared SCGC was poured,
with the pull-out bars in the centre of the mould (Figure 5).
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Figure 5. Pull-out specimens filled with SCGC.

The pull-out specimens were then demoulded and subjected to ambient curing for
28 days by leaving them in the laboratory at a room temperature of 23 & 2 °C and at a
relative humidity of 50%. The demoulded specimens on the day of testing are shown in
Figure 6 below:

| T -2

Figure 6. Pull-out specimens after 28 days of curing.

2.4. Pull-Out Test Set-Up

The test method for a direct pull-out test considers two widely accepted standards of
testing on FRP-reinforced structures—namely, ACI 440.3R-04 [22], and CAN/CSA-S806-
02 [27]. The test procedures outlined in both standards are very similar, with a minor
variation in the maximum loading rate, where a 1.3 mm/min maximum is mentioned in
the former, whereas a maximum of 1.27 mm/min is suggested in the latter. The pull-out
test in this study was carried out using a 300 kN Instron universal testing machine in the
Deakin University Structures Laboratory at Geelong Waurn Ponds Campus. The loading
rate applied to the steel and basalt FRP bars was 1 mm/min, and was measured using the
automated data acquisition system of the machine. The pull-out specimen cube embedded
with basalt FRP was placed and tightened in a steel frame fitted in the testing machine, as
seen in Figure 7.
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Figure 7. Universal testing machine with automated data acquisition system for pull-out testing.

The steel frame consisted of bottom and top steel plates with holes on all four sides
and in the centre, allowing for the FRP bar to pass through. The bottom plate of the steel
frame was connected to the jaws of the testing machine, and acted as the reaction end when
the pull-out load was resisted by the specimen under testing, as seen in Figure 8.

b plates on
¥ both sides
fto fix the
pull-out

specimens

Figure 8. Placing of the pull-out specimen inside the UTM.

The applied load was recorded by the data acquisition system and connected to
the computer. During the loading, the slip of the basalt FRP bar corresponding to the
applied load was measured continuously and recorded in the Bluehill software mod-
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ule of the Instron universal testing machine. The tests were run until failure for each
individual specimen.

The pull-out specimens are labelled according to the bar diameter and embedment
length; for example, in the specimen named 6-1-1, 6 corresponds to a pull-out specimen
of 6 mm diameter basalt FRP, 1 corresponds to an embedment length of 5 times the bar
diameter (dy,), and 1 signifies the 1st specimen of similar configuration. Similarly, for pull-
out specimens with steel reinforcement bars, the label is S-10-1, where S corresponds to the
steel bar, 10 is the bar diameter, and 1 signifies the 1st specimen of similar configuration.
In the case of steel specimens, only one embedment length of 50 mm-—corresponding
to 5 d,—was used, since the failure mode was already established as being of the pull-
out type by existing literature. The pull-out test was carried out on 3 identical pull-out
specimens of each configuration, totalling 21 specimens. The specimen details and their
corresponding bar diameters and bond lengths are depicted in Table 3 below:

Table 3. Specimen naming and identification details.

SL.No  Specimen No. Bar Diameter Embedment Le.ngth in Embedment
dy, (mm) Terms of Bar Diameter Length (mm)
1 6-1-1 6 5dy, 30
2 6-1-2 6 5dy, 30
3 6-1-3 6 5dy 30
4 6-2-1 6 10 dy 60
5 6-2-2 6 10 dy 60
6 6-2-3 6 10 dy 60
7 6-3-1 6 15dy 90
8 6-3-2 6 15dy 90
9 6-3-3 6 15 dy 90
10 10-1-1 10 5dp 50
11 10-1-2 10 5dp 50
12 10-1-3 10 5dy 50
13 10-2-1 10 10 dy, 100
14 10-2-2 10 10 dy 100
15 10-2-3 10 10 dy 100
16 10-3-1 10 15dy 150
17 10-3-2 10 15dy 150
18 10-3-3 10 15 dy 150
19 S-10-1 10 5dp 50
20 S-10-2 10 5dp 50
21 S-10-3 10 5dy 50

3. Test Results and Discussion

In this study, the impact of various parameters—such as reinforcement bar type, bar
diameter, embedment length, and concrete material—on bond behaviour are discussed. In
the direct pull-out test, the bond stress of reinforcing bars and concrete is assumed to act
evenly along the bond length. The following sections discuss the bond behaviour of the
BFRP- and steel-reinforced SCGC with respect to the above-mentioned parameters. It is
significant to note that the predominant type of failure in this study is the pull-out failure
of specimens. This can be attributed to the sufficiently thick concrete cover provided to the
pull-out specimens [3].
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The pull-out tests were conducted on all specimens after curing under ambient condi-
tions for 28 days. For all of the specimens, the failure type was by pull-out of the rebars.
The maximum bond stress (Tmax) is calculated as:

Tmax = Pmax/mdy, L 1

where, Pmax is the maximum pull-out force on the rebar, dy, is the bar diameter, and L is
the embedment length as per the CSA -5806-02 and ACI 440.3R-04 standards.

The characteristic bond strength (Tmax) is calculated as the mean of the maximum
bond stress of three identical specimens of each configuration.

3.1. Bond Strength

The direct pull-out test conducted in this study consisted of testing and reporting the
failure load, mode of failure, bond strength, and the load—slip relationship for each test.
The bond strength, which is a critical factor in assessing the bond behaviour, is calculated
using Equation (1), above. The failure load and the corresponding bond strength of the
various test specimens are detailed in Table 4, below:

Table 4. Experimental results of the pull-out test specimens.

SL.No Spelfli;nen DiaBn?Zter, En}iendment Il/ialz(e;illdl(:s Bond Stress, A;’ ; rezgs’efn?:(d Standard M().de of
dy, (mm) gth Po (N) Tmax (MPa) *a (MPa) Error of Mean Failure
1 6-1-1 6 5dy, 1313.21 2.32 Pull-out
2 6-1-2 6 5d, 5849.67 10.34 # 3.30 241 Pull-out
3 6-1-3 6 5dy, 242091 4.28 Pull-out
4 6-2-1 6 10 dy 4337.71 3.84 Pull-out
5 6-2-2 6 10 dy, 3120.17 2.76 3.49 0.36 Pull-out
6 6-2-3 6 10 dy 4388.16 3.88 Pull-out
7 6-3-1 6 15 dy, 14,529.08 8.56 Pull-out
8 6-3-2 6 15 dy, 11,161.75 6.58 7.57 1.68 Pull-out
9 6-3-3 6 15dy, 4803.68 2.83* Pull-out
10 10-1-1 10 5dy, 14,195.87 9.04 Pull-out
11 10-1-2 10 5dy, 18,504.16 11.78 9.98 0.90 Pull-out
12 10-1-3 10 5dy 14,318.88 9.12 Pull-out
13 10-2-1 10 10 dy, 21,830.84 6.95 Pull-out
14 10-2-2 10 10 dy, 15,498.56 4.93 6.86 1.09 Pull-out
15 10-2-3 10 10 dy 27,340.62 8.70 Pull-out
16 10-3-1 10 15 dy, 25,295.03 5.37 Pull-out *
17 10-3-2 10 15d, 25,947.93 5.51 5.41 0.05 Pull-out *P
18 10-3-3 10 15 dy, 25,180.94 5.34 Pull-out *P
19 5-10-1 10 5dy 9066.53 577 # Pull-out
20 5-10-2 10 5d 21,528.76 13.71 13.93 2.72 Pull-out
21 S-10-3 10 5dy, 22,234.29 14.15 Pull-out

*2: The average value of the bond strength of specimens of the same configuration. *: Pull-out of bars from the specimen which was then
followed by cracking of the concrete. #: These values were reported due to faulty running of the machine during the testing time, and were
discarded for the average bond strength calculation.

From the bond test results, it is evident that the average bond strength of the steel-
reinforced self-compacting geopolymer specimens is greater than that of the basalt FRP-
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reinforced specimens. It can be observed that at the same embedment length of 5 d;,, BFRP
behaved like steel bar, reporting almost 72% of the bond strength of steel. The higher
bond strength exhibited by steel bars can be attributed to the higher axial stiffness and
ribbed surface of the steel bars in comparison to the basalt FRP bars [3]. In this study, the
6-mm BFRP bars reported a lower bond strength, where the bars pulled out earlier due
to the greater ultimate tensile strength of the bars in comparison with the bonding force
between the bars and the surrounding concrete, as reported in a study by Wang et al. [28].
This observation confirms the outcomes from the 2018 study by Nguyen et al., where the
reported bond strength was 1 MPa [29]. This implies that in the case of deformed steel
bars, the bonding resistance of concrete is governed by shear-based resistance, while it is
friction-based for the basalt bars [29,30].

However, for the 10-mm BFRP bars, the trend was consistent with the widely reported
literature, where an increase in the embedment length led to an uneven stress distribution,
resulting in lower ultimate bond stress values [14,28,31-34]. The relationship between bond
stress and embedment length with various bar diameters of BFRP bars is summarized in
Figures 9 and 10 below:

y =2.1351x + 0.5177

Avg.Bond Stress,MPa
(@] [ N w S (9] (<)} ~ [o5]

30 60 90
Embedment Length
mmmmn Avg.Bond Stress,6mmBFRP bars

Figure 9. Average bond stress of 6-mm BFRP bars vs. embedment length.

10
9 e
e B y=-1.8604x + 11.14
O R R? = 0.9654
=7 T e
s . 0000
¢ 6 e
& o5
2
5 4
o 3
>
< 2
1
0
50 100 150

Embedment Length
[1Avg.Bond Stress, 10mm BFRP bars

Figure 10. Average bond stress of 10-mm BFRP bars vs. embedment length.

The decreased bond strength reported for the basalt FRP bars can also be attributed
to the relatively smooth surface of the bars when compared to the deformed steel bars.
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basalt FRP bars are a relatively new type of FRP bar whose material properties are still
under investigation. Research on the bond performance of BFRP bars with various surface
treatments—such as sand coating, helical wrapping, or ribbing with indentations—has been
carried out by various researchers [2,35-38]. It has been found that providing sand coating
increases the bond strength [35,38]; however, the sand coating has been found to separate
from the core of the bar under severe exposure, such as that in marine environments [39].
The future direction of the current study aims at assessing the properties of BFRP bars under
marine exposure conditions; hence, BFRP bars without any surface treatment were chosen.

3.2. Failure Mode

The failure modes commonly reported for the direct pull-out test by researchers are
of three types [3,16,32,40]: The first type of failure is the pull-out failure, in which the bar
under consideration pulls out of the concrete specimen under loading. The second type of
failure is the splitting of the concrete; this type of failure is characterized by the cracking
and breaking of the concrete even before the bars pulls out under loading. The third type
of failure is bar rupture, in which the reinforced bar yields or ruptures (in the case of FRP
bars) and fails under loaded conditions [13]. Studies report that for reliable analysis of
the bond performance with respect to bond strength, the expected type of failure is the
pull-out of bars [41]. Pull-out failure is reported when the energy of the shearing bond
strength between the bar and the geopolymer concrete exceeds the bonding capacity of the
geopolymer concrete [42]. This gives a true depiction of the bond stresses acting on the
pull-out specimens, and aids researchers in developing a better understanding of the bond
performance of the composite structures [3,16,38]. It has been widely seen in previous
research that the bond stress values reported for other types of failure, such as splitting
of concrete or bar rupture, are often discarded in bond strength calculation owing to their
inaccuracy in representing the bond stress distribution.

In this study, the predominant failure mode exhibited by all of the test specimens was
pull-out failure, irrespective of the bar diameter or the embedment length. In the pull-out
failures of this study, both the steel and BFRP bars pulled out from the embedded concrete
under relatively low stress levels, with the bar surface showing a slightly worn rib for the
steel bars, and a sheared-off, torn fibre rib surface in the case of BFRP bars. It can also
be inferred that during loading, the concrete shears with the wound surface of the BFRP
bars, and the bond surfaces start to get damaged due to continuous stress from the loaded
end [32]. The embedment length then extends until the free end reaches the lowest point
and causes a sudden excessive slip, resulting in the pull-out of the bars. This scenario is
consistent with observations from recent studies in this field, and confirms the behaviour
of basalt FRP under direct pull-out tests [38]. The failure damage images show that the
bars pulled out of the specimens, and that the pull-out load could not be resisted by the
bar—concrete interface owing to lowered adhesion due to the smooth surface of the BFRP
bars against the surface of the SCGC [32,43,44]. The pull-out failures of the specimens of
all of the series are shown in Figures 11-15.

Pull-Out failure of 6mm Basalt FRP bars

Figure 11. Pull-out failure of 6-mm BFRP bar specimens.
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Bar Pull Out from
Specime

Pull Out failure of 10 mm Basalt FRP bars

Figure 12. Pull-out failure of 10-mm basalt FRP bar specimens.

(a) Pull-Out failure in 10mm Steel bar specimens (b) 10mm Steel Bars after Pull-Out test

Figure 13. Pull-out failure of steel bar specimens.

, + Torn ribs on 6mm &10mm
| “BFRP bar surfaces

. o
\

Figure 14. Wear and tear on rib fibres on the pulled-out bar surface.

3.3. Effect of Bar Diameter and Embedment Length

It has been widely reported in the literature [18,19,36,40,41,45-48] that the bond
strength decreases when there is an increase in the bar diameter, due to the non-linear
distribution of stresses along the loaded end of the bar to the free end of the bar at the
time of pull-out testing. Hence, in this study, two diameters of the basalt FRP bars—one
belonging to the smaller diameter range (6 mm), and one belonging to the larger diameter
range (10 mm)—have been selected.
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Groove formed due to pull-out of bars

Figure 15. Cross-sectional view of cut Pull-out specimens.

From the experimental observations, it is understood that the smaller diameter bars
(6 mm) exhibited lower bond strength, which can be attributed to the early pull-out of the
bars from the concrete matrices due to bonding failure. For the smaller diameter bars, even
before reaching the peak stress values, the bar grip was loosened from the surrounding
concrete, leading to early pull-out failure. The surface characteristics of the bar are another
reason for this, as they are smooth when compared to the ribbed surfaces of the steel
bars. The surface characteristics of the reinforced bars are of significance in direct pull-out
studies, and it has been reported in many studies that a rougher surface—such as those
in ribbed, sand-coated surfaces—offers better bonding due to friction in the bar—concrete
interface [37,49,50].

Unlike the 6-mm bars, the bond stress of the 10-mm bars decreased with the increase
in the bonded length, and was similar to that of steel rebars. The 10-mm BFRP and 10-mm
steel rebars reported similar values of bond strength at an embedment length of 5 times the
bar diameter. The cause of the decrease in bond stress with an increase of embedment length
is attributed to the non-linear distribution of stresses along longer lengths [9,13,49,51].

The other variable used in this study is the embedment length (or development
length), which is considered to be the length of the reinforcement bar required in any
reinforced concrete structural element in order to provide sufficient bond strength between
the reinforcement and the concrete [11,16,48,52]. The current study aims to identify the
best suited embedment length when using basalt FRP reinforcement.

The bond stress values with respect to the different embedment length to bar diameter
ratios (L/dp) obtained from the tests are depicted in Figure 16 below:

10
9
8
7
6
5
4
3 *— T
2
1
0
0 0.5 1 15 2 25 3 35

—®—6mm BFRP bar  —®—10mm BFRP bar

Figure 16. Bond stress vs. embedment length to bar diameter (L/dy).
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The basalt FRP bars of 5 dj, bonded length corresponding to an L/dy, ratio of 5 report
higher bond strength when compared to L/dj, ratios of 10 and 15. There is a decrease in
bond stress values for 10-mm bars when there is an increase in bond length, due to the
non-linear distribution of stresses in the bars [38,53]. For the smaller 6-mm BFRP bars, the
bond capacity of the concrete was very low even for longer embedment lengths, and the
bars pulled out under peak loads as reported in a study by Michaud and Fam [16]. In the
case of 6-mm bars, an embedment length of 15 d;, showed a slight increase in the bond
strength; however, in all three embedment lengths, the peak load capacity of the 6-mm
BFRP was not achieved.

Even though the only mode of failure reported in this study was the pull-out type,
we observed that in specimens with 15 d;, embedment length, while the bar firstly pulled
out of the SCGC, a crack of 1-2 mm width appeared on the top surface of the specimen
immediately afterwards, as seen in Figure 17:

Cracks on top of pu'II-outf;, |
Ispecimens i

Figure 17. Crack on the top surface of the 15 dy, pull-out specimens.

3.4. Load-Slip Relationship

The slip of basalt FRP bars from the SCGC blocks was recorded throughout the
test. The load-slip relationship for 6-mm bars of 5 dy,, 10 dj, and 15 dy, is plotted in
Figure 18 below:

~——BFRP 6mm 5db
——BFRP 6mm 10Db

BFRP 6mm 15db

Load, kN
@

0 1 2 3 4 5 6 7
Slip, mm

Figure 18. Load-slip relationship of specimens with 6-mm BFRP bars of 5 dy,,10 d},, and 15 dy,
embedment lengths.



Appl. Sci. 2021, 11, 4889

15 of 25

The specimens of 6-mm diameter of 5 d;, and 10 d}, embedment lengths pulled out
from the concrete at early loading stages, even before reaching the peak stresses of the bar.
When a larger embedment length of 15 d}, was used (Figure 22), the bond strength of the
specimens showed an increase similar to that reported by Michaud and Fam in their study
on BFRP bars in conventional concrete [16].

While observing the pull-out failure of 10-mm BFRP bars it was seen that the load
taken by the 10-mm BFRP bars was higher than their 6-mm counterparts, and the bond
strength was higher for smaller embedment lengths of 5 dy,, as shown in the load-slip plot
in Figure 19.

BFRP 10mm 5Db
~———BFRP 10mm 10db

BFRP 10mm 15db

0 1 2 3 4 5 6 7 8
Slip, mm

Figure 19. Load-slip relationship of specimens with 10-mm BFRP bars of 5 d,,10 dy,, and 15 d},
embedment lengths.

However, as the embedment length increased to 10 d}, and 15 dy, the ultimate failure
load increased; however, the bond strength was smaller due to the non-uniform distribution
of stresses over larger lengths of bond, leading to loss of grip from the concrete face and
pull-out of bars. It is also of interest to note that in the longest embedment length (15 dy,) of
BERP bar, the bar pulled out before peak load, and the loading continued until splitting
cracks were observed on the pull-out specimens.

The load-slip plot for the steel bars is shown in Figure 20 below, and the failure pattern
was of pull-out type for all three specimens of the 5 d}, embedment length. However, for
the first specimen (S-10-1), erroneous values were reported due to faulty running of the
test machine, and these values were not considered for bond strength calculation.

25

20

Load,kN

4
Bisplacement,mm
$-10-2 $-10-3 ------ §$-10-1

Figure 20. Load-slip relationship of the 10-mm, 5 dy, steel specimens.
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The load-slip relationship comparing the performance of 6-mm BFRP bars of various
embedment lengths (5 dp, 10 dy,, and 15 d}) against the performance of steel bars is also
plotted below in Figure 21. In comparison to the steel bars, the BFRP bars of smaller
diameter (i.e., 6 mm) could not perform well under pull-out test loads. Due to their smaller
size and lower bond capacity, the bars pulled out of the concrete earlier, even before
reaching the peak loads. The embedment length variations also did not make a difference
in the bond strength capacities when compared to the steel bars, which performed well
against the smaller diameter basalt FRP bars.

18

Steel
~——BFRP 6mm 5db

16

~——BFRP 6mm 10Db
BFRP 6mm 15db

Slip, mm

Figure 21. Load-slip relationship of the 6-mm BFRP and steel bars.

Moreover, the load—slip relationship comparing the performance of 10-mm BFRP bars
of various embedment lengths (5 dy,, 10 dy,, and 15 dp,) against the performance of steel bars
is also plotted below in Figure 22.

30

Steel

25 BFRP 10mm 5Db
——BFRP 10mm 10db

20 BFRP 10mm 15db

15

Load, kN

10

0 1 2 3 4 5 6 7 8
Slip, mm

Figure 22. Load-slip relationship of the 10-mm BFRP and steel bars.

The peak loads of the 10-mm steel bars and 10-mm BFRP bars are in a similar range,
confirming the suitability of BERP bars as reinforcement materials, as can be seen from
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the comparison plot in Figure 22. This indicates that the 10-mm bars of BFRP give similar
pull-out performance when compared to steel bars of same diameter, showing promising
potential for the use of Basalt FRP as an alternative for the conventional steel reinforcing
bar. Furthermore, the results of specimens with steel bars were similar for self-compacting
geopolymer concrete (SCGC), geopolymer concrete, and conventional concrete of 40 MPa
strength [53-56]. The outlier values in some of the specimens in this series of experiments
were due to the shutting down of the UTM midway through the experiment. This study
provides promising results for the use of basalt bars as a reinforcement alternative to
conventional steel bars. Moreover, the self-compacting geopolymer concrete, with its
advantageous features—including strength, flowability, lack of need for vibration, and
ambient curing properties—would make the BFRP-reinforced specimens more efficient to
use easily in real life scenarios [1,2,7,53-56].

The current experimental investigation finds that while studying the causes of bond
behaviour, it is important to consider other parameters, such as fibre volume in each of
the bundles for basalt or any other kind of FRP bars, as these may influence the bond
behaviour. The reinforcement sectional area, surface roughness of the rebar, bar diameter,
and friction at the bar—concrete interface are other factors that have been found to affect
the bond behaviour of pull-out specimens [19,52,57,58]. Bonding can also be affected by
surface treatment of the bars, and by the country of origin/production of the bars. Hence,
the results of this study hold true only for the current bar characteristics, and more studies
are required to standardize basalt FRP bars’ bond behaviour.

4. Theoretical Investigation of Bond Behaviour

The application of a new composite material in reinforcing concrete structures is
highly dependent on the bond behaviour and strength, and specifically on the bar—concrete
interaction in comparison to steel bars. Hence, knowledge of bond behaviour and other
interfacial characteristics is vital to confirm a reliable transfer of forces in the reinforced
structure. The commonly adopted tests by the ACI, Canadian, and other relevant standards
include direct pull-out tests, notched beam tests, and push-out tests. Out of these tests,
direct pull-out tests are the most commonly adopted, due to ease in test configuration.
However, to confirm the bond characteristics, several parameters need to be studied.
Analytical prediction models are used as an indicator in order to assess the bond properties
of a possible configuration. The use of theoretical prediction models will help researchers
in identifying the most critical parameters that affect overall behaviour. In the current
study, the composite bars under consideration are basalt FRP bars embedded in a newly
developed self-compacting geopolymer concrete, the behaviour of which is yet to be fully
understood. Table 5 below lists the existing mathematical representations for steel and FRP
bars in conventional concrete, which are currently adopted in ACI and CSA for the bond
strength prediction of FRP bars [27,59,60].

Table 5. Bond strength prediction equation for FRP bars in concrete.

S1.No: Standard Guideline Bond Strength Prediction Equation FRP Bar Type Remark
1 ACT 440.1R-06 Tmax = 0.083\/fc(§4.10 +0.3c/d + 100 Glass, E[;glass.,dCarbon, No specific coefficients
/M rami of factors to account for
Glass, E-glass, Carbon,  the type and material
2 ACT 440.1R-03 Tmax = 20.23+/f./d Aramid of FRP bar
) ] Tmax = des \/f'C /1.15(kq ko kg kg Glass, E-glass, Carbon, Considers fibre type
3 C5A-5806-02 ks)mdy, Aramid and profile of bar

Tmax: bond strength; fc: compressive strength of concrete; des and c: concrete cover; d, dy,: bar diameter; 1: embedment length; k1; bar
location factor; k2: concrete density; k3: bar size factor; k4: bar fibre factor; k5: bar surface profile factor.

The theoretically predicted bond strength values, using the models above by ACI and
CSA, are found to exaggerate the true bond behaviour, as depicted in Table 6 below:
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Table 6. Comparison of experimental and predicted values of bond strength.

Experimental Predicted Values of Bond Stress, MPa
Specimen No.  Value of Bond
Stress, MPa  ACI440.1R-06[3]  ACI440.1R-03[4]  CSA S806-02 [5]

6-1-1 3.30 13.12 21.32 25.01
6-2-1 3.49 7.87 21.32 25.01
6-3-1 7.57 6.12 21.32 25.01
10-1-1 9.08 12.91 12.79 14.59
10-2-1 7.83 7.66 12.79 14.59
10-3-1 5.36 591 12.79 14.59

The comparison of the predicted values with the experimental values confirms the
inadequacy of standards/design codes for accurately predicting the bond behaviour of a
new FRP-geopolymer concrete composite. The only guidelines available for FRP bars in
concrete—namely, the ACI [22,59] and CSA [27] guidelines—do not include basalt FRP
bars or geopolymer concrete. The current practice is to use the same coefficients for glass
FRP and BFRP bars, which creates non-conformity owing to differences in the material
properties of glass and basalt fibres [18,61,62]. Numerous studies have focused on finding
accurate coefficients corresponding to the type of FRP bar, material, and surface properties
in order to produce an accurate prediction model [31,52,63]. However, it has been found
that the developed mathematical models are not applicable to all the parameters affecting
bond behaviour and performance [33,38,49].

The current paper thus identifies the need for a powerful learning technique, such
as an artificial neural network (ANN), which can take into consideration an array of
various parameters that can affect the bond performance of the FRP-SCGC composite.
Unlike traditional prediction methods, the software supporting ANN learning tools is
able to predict bond behaviour by considering the complex relationships amongst the
various parameters and understanding the pattern of experimental results [64—66]. Thus,
in the following section, artificial neural network tool performing under MATLAB 2020b
software is used to develop the ANN model to predict the bond strength of BERP bars in
self-compacting geopolymer concrete.

4.1. Bond Strength Prediction Using an Artificial Neural Network (ANN)

The advent of various computational techniques incorporating artificial intelligence
has helped researchers in different fields of study to better understand the complexity of
datasets [65]. The artificial neural network (ANN) is a computational technique used for
predicting and fitting complex datasets [61,67]. The ANN is unique from other methods
due to its ability to learn like a human brain [64,68]. ANN predictions are thus considered
to provide logical and intelligent solutions due to their self-learning capacity [61,65,68].
The architectural framework of an ANN consists of three main parts—namely, the input
layer, hidden layer, and output layer [61,64,67]. The input layer consists of an input dataset
where the different parameters for prediction are entered. In the hidden layer, there is a
collection of nodes known as neurons, which represents the interrelationship between each
of the input parameters [66,69]; this is the layer where mathematical computations are
executed in order to provide the desired or targeted output in the output layer [61,68,70].
The neurons in the hidden layer can be assigned weights or bias in order to modify the
targeted output, and are decided by learning and memorizing each input with the most
desired output [71-73].

4.1.1. ANN Model Development

In this study, a backpropagation feed-forward neural network was used to develop the
neural network fitting model. Since the model was developed after the experimental inves-
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tigation, a backpropagation feed-forward neural network is best suited for developing the
ANN model’s desired output, which was already obtained from the experimental results.
The multilayered backpropagation network was created consisting of three layers—the in-
put layer, the hidden layer with nodes, and the output layer—as shown in Figure 23 below:

Input Layer Hidden Layer Output Layer
idden layer, hl
Input 1
Input 2
Input 3 x Output
Input n

Figure 23. Artificial neural network architecture framework.

4.1.2. ANN Model Training and Analysis

Once the input parameters and target outputs were transformed to the form of nu-
meric arrays called datasets, the training of the model was complete. In the current
model, a supervised learning approach was carried out for the development of the model.
The training of the data was conducted using the Levenberg-Marquardt optimization
method, consisting of logistic sigmoid activation function in the hidden layer, as shown in
Figure 24 below:

Neural Network Training (nntraintool) - X

Neural Network

Hidden Output

Input

10 1

Algorithms
Data Division: Random (dividerand)
Training: Levenberg-Marquardt (trainim)
Performance: Mean Squared Error (mse)
Calculations: MEX
Progress
Epoch: o [ 10 iterations | 1000
Time 0:00:00
Mu: 0.00100 1.00e-05 1.00e+10
Validation Checks: 0 6
Plots

Training State (plottrainstate)

Error Histogram (ploterrhist)

Fit (plotiit)

Figure 24. Neural network training.
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Using the neural network fitting tool (nftool) in MATLAB, the input dataset consisting
of six parameters—including compressive strength, bar diameter, cover /bar diameter ratio,
embedment length/bar diameter, embedment length, and concrete—was fed to the model.
This model uses 70% of the sample size for training of the model, and the remaining 30%
for the validation and testing of the model, as shown in Figure 25 below:

Neural Fitting (nftool)

Validation and Test Data
Set aside some samples for validation and testing.
Select Percentages

& Randomly divide up the 18 samples:

@ Training: 70% 12 samples
@ Validation 15% v 3 samples
W Testing: 15% ¥ 3 samples
é ge per if desired, then click [Next] to continue.

[ &@Neural Network Start ] [ Hdwelcome ]

Explanation

& Three Kinds of Samples:

. Training:

These are presented to the network during training, and the network is adjusted according to
its error.

. Validation

These are used to measure network generalization, and to halt training when generalization
stops improving.

0 Testing

These have no effect on training and so provide an independent measure of network
performance during and after training.

( deeck [ wnen | [ @cancel }

Figure 25. Neural fitting tool showing sample size.

The model was trained to obtain better predictability with correlation coefficients of
0.99, 0.96, and 0.97 for the training, validation, and test data, respectively, as shown in

Figure 26 below:
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Figure 26. Regression plots for training, validation, and testing of the ANN model.
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Figure 26 depicts the regression plots for the training, validation, and test datasets
used by the ANN model, along with the validated result dataset. It is a screenshot of the
plot drawn in the ANN model toolbox. The “Target” values in the X-Axis of the above
plot refer to the experimental input values, and the Y-Axis output values correspond to
the ANN-predicted values. Moreover, the vertical axes describe how output is calculated
for each of the datasets used for the training, validation, and testing of the ANN model.
From the regression plot, the accuracy of the model can be confirmed. This was obtained
by training the network continually using the (nntraintool), which updates the weights
until the mean squared error is small. However, repetitive training may cause the model to
memorize the target values and result in overfitting of the model, and hence it is necessary
to carry out regularization and identify the early fit during the training process [61,68,74].
Figure 27 below shows the best validation performance of the ANN model at epoch 4.

Neural Network Training Performance (plotperform), Epoch 10, Validation stop. - >
File Edit View Insert Tools

Best Validation Performance is 1.3016 at epoch 4

2 Train
10 Validation
— Test
g - Best
£
-~ 10°
H'.
0
1™
e
W o2
o
1]
1™
=
o 10°
n
&
pr
. 15>
10 8 L L L 1 1
0 2 4 6 8 10
10 Epochs

Figure 27. Validation Performance of the ANN Model.

4.2. ANN Comparison with Other Prediction Models

The predictive capability of the newly developed ANN model is compared initially
with the experimental data, and the results show close agreement of bond strength val-
ues. The ANN model is also compared against prediction models recommended by the
American Concrete Institute ACI 440.1R-03, ACI440.1R-06, and the Canadian Standard
CSA S806-02 guidelines, and a comparison plot is shown in Figure 28 below.
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Figure 28. ANN model comparison against other prediction models for all specimens.

It is evident from the above plot that the ANN model is effective in predicting the
bond strength of the basalt-FRP-reinforced SCGC specimens, and performs well against all
of the other models. It can be seen that the ANN model is efficient in predicting smaller
datasets with R2 = 0.96, and can be trained with available sets of test data, providing
better prediction for composites such as SCGC-BFRP that exhibit non-linear behaviour.
This supports the use of ANN and similar computational techniques to predict this kind
of dataset, with high randomness and irregularities. Unlike traditional mathematical
models, there is no need for developing separate models, as ANNs provide a good fit for
randomized data using intelligent algorithms.

5. Conclusions

In this study, the bond behaviour of basalt-FRP-reinforced, newly developed self-
compacting geopolymer concrete was investigated by conducting direct pull-out tests on
21 specimens under ambient-cured conditions. These testing conditions were used in other
bond behaviour studies reported in the literature, where the samples were air cured in the
same laboratory environmental conditions (23 =+ 2 °C and relative humidity of 50%) [75,76].
The results of the current study are consistent with other reported studies, where the
air-cured specimens displayed promising bond performance for specimens reinforced
with FRP bars or FRP sheets [75,76]. This study considered bar diameter and embedment
length as the variable parameters, and compared them against the performance of steel
rebar under similar conditions. This study also took into consideration the type of bar,
compressive strength, and concrete cover in assessing the influence of various parameters
affecting bond performance. From the test results it could be concluded that:

1. The average bond strength offered by 10-mm steel-reinforced SCGC is higher than
that of 6-mm and 10-mm BFRP bars; however, all of the BFRP-reinforced specimens
gave similar bond performance for traditional, ordinary Portland cement concrete.

2. The 10-mm-diameter BFRP bars performed well when the embedment length was
kept at 5 dp,, and when the embedment length was increased, the bond strength was
found to decrease for 10-mm BFRP bars.

3. When comparing the performance of basalt bars with steel bars, we noted that the
pull-out specimens reinforced with steel were able to take maximum stresses (around
500 MPa); however, for the basalt, since the tensile stress was almost 1100 MPa, the
basalt bars pulled out before the peak was reached.

4. Even though the ANN model is a non-traditional approach, it proved to provide
realistic prediction in the case of the newly developed composite (SCGC-BFRP) com-
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pared to the existing theoretical and analytical models, such as ACI and CSA, which
overpredicted the bond strength.

5. The ANN model gave good prediction of bond strength, with the lowest MSE values,
and R? values of 0.99 for test, 0.97 for validation and 0.96 for training for all types of
basalt FRP specimens. Future works on this topic would enhance the database to give
more accurate predictions.
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