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The current study investigates the binding behavior of steel bars and GFRP in
ordinary Portland cement concrete (OPCC) and one-part geopolymer concrete
(OPGC). The maximum pullout load as well as features at failure were
examined in relation to the kind of concrete, bar diameter, and bar type. In one-
part geopolymer concrete along with regular concrete, the pullout strengths
and also adhesive properties of GFRP bond specimens were contrasted with
steel bar specimens. An energy-based identical bond strength strategy was
taken into consideration in order to suggest the bond durability at peak load.
This showed that a bigger diameter results in a faster rate of strength decline,
along with a decline in bond performance. Pullout load was observed in bond
specimens with smaller diameters, where bond strength regulated the shear
strength within the GFRP bars along with ribs. In specimens of conventional
concrete and one-part geopolymer concrete with diameters of 12 and 16 mm.

There was evidence of concrete split failure, where the shear strength of the
concrete determines the bond strength. The bond strength is positively
impacted by rises in concrete's compressive strength, that spans from 14.57 to
32.12%.

© 2026 MIM Research Group. All rights reserved.

Introduction

The building sector is vital to the economic success of any emerging nation, including India.
However, its operations also have serious negative effects on the environment, which calls for
areview of the sector's Environment Management Practices (EMPs). High energy consumption
and an unchecked increase in greenhouse gas emissions are the results of increased cement
manufacturing to support the nation's concrete infrastructure development [1]. The most
common cementitious material is Portland cement, but producing one ton of Portland cement
emits nearly one ton of COz[2], as well as the cement production process is responsible for
between 5 and 8% of global CO; emissions. One of the main causes of global warming and its
related effects on the ecosystem is the emission of greenhouse gases into the atmosphere, such
as CO;. As a result, creating a green cementitious substance that emits substantially less CO»
during manufacture is essential [3]. Industrial by-products such as fly ash, ground granulated
blast furnace slag (GGBS), and silica fume are examples that have been incorporated to
concrete for supplementary cementitious materials (SCMs) in recent decades in an effort to
improve the material's qualities and lessen its carbon footprint [4]. However, because these
materials must react with the cement hydration product to produce the binding property, they
can only be utilized as partial substitutes of OPC. Therefore, there is a lot of interest in creating
substitute binding materials which can preserve the necessary engineering qualities while
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lowering the carbon footprint as well as embodied energy of final goods (like concrete). Alkali-
activated binders (AABs) or even geopolymers are becoming a competitive alternative to OPC
in the modern era because their mechanical and durability qualities are nearly equal to, and
frequently better than, those of OPC-based mortars along with concretes, and they are less
vulnerable to environmental effects [5]. Since AABs provide a way to value industrial by-
products and do away with the need for OPCs, their increased use is also desirable. One
practical strategy for creating environmentally friendly and sustainable building materials is
to use these by-products, which are high in alumina-silicates (such as GGBFS, fly ash, etc.), as
source material [6]. By using these resources in the production of concrete, it is possible to
reduce the pollution of the air around it, soil, and water caused by industrial wastes as well as
the negative environmental effects of increased cement production [7]. However, only about
25% and 65% of the FA and GGBFS generated worldwide, respectively, are thought to be used
for other purposes at the moment[8].Traditional AABs, such as the so-called "geopolymers,"”
are created as two-part mixes through the chemical reaction of a concentrated alkaline solvent
with an aluminosilicate substrate (a precursors) material, which is typically taken as a sort of
fine powder[9].The concentrated aqueous alkali silicates or otherwise hydroxides that make
up the majority of the activator solutions [10] are generally corrosive and extremely viscous,
making them difficult to utilize. Alkali activator solution preparation and use also call for extra
care, strict safety precautions, and qualified personnel. As a result, the solution is frequently
made 24 hours before it is mixed with a solid precursor. Mass production, broad
commercialization, and the use of traditional two-part AABs are all greatly impacted by this.
This problem, which involves managing the activator solutions, has motivated researchers to
use solid activators to create one-part geopolymers (OPG) or one-part alkali-activated binder
materials (OP-AAMs). One-part AAMs (OP-AAMs) have the distinct benefit of being simpler
and safer to produce and use than their two-part counterparts, even if they are also shown to
have functionally identical features to OPC-based materials. OP-AAMs are therefore a viable
substitute for pre-cast and cast-in-situ applications in the building sector [1]. On the other
hand, the most widely used building material for infrastructure development is steel-
reinforced concrete. However, almost 7% of all CO2 emissions in the atmosphere, which cause
global warming, are caused by the manufacture of cement [11]. Furthermore, it is projected
that by 2060,6000 million of tons of Portland cement, or 1.5 times the amount produced now—
will be consumed globally each year. With an 80% reduced carbon footprint than cement-
based concrete, geopolymer concrete (GPC) can be used in its stead[12]. The durability of
steel-reinforced concrete structures has also reduced significantly due to a number of
deteriorating mechanisms, with reinforcement corrosion emerging as the most important and
necessitating repair. Fiber-reinforced polymer (FRP) composite bars are a fantastic alternative
to metal since they do not corrode, steel reinforcement in challenging conditions. Therefore, a
more sustainable and long-lasting building material that is absent from traditional reinforced
concrete structures would be supplied by fiber-reinforced polymer (FRP) bars reinforced in
one-part geopolymer concrete. When researchers examined the bonding of GPC and OPCC to
steel bars, they discovered that GPC has a stronger binding than OPCC if the two forms of
concrete's compressive strengths were equal[13][14]. Additionally, it has been shown that the
stress on the bond versus slip curve of the two concretes and failure pattern are
identical[15].The binding behavior of GFRP bars using sea sand including seawater has been
the subject of a few investigations [16], and [17]. After 28 days, [18] found that the binding
strength of the GFRP bar using traditional and seawater concrete was little different, and
reported that this difference was 15%. The specimens' binding strength decreased by 20%
and 8%, respectively, following 250 days of exposure to seawater as well as its wet-dry cycles,
and showed that the bond strength of the saltwater sea-sand concrete had dropped by 3%
when comparing the bond endurance of GFRP reinforced conventional and seawater sea-sand
concrete. Because there are no regulations for the surface treatment of FRP bars, unlike steel,
there are numerous varieties of FRP bars available, such as sand-coated (SC), grooved, helically
wrapped (HW), ribbed, among others. The bond strength of OPCC strengthened using SC as
well as HW GFRP bars is the same, although being marginally lower than that of steel bars[19].
[20]discovered that the HW GFRP-reinforced OPCC performed better than the other surface
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arrangements. Furthermore, they recommended strengthening concrete rather than changing
the surface arrangement because the former has a greater impact on bond strength. The bond
strength of OPCC using ribbed GFRP bars was higher than that of HW and HW-SC bars,
according to[21].

Despite many advancements in the characterization of materials, research on the application of
OPGC as a structural member remains limited. In contrast, conventional concrete with steel has
been extensively studied. The scarcity of OPGC experimental data with respect to the response of
load deformation, particularly when reinforced with GFRP bars as an alternative material,
highlights a crucial research gap for the study. Also, the literature research indicates that there is
a significant knowledge gap on how various FRP bar types, surface designs, and compressive
strength of concrete affect the bonding performance using geopolymer concrete (GPC)
supplemented with FRP bars. Few studies have been conducted on the bonding properties of
GFRP bars in GPC, yet none have specifically looked at how well they work in one-part
geopolymer concrete (OPGC). The current study experimentally investigates the bond
behavior of GFRP bars implanted in conventional concrete with one-part GPC in order to close
this gap. Additionally, a comparison of steel and GFRP bars is carried out, paying close
attention to the impacts of concrete strength, bar type, and bar diameter.

2. Program for Experimentation
2.1 Materials
2.1.1 Design of a Concrete Mix

The current study used sustainable industrial waste materials, such as fly ash of class F coming
from thermal power stations as well as ground granulated blast furnace slag (GGBS) leftover
from steel production, as precursors to create one-part geopolymer concrete. The chemical
makeup of fly ash as well as GGBS is presented in Table 1. Their relative specific gravities are
2.15 and 2.75. Powdered anhydrous sodium metasilicate is utilized as an activator. Gravel is
used as coarse aggregate (CA) and M sand as fine aggregate (FA) in this study. The physical
attributes of the FA and CA that were obtained in accordance with IS 2386-1967, part 3, are
listed in Table 2. Three sets of specimens were taken into consideration for each test, and the
average results are listed in Table 2. The [S-383-2016 code was followed in the sieve analysis
of FA and CA. FA was discovered to be a member of Zone II. Both aggregates meet IS 383-
1970's codal requirements. Table 3 displays both the normal concrete of grade M40 and the
ideal mix portion of one-part geopolymer concrete with the same grade. Three 150mm cubes
were cast and tested for compressive strength. Normal concrete cubes were kept in water for
curing for 28 days, and OPGC cubes were cured under ambient conditions. The average values
of the normal M40 grade concrete and optimum one-part geopolymer concrete were
44.71MPa and 54.36 MPa, respectively, and the calculated standard deviation is tabulated in
Table 4.

Table 1. XRF analysis of the chemical makeup of FA and GGBS in % weight

Material A0z BaO CaO Cr203 Fe:03 K20 MgO MnO N(e)lz P20s SO3 Si02  TiO2

FA 2531 0.07 1225 0.01 9.9 064 114 0.14 032 051 057 46.04 1.46
GGBS 138 0.06 42.13 0 0.58 032 576 027 02 0.034 333 3292 0.7

Table 2. The physical characteristics of F.A. and C.A.

Sample Specific eravit Absorption of water Fineness modulus
P peaie s (%) (%)
Coarse aggregate 2.73 0.83 4.42
Fine aggregate 2.56 2.44 3.78
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Table 3. Mix proportion of M40 grade and one-part geopolymer concrete

Tvype of concrete Cement  Fly ash GGBS CA F.A Water  Activator Superplasticizer
P (kgm3) (kgm3) (kgm3) (kgm?3) (kgm3) (kgm3) (kgm?) (kg m3)
M40 grade of
concrete (OPCC) 440 918 754 176 ..
One-part
geopolymer 190.8 22419  925.15 697.41 180 56.25 3.6
concrete (OPGC)

Table 4. Compressive strength outcomes

Compressive strength (MPa)
Concrete type Samplel Sample?2 Sample3 Mean SD
M40 grade of
concrete (OPCC) 45.33 46 42.8 44.71 1.68
One-part
geopolymer 58.66 48.88 55.55 54.36 4.99

concrete (OPGC)

2.1.2 Properties of Rebar

GFRP along with Fe415 HYSD bars of steel had been used in this investigation as cement
concrete reinforcement. GFRP bars are composed of 15% to 25% resin and 75% to 85% glass
fiber by weight[16]. Table 5 lists the mechanical characteristics of steel and GFRP bars. In
accordance with ASTM rules, the manufacturer conducted a tension test upon GFRP bars.

Fig. 1. Test setup for steel bars and GFRP bars

400mm length of samples were obtained in order to perform mechanical testing and evaluate
the specimen's ultimate elongation, elastic modulus, and tensile strength; table 5 shows the
typical outcome. The test arrangement used in the lab is depicted in Figure 1. In our lab, the
tension test on steel bars was performed utilizing 600mm-long samples in accordance with IS:
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1786-20008 codal requirement. Additionally, Table 5 tabulates the computed yield strength,
ultimate strength, and elastic modulus average values.

Table 5 Steel's and GFRP bars' mechanical characteristics

Types Bar's nominal = Measured Yield Ultimate Elastic Ultimate
diameter(mm)  diameter strength tensile modulus  percentage
of bar (MPa) strength (MPa) of
(mm) (MPa) elongations
GFRP 10 9.94 - 978.56 51.76 3.31
GFRP 12 11.94 - 963.46 52.46 2.98
GFRP 16 15.86 - 938.75 53.24 3.12
Steel 10 10.06 463.24 549.78 200.10 -
Steel 12 12.10 508.66 658.13 197.78 -
Steel 16 16.12 478.54 618.78 204.34 -

2.2 Preparation of Pullout Specimens

The effectiveness of the bond between control concrete supplemented with one-part
geopolymer concrete with steel bars and GFRP bars was assessed in accordance with the IS:
2770 (Part 1)-2007 code. A total of sixteen sample cubes with steel and GFRP bars measuring
150 mm were manufactured. The testing parameters included the type of concrete, the type
of reinforcement, and the diameter of the bar. The GFRP bars' poorer transverse strength
causes them to rupture under tensile force at the holding position. In order to capture an
effective bond response throughout the pullout test, a steel tube is installed on the supporting
end. In order to keep the bar's intended embedding length, a PVC tube is also placed on the
other side. The pullout specimens and prepared GFRP bars that were cast in accordance with
IS: 2770 (Part 1)-2007 are displayed in Figure 2. and left to cure naturally.

N

Fig. 2. GFRP bars and steel bar pullout specimens

2.3 Test Setup

A 100-ton Universal Testing Machine (UTM) using a pullout frame is shown in Figure 3. An
upper plate having a hole larger than the diameter of the bar as well as a lower plate connected
by a steel rod make up the testing frame. The test samples had been stored in the frames in
order that the UTM's lower jaw held the steel rod in place while its upper jaw was employed
to draw the bar. The pullout test was performed in compliance with IS: 2770 (Part I)-2007 to
ascertain the loaded end slip, and the loading rate was restricted to less than 22000N/min.
The earlier investigations used a similar setup[22].
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Fig. 3. Pullout test setup: UTM picture and pullout frame schematic diagram

3. Results and Discussions
3.1 Maximum Slide and Pullout Load

The maximum pullout load (Pmax) as measured by experiment and measurement of slip (Sm) at
the loaded end for each of the 16 samples considered are listed in Table 6 of the investigation.
Additionally, the average pullout load is displayed and listed in Table 6 of the investigation.
Additionally, the mean pullout load is displayed. slip, as well as bond stress values for each of
the experimental variables. Figure 5 illustrates how bond specimens exhibit a rise in pullout
load as the bar's diameter increases. One-part geopolymer concrete showed a noticeable 14%
increase in load when compared to regular concrete. Furthermore, GFRP specimens
demonstrated an average 10% decrease in pullout capability in regular concrete when
compared to steel bond specimens, but in one-part geopolymer concrete, GFRP bars exhibited
almost the same pullout load compared to steel bars[23].

Table 6. Pullout test results

SLNo. Specimen Ma(ill\}())ad A‘Lgogfiax IE/l[j\)I( ;:;f;; A;tgr:;zx (iﬂﬁ) AE,ri Iil;p Failure

(kN) (kN/mmz2) Mode
2 lacse  a020 M2 500 78S e 12e9
¢ rarsz  soa  SO7F gpo 896 oo 1337
o ixccez  seso 0 ger 691 gy 99 g
AT T T
0 deccs2  seso 9 gae 63 gy U7
12 dersz  s20 SPT0 g 69 g 1821
I+ leccoz  soas  F95 gyp SSEgg 939
N I SR A

3.2 Failure Modes of Pullout Specimens

The forms of failure for each tested specimen are also listed in Table 6, with split (S) failure
having the most prevalent type. As seen in Figure 4, bond specimens with bars of 12 and 16
mm in diameter have displayed signs of split failure. Shear cracks in the concrete formed
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where the bar as well as the surrounding concrete met because the bond-induced separating
tensile stress. A similar behavior was encountered in the previous studies[24]. The bond
specimens collapsed in a splitting manner because of cracks which were spread to the exterior
surface of the concrete. The bars' splitting collapse was caused by split tensile stress being
sufficient to disperse shear cracks to the outside of the 12 mm-diameter bars. All of the
examples displayed comparable splitting failure when the bar's diameter was increased to 16
mm[25]. The failure characteristics are not significantly affected by the type of concrete. Using
one-part concrete instead of regular concrete caused bar scratches and the use of a splitting
technique for failure to expose tiny glass fibers enabling bond specimens[26].

Fig. 4. Failure mode of 12 mm steel bars and GFRP bars in concrete

3.3 Bond Stress vs. Slip Curve

The bond-stress vs slip curve was acquired for 16 specimens, as shown in Figure 5. Three
regions are commonly observed in curves that exhibit split failure: The ascending area,
sometimes referred to as the linear area, is quite rigid and requires the highest force to
produce even the smallest amount of slide. The primary causes of the increased stiffness are
chemical adhesion on the contact and mechanical interlocking. A modest rise in bond stress in
the non-linear region can be regarded as a worsening of the bond response since the slip
increases more rapidly due to the decrease in stiffness [27, 28]
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Fig. 5. Slip curves versus bond stress (a) Concrete made with ordinary Portland cement (OPC)
and OPG that contains steel and GFRP bars with a 12 mm diameter (a) Steel and GFRP bars
with a diameter of 16 mm in OPC and OPG concrete

Bond stress is also increased by the resistance offered by mechanical interlocking as well as to
alesser degree, the interface frictional force. A decrease in bond stress and an increase in slip
value are characteristics of the final softening area. when the pullout load is resisted by the
interface frictional force. The linear, nonlinear, as well as softening portions of the bond stress
vs slip curves are displayed in Figure 5 for the specimens with 12mm bars. Similar findings
were found for samples with bars of 16 mm in diameter. The first slope indicates the chemical
adhesion between the bar and the concrete, and the curve shows that the loaded end slides at
the beginning of loading [29,30]

3.4 Effect of Type and Diameter of Bar

It is evident from Figure 5 that the bond stress dropped as the bar's diameter increased. A
nonlinear normal distribution for stress over the cross-sectional area is the result of
differential displacement in GFRP bars with lower axial shear stiffness when they are dragged
through the surface[31]. The average normal stress is then connected to the computed bond
strength. The shear lag effect is the result of a significant decrease in average normal stress
with increasing diameter, which lowers bond strength. Because of this, GFRP bar specimens
with lower diameter bars have a higher maximum bond strength than those with larger
diameters. As the bar's diameter increases, the pullout load increases because of the
specimen's increased cross-sectional area, and the findings are in line with previous research
[32-34].

The bond stress vs slip curve for specimens of GFRP and steel bars in regular concrete with
one-part geopolymer concrete is shown in Figure 5. The bond specimen cast failed in the
splitting mode using the identical diameter, concrete type, and experimental setup and
process. The GFRP bond specimens demonstrated a slightly lower adhesion strength of
7.02N/mm? with bond strength compared to the steel bond specimen of 8.6N/mm? in normal
control concrete. In the case of one-part geopolymer concrete, GFRP bars of 12mm diameter
showed almost similar bond strength of 8.9/mm?2 in comparison with a steel bar of
9.04N/mm?. Poor axial shear strength in spite of its smooth surface. However, because to their
low elastic modulus, GFRP specimens initially show poor stiffness. Figure 4 shows that the
crushing of the concrete is what leads to the failure for steel bar specimens, but the failure of
GFRP bars is caused by the surface layer peeling.



Guruprasad et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

3.5 Comparison Between Normal Concrete and One-Part Geopolymer
Concrete

One-part geopolymer concrete has a stronger bond than regular control concrete, as seen in
Figure 5, because of the lateral confinement effect. The findings are consistent with the
research [32]. But with one-part geopolymer concrete, it was shown that a change in the bar's
diameter accelerated the rate at which the bond strength decreased. Additionally, the type of
concrete has a direct impact on the failure mechanism. In the pullout mode of failure, the bar
serves as the failure interface. After that, the strength of the concrete has no bearing on the
bond strength. However, in a split mode of failure, the failure interface is located in the
concrete matrix; consequently, the strength of the concrete determines the bond strength[33].

4. Conclusions

This study looked at the binding behavior of GFRP bars in both regular concrete as well as one-part
geopolymer concrete. Parameters including the diameter for the bars, the form of bars (GFRP and
steel) and the concrete type (OPC and OPGC) were investigated. For each sample, the concrete
average compressive strength was determined, and for reinforcement in concrete, the average
bond strength, slip, failure mode, and bond stress vs. slip relationship were ascertained. The
current study yielded the following conclusions:

e Because of the lateral confinement effect, one-part geopolymer concrete has a stronger
bond than regular control concrete.

e A change in the bar's diameter accelerated the rate at which the bond strength
decreased. Additionally, the type of concrete has a direct impact on the failure
mechanism.

e The pullout load rises by up to 8% as the bar's diameter increases. There was also a
noticeable increment in the load, 13% in the one-part geopolymer concrete from 44kN
to 50.74kN in 12mm diameter bars compared to the control concrete.

e According to the test results, the primary reason why bond specimens failed was
concrete splitting. The external surface of the GFRP bar exhibits layer-by-layer shearing
and rip peeling as a result of failure. Unbroken ribs as well as shear cracks throughout
the concrete on the two 12mm as well as 16mm bars are characteristics of split failure.

e Concrete split failure occurs in both 12mm and 16mm diameter specimens,
demonstrating concrete split failure. In this case, the shear strength of the concrete
determines the bond strength of the specimen.

e Due of their lower axial modulus, GFRP bar specimens were shown to have a larger
loaded slip when compared to steel specimens. Because of the flat surface as well as
lower axial shear strength, the specimens also showed decreased stiffness and bond
strength. Despite differences in surface condition, GFRP bars are remarkably similar to
steel bond specimens.
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