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Abstract: Nowadays the construction of buildings confronts numerous
challenges, environmentally, economically, and structurally efficiently. In
addition, the saving of raw sources becomes essentially required especially for
the building and construction sector. One of these solutions is based on
utilizing sustainable material for construction technology. The goal of this
research is to develop a more environmentally friendly material with the same
performance qualities as adhesive epoxy and steel reinforcing bars. The goals
of this research may be accomplished in two stages. The first step in
reinforcing reinforced concrete (RC) beams is making geopolymer paste
(GPP), a new kind of externally adhesive substance that may replace epoxy
polymer (EP) with textiles made of synthetic glass fibers and natural jute
fibers. The second advantage of GPP over PET resin for making rebars is using
synthetic and natural threads, such as jute and glass fibers. In this investigation,
nine reinforced concrete beams were prepared. Four of these beams were
reinforced at the flexural zone with a combination of glass fiber textile (GFT)
and jute fiber textile (JFT) externally bonded with epoxy or geopolymer paste.
The other four specimens were reinforced with 50% GFR or JFR and 50%
steel bars. In addition, one control beam is reinforced with 100% steel bars. A
three-point load test is experimented on, and all RC beams are monitored up
to failure. The study and analysis focused on load deflection, toughness,
ductility index, and failure mechanism of beams. The theoretical ultimate load
was calculated to predict and compare it to the experimental ultimate capacity
of beam. According to the findings of the tests, sustainable GPP was able to
harden the fiber rebars manufacturing process and serve as an externally
excellent adhesive substance, on par with or even better than EP resin. The
beam strengthened with jute fiber sheet that installed using GPP exhibited
more cracking compared to the installation using EP resin.

Keywords: Geopolymer paste, epoxy resin, polyester resin, structural
behavior, fiber rebars, textile fibers, strengthening technique

1 Introduction

A common building material, steel-reinforced concrete (SRC) boosts the material's compressive
and tensile strengths by including steel rebar into the concrete mix. The main causes of age-related
degradation in reinforced concrete (RC) buildings include corrosion, sulphate and acid attacks, and
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freeze-thaw cycles [1, 2]. With corrosion being the most common problem, these processes drastically
reduce the structures' service life. The main culprits behind the corrosion of the reinforcing components
in RC are carbon dioxide and chlorides [3, 4]. To combat this corrosion problem, specialists have begun
using fiber-reinforced polymer (FRP) bars, which are composites made of fibers embedded in polymeric
resin [5-8]. Since FRP is neither a metal nor an electromagnetic interference, using it as reinforcement
removes any concerns about metal corrosion. Also, FRP materials are great for structural reinforcement
because of their high levels of residency. These consist of low electrical conductivity, strong tensile
strength, corrosion resistance, low weight, and the ability to avoid producing electromagnetic fields [9-
14]. One common method in rehabilitation is to utilize an externally bonded (EB) fiber-reinforced
polymer (FRP) system that is based on epoxy resin. In this technique, the fibers are oriented
perpendicular to the longitudinal axis of the RC portion. Corrosion resistance, high strength, and little
maintenance needs are just a few of the reasons why FRP is quickly becoming the go-to method for
rehabilitation projects [15-21]. Epoxy resin has considerable drawbacks that prevent it from being
developed further as a system for reinforcing concrete structures. These include low performance at
high temperatures, incompatibility with masonry and concrete, and the fact that it causes FRP laminates
and RC concrete surfaces to debond due to the adhesive material's weak cohesion [22-25]. To solve the
issues related to resin consumption while keeping the advantages of fiber-reinforced plastic (FRP)
applications, composite systems that use inorganic, eco-friendly mortar as binders instead of resin have
been developed [26-29]. A number of new technologies, such as textile-reinforced concrete (TRC),
mineral-based composite (MBC), and textile-reinforced mortar (TRM), have recently been introduced
to the construction sector as alternatives to FRP [30-36]. In FRCM composites, the matrix and binder
are fabric grids made of fibers such as carbon, glass, etc., and cementitious agents, also known as mortar.
The matrix used in fabric-reinforced cementitious matrix (FRCM) composites is better at withstanding
heat and is more compatible with concrete than epoxy resin, which is used in FRP. To make the system
more compatible with the concrete base and increase its heat and fire resistance, mortar might be used
instead of epoxy [37, 38]. Polymer-treated concrete mortars are the recommended material for TRM
strengthening. While polymer-modified cement mortar enhances cohesiveness between the concrete
foundation and reinforcing layers, additional study reveals that the connection degrades dramatically
when exposed to fire. This is in contrast to the reinforcing effects of regular cement mortar. Hu [39, 40]
investigated the fire resistance of TRM-strengthened slabs using polymer-modified cement mortar as
the binder. After 30 minutes in the fire, the strengthening layer peeled off, which isn't long enough for
most uses, according to his findings. Repair mortars made of cement have low fire resistance and low
binding strength, thus finding a suitable substitute is crucial. Geopolymer has garnered a lot of attention
in the last few decades due to its potential to replace cement. It is an environmentally benign substance
that has the same or even better properties than cement [41-43]. The method that results in geopolymer
is the mixing of alkaline solutions, such NaOH or KOH [44-46]. Materials with a lower calcination
temperature are often employed as aluminosilicate source materials. Rice husk ash, metakaolin (MK),
and fly ash are all part of this category of materials. It is possible for employees to provide services
using the material to suffer burns and other issues due to its high alkalinity [47-49]. To finish the
chemical processes that enhance the mechanical qualities of conventional and geopolymer concrete, fly
ash (FA), a fine mineral substance composed of silica and alumina oxides, requires thermal curing [50].
The manufacture of geopolymers produces less carbon dioxide and uses less energy as a conseguence.
Geopolymer is being considered as a possible substitute for cement due to its exceptional qualities, such
as its quickness to set, strong early compressive strength, and exceptional fire resistance [45, 46, 51-
53]. As an alternative to cement paste, geopolymer paste works just as well. The binding strength, early
high strength, heat resistance, and other cement binder properties are also shown by geopolymer binders
[54, 55]. Cement concrete attributed to FA or MK forms a high network into the alkali-activated matrix,
although geopolymer concrete based on these materials exhibited reduced drying shrinkage, greater
indirect tensile strength, and higher modulus of elasticity [56].

Corrosion may occur on steel reinforcement at any time because of various environmental
variables. With this goal in mind, come up with creative solutions to the problem of finding appropriate
materials to substitute steel reinforcing bars. However, one option is to boost the concrete capacity by
reinforcing concrete parts using sustainable materials. The reinforcement was made of fiber-reinforced
polymer (FRP) bars. It is required to find more sustainable, eco-friendly, and cost-effective alternatives

000074-2



Saada et al., SUST, 2025, 5(2): 000074

to epoxy polymer (EP) resin because of all the problems it causes in rebar production and external
bonding. This research compares an epoxy-based method with geopolymer paste (GPP) to connect fiber
textiles to concrete surfaces (externally bonding reinforced concrete). Rebars made of both natural and
synthetic fibers may be hardened in part by using GPP as a resin ingredient. The present study aims to
investigate the effectiveness of using a GPP for bonding purposes between fiber textile and concrete
surface (strengthening reinforced concrete with the externally bonded system), compared to the epoxy-
based system. One aspect involves utilizing GPP as resin material to harden the natural and synthetic
fiber rebars.

2 Experimental program

2.1 Preparation and specimen details

The experimental work includes nine reinforced concrete beams divided into two phases. Concrete
materials, adhesive and hardened materials, and reinforcement details are presented and discussed. Fig.
1 shows the experimental schematic of reinforced concrete beams.

Experimental program of

RC beam
\ 4
y v v
Externally Bonded Technique Control beam Replacing 50% of steel bars with
(EBT) (B0) fiber rebars

\L : A 4 ; Jute Fiber Rebar

Glass Fiber Textile Jute Fiber Textile Glass Fiber Rebar IR

(GFT) (OFT) (GFR) OFR)

[ |
Adhesive Material Hardened Material
Epoxy Polymer Geopolymer Paste Polyester Matrix Geopolymer Paste
(EP) (GPP) (PET) (GPP)

Fig. 1. Experimental schematic of RC beams

2.1.1 Concrete materials

Ordinary Portland cement OPC CEM 1 42.5N was used conforms to the requirements of the
specification mentioned [57]. The cement properties are presented in Table 1. Natural fine and coarse
aggregates (sand and crushed stone) were utilized for concrete mix. The specific gravity of sand and
crushed stone was 2.63 and 2.67, respectively. The particles size distribution of aggregates is carried
out in accordance with [58]. A high-performance superplasticizer (Viscocrete-3425) concrete admixture
was used to improve the flowability of concrete mixtures and reduce the water content. The
superplasticizer has a specific gravity of 1.08 and complies with [59]. A uniform concrete mix with a
compressive strength of 42 MPa was designed for all RC beams. The concrete mix includes a 350 kg/m?®
cement, 1:1.5 fine to coarse aggregate, 0.3 water to cement ratio, and 2% superplasticizer. The mixes
were designed and implemented in accordance with ACI 211.4R-08 [60].

2.1.2Adhesive and hardening materials

2.1.2.1Epoxy polymer (EP) resin

The two-part product, Kemapoxy 165 adhesive mortar, is based on modified epoxy resin and has
a suitable hardening mechanism. It was sourced from Chemicals Modern Building (CMB). This product
conforms with ASTM C 881 [61] and has technical details that are detailed in Table 2 of the
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manufacturer's specifications. As an external bonding strengthening technique, RC beams had layers of
GFT and JFT installed using epoxy resin in the flexural zone at the bottom. On the other hand, the
matrix material for hardening both the GFR and the JFR is typically polyester (PET) resins. In order to
make the composite strong and long-lasting, the matrix material bonds and shields the reinforcing fibers.
One portion of the two-component, transparent, and liquid impregnating resin was polyester ES 1319,
which has a medium viscosity.

Table 1. Properties of cement and Fly ash materials

Properties Cement Fly ash
Physical properties
Specific gravity 3.15 2.50
Specific surface area (cm?/gm) 3250 3950
Color Gray Light gray
Chemical compositions (%)

SiO; 20.30 61.06
Alz03 6.46 28.55
Fe2O3 3.66 3.15
CaO 62.15 1.41
MgO 3.32 1.32
SO3 2.51 1.06
K20 0.75 -
Na2O 0.85 -

Table 2. Properties of EP resin and GPP matrix

Properties Epoxy Geopolymer

Color Grey Dark grey
Solid content 100% 100%
Density (g/cm®) 1.95 +0.02 1.84
Mixing ratio, A:B (by weight) 12:1 -
Compressive strength (ASTM D 695) (N/mm?) 80 35.6
Tensile strength (ASTM D 695) (N/mm?) - 8.16
Flexural strength (ASTM D 790) (N/mm?) > 40 -
Punching sheet strength (ASTH D732) (N/mm?) 25 -
Adhesive strength on concrete (ASTM C 882) (N/mm?) 10.3 1.96

2.1.2.2 Geopolymer paste (GPP)

There are two main components for preparing GPP: fly ash and alkaline solution. Low-calcium fly
ash (FA) class F satisfying the requirements of ASTM C618 [62] was used as a source material for
geopolymer studies. The chemical compositions and physical properties of the FA are presented in
Table 1. The material had an average particle size of 28 microns.

An alkaline solution (AS) was prepared as an activator material to produce the GPP that consisted
of two component materials, sodium hydroxide solution (SHS) and sodium silicate solution (SSS).
Sodium hydroxide pellets form with 99% purity and a molecular weight of 40, were acquired from (El
Nasr for Intermediate Chemicals). These pellets were used to prepare the AS that is used in geopolymer
as the activator. The SSS was obtained from the Egypt Global Silicates company and had the following
chemical ratios: 60% water content, 9% Na.O, and 31% SiOs;, Molecular Weight 184 — 254, Weight
Ratio 1:2.

A SHS with a molarity concentration of 12 M was prepared by dissolving sodium hydroxide
granules in tap water 24 hours before use to lower the ambient temperature. It was then mixed, in a
mass proportion of 2.5 with a SSS to create an alkaline activator solution, accelerating the reaction of
the solution. The liquid-to-binder ratio was chosen as 0.7 to achieve high fluidity, aiding the penetration
of the dough between the fiber strands and accelerating absorption.

The mixing process of GPP is conducted as follows: the fly ash was initially placed into the mixing
machine, followed by the gradual pouring of the pre-prepared alkali activator. The mixing continued
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for about 3 minutes until the dough appeared homogeneous and attained the desired consistency. All
samples were cured at an ambient temperature of 23 <C and 50% relative humidity until the testing time.
The 28-day average compressive strength was determined using six 50>60>60 mm cube samples. Table
2 shows the properties of adhesive materials corresponding to ASTM D7205-06 [63]. The GPP was
prepared to bond the external fiber sheets for strengthening RC beams and hardening the fiber rebars
for a main bottom reinforcement of RC beams.

3
f»
3

Fig. 2. Experimental sequences of pull-off test of GPP overlay

According to the BS EN 1542:1999 standard [64], tensile testing techniques are employed to
ascertain the repair overlay's adherence to the concrete substrate, as presented in Fig. 2. The pull-off
test pertains to one such method. The foundation of the structure was made of 100 mm thick, 1000 mm
x 250 mm unreinforced concrete slabs. Wet burlap sacks were placed over the slabs and specimens for
a period of two days. Following this curing phase, the slab specimen was demoulded and stored in a
standard laboratory setting. After 28 days of aging on the concrete substrate, the casting surface—the
top surface of the slab specimen—nhad to be treated. Roughing the top surface of a concrete substrate
involves removing a very small layer of the surface in order to produce an uneven surface. This process
also eliminates trash, oils, and grease. Once the bond compound was in place, the new concrete overlay
could be cast. The freshly mixed geopolymer mortar overlay was firmly fastened to the hardened
concrete in accordance with the procedures specified in Egyptian Code No. 203[65]. Pull-off tests were
carried out after the geopolymer mortar overlay had cured for about 28 days. Reason being that
evaluations of pull-off strength are the purview of instrumental characteristics. The following formula
is used to find the tensile bond strength (to the nearest 0.1 MPa) for every test location that produces a
typical failure. To arrive at the BS EN 1542:1999 standard, a series of computations were performed
[64]:

fh=4F, /=D’ (1)

Where (fh) is the bond of the test specimen, in megapascals; (F},) is the failure load, in Newtons;
and (D) is the main diameter of the test specimen, in millimeters.

2.1.3 Reinforcement materials
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The reinforcement details in this work are designed for two purposes. First, internal reinforcement
of concrete beams using three types of reinforcement materials which were steel reinforcement bars,
GFR, and JFR. Second, external reinforcement as strengthening concrete beams using two types of fiber
textile laminates GFT and JFT that being bonded by EP resin or GPP with concrete substrate.

(b) JFR
Fig. 3. Fiber rebars production process.

Fig. 4. Tensile test of fiber rebars

For internal reinforcement, the concrete elements were designed with 28 mm as main steel
reinforcement bars at bottom of beam. The steel reinforcement was mild steel bars grade B240C-P ESS,
and the engineering properties of steel bar was experimented according to the Egyptian standard
specifications 262/2015. The GFR with 8 mm diameter was utilized as internal reinforcement by 50%
of the main steel reinforcement of concrete beam. The GFR was produced from synthetic glass fiber
threads using a rope-making machine and the hand lay-up technique up to the required diameter, then
hardening the GFR using two techniques. The first technique of hardening process is PET resin with
treated the rebar surface using sand aggregate to improve bond strength with concrete. The second
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hardening technique is GPP which prepared as mentioned previously. The last internal reinforcement
type is JFR by diameter of 8 mm that utilized as 50% replacement of steel reinforcement bars. The
natural jute fiber thread is the main material to produce rebar by the same sequence process of producing
GFR. The fiber rebars production process includes initially filling the machine with an appropriate
quantity of fibers to achieve the desired diameter and hardening the rebars using a matrix of each PET
or GPP, as presented in Fig. 3. The mechanical characteristics of the internal reinforcement (steel bars,
GFR, and JFR) are conducted in accordance with the ASTM D7205-06 [66], which tabulated in Table
3. The tensile test of fiber rebars are experimented with, as shown in Fig. 4.

Table 3. Mechanical properties of steel, Rebar reinforcement.

Property Steel Fiber rebars
bars GFR-EP GFR-GPP Jute-EP Jute-GPP

Diameter (mm) 8 8 8 8 8
Initial gauge length (mm) 80 200 200 200 200
Final gauge length (mm) 102.29 200.6 200.7 200.5 200.4
Maximum load (N) 22600 32418 25934 7178 8343
Maximum tensile stress (MPa) 449.61 645 516 143 166
Yield tensile stress (MPa) 328.57 - - - -
Tensile stress / Yield Stress 1.37 - - - -
Elongation (%) 21.79 11.86 9.49 5.53 6.34
E- modulus (GPa) 193 - - - -

For external reinforcement, GFT and JFT layers are 100 mm width and 500 mm length. The
utilized synthetic textile fiber is alkali-resistant glass fiber, and the natural textile is jute fiber mesh, as
shown in Fig. 5. The mechanical properties of GFT based on the manufacture of glass fabric mesh are
shown according to data from the manufacturer which conform to EN15422:2008 [67] for glass mesh
fabric and fiber glass thread, respectively. Table 4 lists the mechanical properties of the jute fiber used
in the manufacture of jute fiber-reinforced polymer (JFRP) and jute fiber-reinforced geopolymer
(JFRGP) bars and the jute Fabric of mesh, used in external bonded reinforcement (EBR).

(@) GFT (b) JFT
Fig. 5. Fiber textile sheets.

Table 4. The Mechanical properties of Synthetic fibers and Natural fibers.

Modulus of elasticity Ultimate tensile strength Specific gravity

fibers (GPa) (MPa) g/m?
Glass fiber - 1700 2.7
jute fiber - 432 1.52
glass sheet 80.4 1290 2.7
jute sheet 17.85 328 1.52

2.14 Specimens’ preparation

Nine simply supported beams are designed for flexure test with three-points load type. The overall
prism dimensions are 100x<100%700 mm. The RC beams were designed as singly reinforced section
using 2@8 mm mild steel bars. The main steel reinforcement was placed at an effective concrete depth
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of 80 mm. The beam samples were designed according to ACI 318-14[68] and ACI 440.1R-15 [69].
The reinforcement details of the tested beams are illustrated in Table 5.

Table 5. Reinforcement details of tested beams

Main reinforcement EBR
Beam ID Definition Steel Rebars Fiber Sheet
GFR JFR GFT JFT
BO Control 208 - - - -
mm
Glass fiber textile 100>600
B1-GFT-EP installed with EP ) ) mm )
Glass fiber textile 100>600
Gl B2-GFT-GFP installed with GPP 2058 ) ) mm )
B3-JFT-EP Jute fiber textile mm i i i 100>600
installed with EP mm
Jute fiber textile 100>600
B4-JFT-GPP installed with GPP ) ) ) mm
Glass fiber rebar 128 128
B5-GFR-EP hardened by PET mm mm i i )
Glass fiber rebar 128 128
G2 B6-GFR-GPP hardened by GPP mm mm i i )
B7-JER-EP Jute fiber rebar 128 i 128 i )
hardened by PET mm mm
Jute fiber rebar 128 128
B8-JFR-GPP hardened by GPP mm i mm i )
y 3
. :4 . 7 [ 5" o 0
‘éFT- EP 4“-6?? Urrep 4mpp
B1 B2 83 B4

GFT-GPP

(a) GFT (b) JFT
Fig. 6. Beams strengthened externally with fiber sheet.

All concrete elements were cast, compacted, and cured for 28 days before subjected to flexural
loading process. The RC beams were categorized into two groups in addition control beam (BO0), each
comprising four specimens. The first group involved strengthening the RC beams using external
reinforced system based on one layer of each GFT sheet or JFT sheet which bonded with two techniques
either EP resin or GPP matrix. Fig. 6 shows the strengthening and installation process of the fiber sheets
externally on the RC beam. In the second group, the RC beams were reinforced internally with 50% of
steel bar (18 mm) and 50% of fiber rebar (18 mm). The fiber rebars variables were GFR hardened
with whether PET resin or GPP matrix, and JFR hardened with PET resin or GPP matrix. The steel
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reinforcement bars were 100% in control specimen and the strengthened beams but replaced with 50%
for other RC beams, as presented in Fig. 7. The main properties of rebars are lower than the properties
of steel bars, therefore the concrete beams will redistribute the moment along the beam. Because of the
uneven cross-section, the beam exhibits non-linear behavior, particularly when subjected to greater
stress. A precise prediction of the moment distribution may therefore be beyond the scope of the linear
elastic analysis.

¥ . y . 3 . ¥

T 4 ¢ ] ¢ {] ¢

GFR-EP® GFR-GPP) JFR-EP) JFRGPPY
85 B6 B7 B8
(@) GFR (b) JFR

Fig. 7. Beams reinforced internally with 50% fiber rebar.

The sequence of strengthening beams externally were as follows: initially, clean the outer surface
of the bottom beam, then cut both of glass fiber sheet and jute fiber sheet with dimension of 100 mm
width and 600 mm length before glued at the bottom surface of RC beam, next placing and distribute
the adhesive material whether EP resin or GPP matrix on the bottom surface area (100>600 mm), then
installing the one layer of fiber sheet either GFT or JFT with 100% of the clear tested span (500 mm),
lastly, keep the samples after strengthened for 24 hrs. at room temperature to continue the hardened
process and getting a better performance. On the second phase, the reinforcing beams with 50% of steel
bar and 50% of fiber rebar were carried out before casting the concrete mix into the moulds.

2.2 Test Setup

The RC beam samples were loaded using a three-point load according to ASTM C78 [70] on a
universal testing machine with a maximum capacity of 1500 kN and the loading rate was 15 mm/min.
The RC beams with an effective span of 500 mm were subjected to a static load. One dial gauge with
0.01 mm accuracy was installed under the bottom beam at the middle span through loading process.
The schematic diagram of the test setup was presented on Fig. 8. The load and deflection were recorded
gradually up to failure.

Load Cell
oad Support
< 2 = * V| 4 By 4 1 g
v o 4 ¢ 4
s = - - . i ) |
i Q Dial Gauge . 100 mm.
500 mm “208mm- Steel bars L ?
700 mm = = 2

Fig. 8. Test setup, dimensions, and reinforcement details of RC beams.

Table 6. Experimental and theoretical results of RC beams.

Loads (kN) Puexp / Amax. TOUthESS
Beam ID Per Py F)u/E><p. Purtheo. Purrheo (mm) a (kN-mm)

BO-Control 5 22.5 27 21.2 1.27 6.20 2.70 132.97
B1-GFT-EP 8 26 30 37.2 0.81 12.57 1.85 287.98

Gl B2-GFT-GPP 13 28 30 37.2 0.81 8.44 2.64 211.29
B3-JFT-EP 8 23 32 34.1 0.94 9.26 4.63 258.03
B4-JFT-GPP 8 27 32 34.1 0.94 7.22 3.01 198.38
B5-GFR-EP 6 10 20 17.7 1.13 4.5 1.80 68.60

G2 B6-GFR-GPP 7 11 16 16.4 0.98 35 7.00 47.02
B7-JFR-EP 4 10 14 15.5 0.90 3.0 2.73 43.33
B8-JFR-GPP 8 14 16 16.2 0.99 4.0 5.00 62.20

Note: Pcr: Crack load; Py: Yield load; Puexp.: Experimental ultimate load; Purtheo.: Theoretical ultimate load; Amax:
Maximum deflection; Lt Ductility index
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3 Results and discussion

The experimental test and theoretical results were recorded and calculated as presented in Table
6. The experimental results include load-deflection behavior, toughness, ductility index, and failure
modes.

3.1 Load-deflection behavior

The beams were visually inspected until the first crack showed up, and the correct cracking load
and final deflection were determined. Different load-deflection curves were observed in the beams
analyzed using rebar, external-bonded reinforced (EBR), and reference beams in lieu of reinforcing bars.
The experimental load-deflection curves for each tested beam are shown in Figs. 9 and 10. In most
cases, these curves are characterized by three primary branches. The first, linear branch describes the
reaction until the initial fractures appear. The second branch, which is likewise linear but has a smoother
slope, shows the reaction up to the longitudinal reinforcement yield. As the third branch, fracture
settlement, progressed to failure, the load decreased noticeably at each newly developed gap [71]. Fig.
9 displays the load-deflection curves for beam specimens secured with EP resin adhesives and the
control beam (B0). Summarized in Fig. 10 are the yield and ultimate loads for each beam. Two bonding
procedures seemed to work equally well—epoxy resin and geopolymer basting—because the beams
broke at the same final stress circumstances. The load-carrying capacity of beams strengthened
externally is often greater than that of non-strengthened ones [72]. While the control beam failed at 27
kN ultimate stress, beams reinforced with glass fiber sheets, geopolymer paste, and epoxy resin failed
at 30 kN. Reinforced beams using geopolymer basting, epoxy adhesive, and jute fiber sheets broke at a
32 kN ultimate load. With jute fiber sheets, the ultimate load is 18.51% more than with glass fiber
sheets, and with the control beam, it is 11.11% higher. For variable groups B1-B4 reinforced by the
external bonding method, the ultimate loads of different adhesives with the same fabric are almost the
same but the yield loads differ. The yield/ ultimate loads ratios were 86.7, 93.3, 71.9, and 84.4% for
specimens B1, B2, B3, and B4, in sequence. This result revealed that using jute textiles with epoxy
gains the beam good beam behavior and prediction prior to failure due to the better bond efficiency
between the jute textile and each EP and GPP. The bigger the ratio after the steel yields, the greater the
load that the beam can sustain before failure and avoid sudden failure [73]. The strengthened beams
exhibited greater deflection at ultimate load compared to the control beams, as shown in Fig. 9a. The
deflection at ultimate load in the beams reinforced with GFT was 8.44 mm and 12.57 mm for beams
using GPP matrix and EP resin, respectively compared to a deflection of 6.2 mm in the control beam.
This represents an increase in deflection by 36.13% to 102.74%. For beams reinforced with JFT, the
maximum deflection was 9.22 and 7.22 mm for specimens B3-JFT-EP and B4-JFT-GPP, respectively,
as shown in Fig. 9a. This is higher than that of the control beam by an increase of 48.7% and 16.45%.
In addition, the structural behavior of the beams strengthened using GFT and JFT that installed with
GPP matrix were very close to each other, which means that GPP matrix is suitable for this
strengthening system with different fiber types.

35 35
30

g2 g2
g s 75 ey
815 8§15 |,
i/
10 10 |f
—B0 —— B1-GFT-EP —B0 ~—— B5-GFR-EP
5 ~——— B2-GFT-GPP - - -~ B3-JFT-EP 5 ——B6-GFR-GPP - - = BT-JFR-EP
5 ~ = = B4-JFT-GPP . - - - B8-JFR-GPP
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Deflection (mm) Deflection(mm)
(a) Reinforced externally (b) Reinforced internally

Fig. 9. Load-deflection behavior of the EBR technique.
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Fig. 10. Yield and ultimate loads of the tested beams

Ultimate loads of 20 kN and 16 kN for beams B5-GFR-EP and B6-GFR-GPP were reached before
beams reinforced with GFR hardened with GPP matrix failed. In comparison to the control beam, this
represented a reduction of 24.92% and 40.74%, correspondingly. In comparison to the control beam
reinforced with epoxy resins (48.14% decrease in ultimate load) and geopolymer paste (40.74%
reduction in ultimate load), jute rebar-reinforced beams failed at ultimate loads of 14 kN and 16 kN,
respectively, as shown in Fig. 9b. Deflections at the ultimate load were different for the control beams
and specimen reinforced with 50% of GFR, as shown in Fig. 9a. With PET resins, the maximum load
deflection in GFRP beams was 4.5 mm; with hardener GPP matrix, it was 3.5 mm, a decrease of 27.41-
43.54%. The use of epoxy resins resulted in a 3 mm deflection under ultimate load for jute rebar beams,
whereas geopolymer paste caused a 4 mm deflection Fig. 9b, which corresponds to a decrease of 51.61-
35.48%. The ultimate load for beams reinforced with GPP matrix as a binder for reinforcement rebar
was similar for both types of fibers used, at an ultimate load of 16 kN, as shown in Fig. 9b. Geopolymer
paste rebars showed increased deflection and load compared to epoxy resin bars with jute fibers,
confirming the success of geopolymer paste as an adhesive and reinforcing material for both natural
and synthetic fiber-reinforced bars.

3.2 Theoretical analysis

The theoretical analysis were carried out according to procedures specified in Egyptian Code
Practice ECP203 [65], and the correlation factors of the ultimate load between experimental and
theoretical results for strengthening and control beams are listed in Table 6. The stress-strain diagrams
of the experimental specimens were clarified on Fig. 11. The theoretical results were obtained based on
the following formulas:

C=T o
2fcu°a.b/3: A5°fy (3)
Mu=(As'fy)X(d_a/2) (4)
Ay, =111 ?
gfe) 2
Mu _ I:(AS.ES.gS)X(dl —C):|+|:(A‘f oEf .8fe Jx(dz —C):|+|:[&oa0b]><(c—%j:| (7)
Vs Ve

Where (C) is the compression force, (T) is the tension force, (fe) is the concrete compressive
strength, (a.b) is the equivalent cross-section area that subjected to compression stress, (As) is the area
of steel bars, (fy) is the yield tensile stress if steel bars, (M) is the bending moment of the concrete beam,
(d) is the effective depth of concrete beam. (Asmin,) IS the minimum area of steel of the beam. It can be
seen from calculations that the section includes steel reinforcement that is not less than the minimum
area of steel. The calculations display that the beam is under a reinforced section, (Es) is the elastic
modulus of steel bars, (&) is the strain of steel bars, (di) is the depth of beams at internal main
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reinforcement, (c) is the value of neutral axis from top beam, (As) is the cross-section area of external
fiber layer, (Es) is the elastic modulus of external fiber textile, (er) is the strain of fiber textile, () is the
reduction factor of fiber sheet, (yc) is the reduction factor of concrete, (d) is the depth at external fiber
sheet.

2
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(a) Reinforced externally (b) Reinforced internally

Fig. 11. Stress-strain diagram of RC beams.

The limit state of collapse is a common basis for the ultimate load prediction since it accounts for
the greatest load-carrying capability and guarantees safety. Materials mechanics, structural analysis,
and material characteristics provide the bulk of the theoretical basis. Reinforcement materials with
stress-strain relationships include concrete, steel bars, and fiber ropes. Usually, steel exhibits elastic-
perfect plastic behavior, with yield strength serving as the tipping point. In order to determine flexural
capacity, one must find the moment of application that is balanced between the tensile and compressive
stresses in reinforcement and concrete, respectively, as presented in Fig. 11b. Predicting the ultimate
moment capacity is made easier by linking the applied bending moment to the beam's curvature.

There are extra considerations when predicting the ultimate load of reinforced concrete beams
reinforced with fiber-reinforced polymer (FRP) sheets because of the interaction between the original
RC beam and the externally bonded FRP material. The composite action between RC beam and FRP
sheets is included to evaluate the flexural capacity of beams strengthened externally, as displayed in
Fig. 11a. There is a strong correlation between the ultimate load and the FRP material's characteristics
and its connection with concrete. FRP revealed little ductility and strong tensile strength; behaves
linearly elastically until failure. This theoretical basis enables accurate prediction of ultimate loads,
ensuring both safety and efficiency in design.

As presented in Fig. 12, the correlation factor of experimental to theoretical ultimate load (Pyexp./Pu
Theo.) OF MoOSst specimens was considerable nearest. The maximum difference ratio was 27.4% for control
beam BO. The factors of strengthening beams group were 81% and 94% for beams strengthen with GFR
and JFR, respectively. However, the beams reinforced internally with composite reinforcement
achieved the correlation factors of 1.13, 0.98, 0.90, and 0.99 for specimens B1-GFR-EP, B2-GFR-GPP,
B3-JFR-EP, and B4-JFR-GPP, in sequence. This comparison referred to the good prediction of ultimate
load capacity theoretically and matching with experimental findings.
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Fig. 12. Relationship of ultimate load between experimental and theoretical results.

3.3 Toughness
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Toughness is measured by areas under the load-deflection curve, which indicates the specific test
specimen's energy absorption capabilities. As a result, the size of this measure is directly related to
the specimens and the loading system's geometrical properties [74]. Table 6 represents the toughness
result for the tested samples. EBR with GFT exhibited an increase in toughness of 116.6% and 58.9%
for B1-GFT-EP and B2-GFT-GPP, respectively, compared to the control sample. Similarly, the
incorporation of JFT led to toughness increasing by 94.0% and 49.2% with B3-JFT-EP and B4-JFT-
GPP, respectively, as shown in Fig. 13. After comparing the control beam and the other beams
reinforced using GPP, it is clear that beams strengthened with fiber sheets (both GFT and JFT) using
epoxy resin enhance the toughness of RC beams. Based on these findings, epoxy seems to have superior
flexural toughness compared to geopolymer. On the other hand, installing fiber laminates using GPP
revealed good efficiency and higher toughness of RC beams by ratios of 58.9% and 49.2% than the
control beam BO.
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Fig. 13. Toughness of beams Fig. 14. Ductility index of beams

Beams B6-GFR-GPP and B5-GFR-EP recorded the lowest toughness by 64.6% and 48.4%,
respectively, for materials reinforced with GFR. The reduction for JFR-reinforced components reached
67.4% for B7-JFR-EP and 53.2% for B8-JFR-GPP, respectively (Fig. 13). Rebars hardened with GPP
matrix samples were just as tough as specimens hardened with PET resin. The beams reinforced with
hybrid reinforcement display better performance than non-reinforced beams, but the toughness of the
beam may be lower than that fully reinforced with steel reinforcement bars [75]. Fiber rebar-reinforced
samples may have noticeably less toughness than the control specimen because of the rebar's high
deformation and non-linear elasticity. The large replacement percentage of fiber rebars rather than the
steel reinforcing bars might also be to blame.

3.4 Ductility index

Table 6 provides a summary of the ductility indices () of all the tested beams. In this study, the
ductility index (p) is calculated by dividing the deflection at the ultimate load by the deflection at the
yield load based on the load-deflection curve of each specimen [76], as follows formula:

M=y, / Ay (8)
Where: Ap,, is the deflection at ultimate load, and Ap,, is the deflection at yield load.

As p values of the control beam and EBR beams are visually presented in Fig. 14. Specimen B3-
JFT-EP showed the maximum improvement ratio of 71.8% compared to control sample BO; this
improvement was achieved by reinforcing the beam externally with a JFT sheet glued with EP resin. In
comparison to traditional RC beams and steel fiber RC beams, fiber-reinforced concrete beams with
outside GFRP laminates show an 87% reduction in ultimate deflection, according to Mariappan
Mahalingam et al. [77]. Moreover, the external strengthening using JFT glued with GPP also develops
the ductility of beam by 11.5% compared to control beam. The GPP may need more treatment after
casting to improve the installation efficiency through loading tests. All beams strengthened externally
from Bl to B4 revealed better deformation than the reference beam, according to load-deflection
behavior. Although the fiber sheets increased the ultimate capacity of RC beams, the stiffness of beams
decreased, therefore the ductility index was affected positively or negatively.
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Fig. 15. Failure modes of beams

The ductility index results present an increase in ductility by 1.6 times and 85% for specimens B6-
GFR-GPP and B8-JFR-GPP, in sequence, compared to the control specimen. The beams reinforced
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internally using 50% fiber rebars and 50% steel bars clarify the superiority of GPP as hardener material
for each fiber rope GFR and JFR compared to PET hardener material. The ductility of hybrid beams
improved by 37% to 88% as the effective reinforcement ratio of single and hybrid bars increased, in
comparison to steel-reinforced concrete beams cast using HPFRCC. Hybrid beams with an effective
reinforcement ratio 1.35 times greater than the balancing ratio had a 23% improvement in displacement
ductility and a 37.5% increase in ductility [78]. In contrast, the ductility index of fiber rebars that have
been hardened with PET resin is about 33% lower than that of beam BO. This is likely because PET has
a poor binding ability when combined with fiber ropes consisting of either glass or jute. Also, it is
possible that the ductility index decreased due to the substitution of fiber rebars for steel bars in high-
ratio construction. Concrete members that are reinforced with FRP bars usually have lower elastic
modulus and linear-elastic behavior up to failure, hence the concrete members are less serviceable and
have less ductility than regular reinforced-concrete (RC) members [79].

3.5 Failure modes

Fig. 15 displays all possible failure mechanisms of the beams. After the tension reinforcing steel
succumbed, the control specimens were crushed mid-span by compression concrete, which is the
expected flexural failure mechanism. Several elements determine the manner of failure. These include
the shear or flexural weakness of the section, the a/d ratio, the internal reinforcement, the cross-sectional
area of the FRP, the FRP schemes and orientation, the anchoring system used, the quality of the
strengthening material, and the integrity of the preparation [80, 81]. The failure in the EBR beams varied
due to the different types of fiber sheets (GFT, JFT) and adhesive materials used (EP resins and GPP).

Beam failure as a result of bending is the most prevalent kind of failure. When the tensile strains
are too great, the GFRP sheets will debond from the concrete, which is a common but undesirable
outcome. Inadequate shear reinforcement or improper anchoring of the GFRP sheets might lead to shear
failure [82]. No cracks were initially detected in the RC beams. The point load was the first point of
failure for the beams, which occurred in the constant moment zone. Fractures continued to widen when
the load was raised, and other fissures formed subsequent to the first crack. For beams B1 and B2 that
strengthened externally with GFT layers, the failure mode was symmetrical regardless of the adhesive
material. The cracks began at 8 kN then the cracks distributed at the flexural zone in the mid-span (one-
third of span). The cracks were developed up to failure as tension failure at flexural zone. It can be seen
that GFT sheets contribute to increasing the number of cracks which make beams a ductile behavior,
that conforms with [83]. In the beam strengthened with JFT layers, the GPP exhibited more cracking
compared to the installation using EP resin. The failure mode in the rebar beams was similar despite
differences in the ultimate failure load. Overall, geopolymer paste showed better failure modes than
epoxy resin due to its strong adhesion to the concrete surface and reduced shrinkage.

4 Conclusions

In this study, the feasibility of using geopolymer matrix as an environmentally friendly and cost-
effective adhesive and reinforcing material alternative to epoxy materials was investigated. The
practical results of the study yielded the following conclusions:

The environmental impact assessment of using GPP instead of EP resin represents a more
environmentally friendly alternative with substantial benefits in terms of maintaining raw materials,
reduced emissions, carbon footprint, waste utilization, and long-term sustainability.

The bonding material did not affect the ultimate load of the beams strengthened externally using
GFT and JFT layers.

Utilizing jute textiles with epoxy gains the beam good beam behavior and prediction prior to failure
due to the better bond efficiency between the jute textile and each EP and GPP.

The deformation beams include JFR were higher than those containing GFR due to the lower
stiffness of JFR resulting from the strong bond between the GPP and the natural fiber surface.

The beams strengthened with fiber sheets (both GFT and JFT) using epoxy resin enhanced the
toughness of RC beams. Based on these findings, epoxy seems to have superior flexural toughness
compared to geopolymer.
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Installing fiber laminates using GPP revealed good efficiency and higher toughness of RC beams
by ratios of 58.9% and 49.2% than the control beam BO.

Beams strengthened with JFT exhibited higher ductility index compared to the control beam by
71.8% and 11.5% for adhesive EP and GPP, respectively. The GPP may need more treatment before
loading test.

The GFT sheets contribute to increasing the number of cracks which make beams ductile behavior.
On contrary the crack behavior of beams reinforced internally with 50% GFR or JFR.
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