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Flexural behaviour of geopolymer concrete T-Beams reinforced with 
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A B S T R A C T   

The flexural performance of geopolymer concrete (GPC) T-beams reinforced longitudinally with GFRP bars under 
a four-point static bending test was investigated. Six full-scale simply supported T-beams were cast and tested; 
one control specimen was made with ordinary Portland cement concrete (OPCC), while the other five beams 
were made of geopolymer concrete. The G-GPC2 was designed to attain the same theoretical moment capacity as 
the G-OPCC6 control beam. The main parameters investigated were the reinforcement ratio of ρf /ρb = 0.75, 1.05, 
1.12, 1.34 and 1.34 for G-GPC1, G-GPC2, G-GPC3, G-GPC4, and G-GPC5, respectively, and compressive strength 
of geopolymer concrete. Based on the results of the experiments, the ultimate strain of GPC did not show the 
same behaviour as that of OPCC, which affects the mode of failure. The beam capacity and deflection were, 
respectively, overestimated and underestimated using the ACI 440 2R-17 predictive equations.   

1. Introduction 

Steel bars provide phenomenal support to concrete structures in 
terms of ductility, strength and elastoplastic behaviour. However, in 
such elements, cracking of the concrete cover might prompt corrosion of 
the steel bars [1], particularly in extreme environments, for example, 
marine regions. Different techniques have been investigated to upgrade 
the anticorrosion properties of steel bars, for example, using epoxy- 
coating. However, steel bars may still be corroded due to damaged 
spots in the coating. As a result, it is vital to use reinforcing materials 
capable of forming robust RC systems for infrastructure. Over the past 
two decades, widespread recognition exists for the usage of FRP bars as 
internal and external reinforcement for concrete structures [2–5]. 
Compared to typical building materials such as steel, FRP reinforcement 
provides an exceptional mix of physical, mechanical and chemical 
properties, such as high stiffness-to-weight and strength-to-weight ra-
tios, non-magnetic, fatigue and chemical resistance and excellent 
corrosion resistance [6–8]. In addition, material standards and design 
guidelines ACI 440.6 M [9]; CAN/CSA S807 [10] have been produced to 
promote the use of FRP bars in the building sector. The flexural 
behaviour of FRP-reinforced concrete beams has been extensively 
studied [11–13]. 

GPC is a sustainable construction material and a green alternative to 
conventional Portland cement concrete (OPCC) since it utilises waste 

materials and does not need calcination to produce its binder compo-
nents [14,15]. Numerous studies have shown that geopolymer concrete 
has acceptable characteristics for usage as a construction material 
[16–19]. By using by-product materials, geopolymer binders may help 
to reduce greenhouse gas emissions produced by OPC manufacture 
[20,21]. In addition to CO2 emission reduction into the environment, the 
use of GPC would decrease the difficulties produced by the extraction of 
limestone for OPC production and the disposal of fly ash and GGBS 
[22–28]. GPC may provide several advantages, including great early 
strength (Nguyen et al., 2020), high temperature resistance [29–31], 
good chemical resistance for aggressive environments; and low creep 
[32,4,33,34] in comparison to conventional concrete. GPC concrete 
performs better when exposed to fire or extreme situations than OPCC 
[35]. 

Al Bakri et al. 2012 [36] and Songpiriyakij et al. 2010 [37] reported 
that the ratio of Na2SO3/NaOH has a fundamental influence on the 
strength development of GPC. Research studies by [38–42] showed that 
the curing time and curing temperature also have a significant influence 
on the mechanical properties of GPC. Partha et al. 2013 [43] investi-
gated the partial replacement of fly ash with GGBS in fly ash-based GPC 
and reported that, with the incorporation of GGBS, there is a possibility 
of heat curing and yielding high early strength in GPC [43,44]. The 
retained compressive strength and the bond between geopolymer con-
crete and steel bars are stronger than that of OPCC under elevated 
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temperatures [45,46]. Typically, geopolymer binders outperform or 
match the mechanical capabilities of the same grade OPCC 
[47,16,48,49]. Kumaravel 2013 [50] found that GPC beams reinforced 
with steel bars outperform conventional concrete in terms of first crack 
load and ultimate load, while maintaining the same deflection. Recently, 
the flexural behaviour of fibre reinforced geopolymer concrete [51–55] 
systems for various structural members has been investigated. These 
studies determined that GPC concrete performs similarly to or better 
than OPCC. Both ACI-440.1R-06 [56] and CSA S806-12 [57] prediction 
models underestimated the flexural capacity of geopolymer concrete 
beams reinforced with GFRP. Maranan et al. 2018 [58] investigated the 
shear behaviour of geopolymer-concrete beams transversely reinforced 
with continuous rectangular GFRP composite spirals and reported that 
the GFRP-geopolymer bond played a significant role in the enhancement 
of strength by controlling shear-crack widths and deformations. In 
addition, previous research has shown that the geopolymer binder is 
better in terms of durability, including resistance to sulphate, acid, and 
fire exposure [59,60]. The combination of GPC with FRP reinforcement 
should result in a sustainable, cost-effective, and long-lasting construc-
tion solution. As the demand for the rehabilitation of existing reinforced 
concrete structures and the construction of new infrastructure grows 
[61], there is a pressing need for a comprehensive investigation of the 
proposed system to increase its adoption in the construction industry. 

When it comes to investigating the behaviour of reinforced concrete 
(RC) beams, many researchers concentrate only on rectangular cross- 
sections. In the majority of structural applications, RC beams and slabs 
are cast in a monolithic way. As a consequence, the slab serves as the top 
flange of the beam, forming a portion of the T-shape. The purpose of this 
study is to combine the use of GPC with the substitution of GFRP (glass- 
fibre reinforced polymer) reinforcement for steel bars. There has been no 
prior study on the combination of these materials in this manner for 
simply supported T-beams. The current paper presents test results of one 
control OPC and five geopolymer simply supported T-beams, having 
various reinforcement ratios and compressive strength of geopolymer 
concrete. 

2. Experimental programme 

2.1. Materials 

2.1.1. Longitudinal and transverse reinforcement 
In this investigation, different bar diameters (10, and 16 mm) made 

from high-strength glass fibre, reinforced with resin vinyl ester were 
used as longitudinal reinforcement, whilst steel bars with a diameter of 
10 mm were used as stirrups. To obtain the mechanical properties of the 
reinforcement, standard characteristic tests were performed in the lab-
oratory on six specimens of each bar diameter in accordance with ACI 
440.3R-04 [62]. To avoid premature failure of GFRP bars in the steel 
jaws of the testing unit, the specimen ends were embedded into strong 
steel pipes filled with expansive grout. The main properties of GFRP bars 
are shown in Table 1. 

2.1.2. Geopolymer and conventional concrete 
In the laboratory, GPC was developed utilising promptly accessible 

raw materials. To obtain the necessary compressive strength as stated by 
Junaid et al. 2015a [63], several trial mixes were conducted in the lab to 
determine the composition of concrete for testing, two mixes of geo-
polymer concrete with a target of compressive strength off ′

c = 40 MPa or 
60 MPa. For geopolymer concrete, fly ash class F in accordance with BS 
EN 450–1:2012 [64] was used. The mix was prepared by adding slag. 
The alkaline activators used in this mix were Sodium Silicate (Na2SiO3) 
and Sodium Hydroxide (NaOH) with 14 molarity, the ratio between 
Na2SiO3/NaOH was 2.45. Two compressive strengths 40 MPa and 60 
MPa were designed as shown in Table 2. 

The alkaline activator was prepared in the laboratory. Sodium hy-
droxide was prepared by dissolving Caustic Soda 99 % - high-quality 
pearls in the water at a concentration of 14 M. After the solution was 
left to cool, sodium silicate was added, thoroughly mixed and left for 24 
h before casting so that the two compounds had fully reacted. To 
improve the workability, (High Range Superplasticiser Oscreed 893) 
was used and added to the solution before casting. The materials were 
mixed in dry form for three minutes after being placed in a mixer. Then 
the alkaline solution was added and mixed for seven minutes. A me-
chanical power mixer was used with two batches of concrete mixed for 
each beam. The fresh concrete was poured into the mould after 
blending, then compacted using a high-frequency pneumatic concrete 
vibrator. Eventually, the surface was levelled down. The beams were de- 
moulded after 8–10 days. 

The conventional concrete was designed to reach 40 MPa after 28 

Table 1 
Reinforcement properties.  

Type of bars Bar 
diameter 
(mm) 

Area 
(mm2) 

Modulus of elasticity (GPa) Ultimate Tensile 
Strength (Mpa) 

Rupture strain Yield strain Yield strength (MPa) 

Longitudinal GFRP 10 73 47 1045  0.022 NA – 
16 180 46 735  0.016 NA – 

Steel stirrups 10 78.5 180 643  – 0.003 540  

Table 2 
Mixture Proportions of Geopolymer and Conventional Concrete.  

Ingredients Mix proportions kg/m3 Description 
Geopolymer 
Concrete 

Normal 
Concrete  

40 MPa 60 MPa 40 MPa  

cement – – 495  
slag 200 400 –  
Fly ash 200 143 –  
14 M NaOH 66.5 73.9 –  
Na2SiO3 163 184 –  
Coarse aggregate 10 

mm 
1209 1290 924 4–10 mm 

(Limestone) 
Fine aggregate 650 650 755 0–4 mm 

(Limestone) 
Water 5 10 205 Normal water 
Super plasticiser 28.4 50 3 Oscreed 893 
weight 2521.9 2800.9 2382   

Table 3 
Concrete properties of the tested beams.  

Beam fcu f ′

c f ct f r 

G-GPC1 46 39.2  1.69  3.28 
G-GPC2 42.3 36  1.78  3.28 
G-GPC3 38.8 33  1.58  3.22 
G-GPC4 53.5 45.5  1.25  3.55 
G-GPC5 54.1 46  1.42  3.56 
G-OPCC6 43.5 37  2.31  5.22 

fcu is the cube compressive strength, f ′

cis the equivalent cylinder compressive 
strength assumed equal to 0.85fcu, f ct is the concrete tensile compressive 
strength by cylinder splitting test, and f r modulus of rupture.  

M.A. Hasan et al.                                                                                                                                                                                                                               



Structures 49 (2023) 345–364

347

days and the water/cement ratio (w/c) was equal to 0.41. The same fine 
and coarse aggregate and superplasticisers were used in the two types of 
concrete. The size of the coarse aggregate was limited to 10 mm due to 
the space between reinforcing bars and low concrete cover used. All of 
the specimens were kept at the lab temperature after demoulding. The 
details and description of the mixture are presented in Table 2. Concrete 
compression testing was performed on the testing day, the results of 
which are listed in Table 3. Seven 100 mm cubes, two 150 mm × 300 
mm high cylinders, two prisms 50x50x450mm were tested for each 
batch. Table 3 displays the results of concrete testing for all beams 
tested. Compressive strength was measured by cube tests, tensile 
strength was measured by cylinder splitting tests, and the modulus of 
rupture was also determined. 

2.2. Test specimens 

5 geopolymer beams and one conventional concrete T-beam were 
tested under a four-point, monotonic load. As presented in Table. 4, the 
test variables included the longitudinal reinforcement ratio, and con-
crete type and strength. The main aim was to compare the flexural 
behaviour of GFRP-RC T-beams with geopolymer concrete with the one 
control specimen (G-OPCC6) that used normal concrete. It should be 
noted that the simply supported beams had a span of 3350 mm as shown 
in Fig. 1. All cross-sections of the specimens were made with the same 
dimensions as those shown in Fig. 2. A basic T-shape formwork was 

built, made of plywood to fit the required reinforcement cages. This 
guaranteed precise measurements as well as smooth finished surfaces 
and straight edges. To prevent the wood from absorbing concrete water 
and preserve its properties, these moulds were painted with oil until 
saturated. 

The GFRP reinforcing bars were selected to investigate two modes of 
flexural failure, namely GFRP reinforcement rupture, and concrete 
crushing. The first mode is achieved by using a reinforcement ratio ρf 
less than the balanced reinforcement ratio ρfb according to the ACI 
440.1R-15 [2] guidelines, whereas the second mode was achieved by 
using a reinforcement ratio higher than ρfb as presented in Table 4. 

When calculating the moment capacity of T-section beams, two 
different cases should be considered, defined by whether the neutral axis 
is located in the flange or the web. In the first case, where the neutral 
axis is within the flange thickness, the cross-section will work as a 
rectangle which has a sufficient width bf of the flange. In the second 
case, when the neutral axis is within the web height, the flange section is 
considered to be made up of two components as shown in Fig. 3: a web 
component and a flange component. The neutral axis is either located in 
the web or the flange and will affect ρfb, the balanced reinforcement 
ratio, as shown in Fig. 3 and Eqs. (1) and (2) below. 

ρfb1 =
0.85β1f′c

ffu
(

εcu

εcu + εfu
) (1) 

Table 4 
Details of T-section beam specimens and objectives of each specimen.  

Beam No f
′

c 
Tensile 
reinforcement 

Compression 
reinforcement 
(GFRP) 

ρb ρf ρf /ρb Mu 
(KN. 
m) 

Steel 
Stirrup 

Lateral. 
Renf 
(GFRP) 

Objectives  Relevance 

G-GPC 1 39 4 No 10 2 No 10 0.29 0.22 0.75 77 No 10 @ 
100mm 

No 10 @ 
300 mm 

Under 
reinforcement  

Mode of failure 
investigation 

G-GPC 2 36 4 No 16 2 No 10 0.52 0.55 1.05 129 Effect of 
reinforcement ratio 
with different 
compressive 
strengths 

Over 
reinforcement 

Effect of 
compressive 
strength 

G-GPC 3 33 4 No 16 2 No 10 0.49 0.55 1.12 127   
G-GPC 4 45 6 No 16 2 No 10 0.66 0.89 1.34 162 Effect of 

reinforcement ratio 
with different 
compressive 
strengths 

Effect of 
compressive 
strength 

G-GPC 5 46 6 No 16 2 No 10 0.66 0.89 1.34 163   
G-OPCC 6 37 4 No 16 2 No 10 0.53 0.55 1.03 128 control beam same 

G-GPC 2 but 
normal concrete  

difference 
between normal 
and geo-polymer 
concrete 

G-OPCC glass fibre reinforcement polymer- ordinary Portland cement concrete, G-GPC glass fibre reinforcement polymer- geopolymer concrete, All dimensions in mm. 

Fig. 1. Schematic geometry and loading arrangement of the test specimens and strain gauge position (all dimensions are in mm).  
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Fig. 2. Cross section details for GFRP T section (all dimensions are in mm).  
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ρfb2 =
0.85f ′c

ffu
[
(bf − bw)hf

bf d
+ β1

bw

bf

εcu

εcu + εfu
] (2)  

where ρfb1 is the balanced reinforcement ratio when the neutral axis is in 
the flange, ρfb2 is the balanced reinforcement ratio when the neutral axis 
is in the web, Afb is the area of FRP bars at balanced failure, f ′c is the 
cylinder compressive strength of concrete, ffu is the tensile rupture of 
FRP bars, hf is the flange thickness, bw is the web width, bf is the flange 
width, β1 is a cylinder compressive strength modification factor (0.65 
< β1 < 0.85) as defined in the ACI 318–08 [65] and ACI Committee 440 
report [66], depending on the value of the cylinder compressive strength 
fc of concrete. 

The specimen’s design details are shown in Table 4. Two strain 
gauges were attached to the two middle longitudinal reinforcing bars 
while three concrete strain gauges were installed on the top surface of 
the flange, one in the middle of the web and one in the middle of each 
flange as shown in Fig. 1. 

2.3. Test program and instrumentation 

Fig. 4a shows a schematic diagram of the test set-up configuration. 
All beams had a span of 3350 mm and a shear span of 1100 mm and were 
tested under four-point bending and supported by a roller support at one 
end and a hinge support at the other end, positioned 200 mm away from 
the ends as depicted in Fig. 4b. The beams were tested under-monotonic 
increasing load up to failure using a 1000 kN hydraulic actuator with the 
load applied to the specimen through a top steel spreader beam. 

Five LVDTs were mounted at the mid-span, one beneath the mid- 
span, two at 375 mm from the centre, one at each side, along the 
beam (located at the loaded points) and the last two at 750 mm from the 

centre to monitor vertical deflections at the bottom ends to help calcu-
late the beam’s rotation as shown in Fig. 4a, while the load reaction was 
documented using a load cell at one end support. In addition to 
measuring the vertical downward displacements, two linear variable 
displacement transducers (LVDTs) were located at 200 mm from the 
ends. 

As seen in Fig. 1, three concrete strain gauges were placed in the mid- 
span position: one in the web and two in the flange. Strain gauges for the 
longitudinal reinforcement were placed along the length of the bars at 
the mid-span as shown in Fig. 1. A data logger was connected to all of the 
internal and external strain gauges, load cell and LVDTs in order to 
precisely record various data. The strain gauge type used for both FRP 
and steel bars was FLAB-5–11-3LJCT-F (5 mm length gauge), whereas 
PL-60–11-3LJCT-F (60 mm length gauge) strain gauges were used for 
measuring concrete strain. 

Steel plates were used between the supports and the loading in-
struments to prevent concrete bearing failure at the load distribution 
stages as shown in Fig. 4. The two end steel plates had a diameter of 200 
mm, while the plates had a length of 200 mm to accommodate the beam 
web’s maximum distance. The loading steel plates at the top of the beam 
had the same width as the beam flange of 600 mm and were 150 mm 
long in the longitudinal direction of the beam as shown in Fig. 4. Both 
plates had a thickness equivalent to 40 mm. In order to ensure a 
consistent load distribution and prevent unequal loading of the spec-
imen, plaster was used between the beams and the load application 
points where necessary. A load-controlled limit of 10 kN/min was used 
in the experiments to impose equivalent loads on the two ranges. 
Following the formation of the first flexural crack, the load application 
was paused for each load increment to visually observe the beam and 
track the progression of cracks along one side of the beam. 

Fig. 3. Flowchart diagram of the specimen’s design process.  
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Fig. 4. Schematic layout of the test set-up of the beam (all dimensions are in mm).  
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Fig. 5. Cracking pattern at failure of tested beams.  
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3. Experimental results 

The recorded data were the deflections in the span at five separate 
positions, the strains in both GFRP and concrete at critical sections, the 
reactions at the exterior supports, and the crack width at the mid span. 
The full behaviour of the beams in terms of cracking patterns, 
load–deflection curves, and changes in tension in reinforcing bars and 

concrete surface and failure modes are presented below. 

3.1. Crack propagation and Width 

Crack propagation during the beam testing was tracked and manu-
ally sketched. Fig. 5 depicts the crack patterns in the concrete upon 
failure. Table 5 shows the load at which the first evident cracks occurred 
for each beam. Generally, cracks were initially observed at the mid-span 
running in the vertical direction. The first crack occurred at 15, 12, 30, 
18, and 16 KN for G-GPC1, G-GPC2, G-GPC3, G-GPC4, and G-GPC5, 
respectively. In all geopolymer beams, fine vertical flexural cracks ran 
parallel and next to both loading plates formed inside the pure bending- 
moment zone for all of the beams tested. At later stages of loading, 
further cracks occurred outside the maximum moment zones along the 
beams, as shown in Fig. 5. After the pure bending moment surpassed the 
beams’ cracking moment, these cracks became larger and spread higher 
as the applied load increased, while additional vertical cracks developed 
along the shear span of beams because GFRP bars had a lower elastic 
modulus than steel bars. Further loading widened vertical cracks in the 
pure bending zone, whereas inclined cracks generated by shear stresses 
developed along the shear span and subsequently spread towards the 
load application locations. As the concrete crushing progressed towards 
beam failure in the compression zone, the rate of progression of inclined 
cracks reduced, spreading the loads throughout the zone. A small 
number of inclined fissures entered the crushed zone of the geopolymer 
concrete during the final loading step. Furthermore, before the inclined 
cracks joined the flexural cracks, all beams had considerable flexural 
cracking, indicating that the beams collapsed in flexure rather than 
shear. 

There were no cracks in the flange on the top surface of the beams 
while the lower flange began with minor cracks, but these did not reach 
the compression zone. The development of critical shear cracks was seen 
to begin at a load level equivalent to half of the failure load in all beams 
tested. It was also observed that there was the same number of cracks 
and space between the cracks in the high moment area within each 
beam. Furthermore, it has been shown that the longitudinal GFRP 
reinforcement ratio had no effect on the cracking pattern. The number of 
cracks and the space between cracks for both beams were equal, with 
increased load close to failure and was not affected by shear stresses. 
When the longitudinal reinforcement ratio was increased, the crack 
width of G-GPC2 improved to 1.41 mm in comparison with G-GPC1 
which had a crack width of 5.5 mm. 

The form and position of shear cracks were affected by the longitu-
dinal reinforcement ratio, confirming that the greater the reinforcement 
ratio, the closer the crucial shear crack position to the loading point. 
This was more apparent in G-GPC4 and G-GPC5 beams, whereas the 
form of the shear cracks in G-GPC2 and G-GPC3 beams was virtually 
identical. At the failure, the sound of rupture of GFRP bars could be 
clearly heard and the bottom concrete cover at the mid-span was visibly 
separated. This is mostly due to the observed lower bond strength values 
of FRP bars compared to steel bars, since many studies [65,67–69] have 
concluded that a sufficient bond between reinforcing bars and concrete 
would prevent such separation of concrete cover. Due to the two-rows of 
reinforcement in beams G-GPC4 and G-GPC5, it is obvious that the 
concrete cover separation occurs within a wider area, as shown in Fig. 5. 

The average measured crack width for all GFRP beams tested is 
shown against the total applied load at the mid-span section in Fig. 6. A 
high-quality digital camera was positioned and centred in relation to the 
site of the first crack in the high moment area. The collected pictures 
were examined using Image-Pro Plus 6.0 software to determine the 
crack width at each 10 kN of the applied load. The crack widths of Beams 
G-GPC2 and G-GPC3 exhibited a similar pattern of behaviour until the 
critical zone failed. G-GPC2 was compared to G-OPCC6 with conven-
tional concrete, which regulates the crack width until failure owing to its 
high stiffness. G-GPC2 showed a significant increase in crack width until 
failure. At the service load level of these two beams, the mid-span crack 

Table 5 
Detail of specimen’s design cracked load and failure load.  

Beam First cracking 
Load (KN) 

Total load 
(KN) 

McrKN.m Mode of failure 

G-GPC1 15  100.9  14.50 FRP Rupture 
G-GPC2 12  200.9  14.16 FRP Rupture 
G-GPC3 30  195.3  13.59 FRP Rupture 
G-GPC4 18  269.5  15.92 FRP Rupture 
G-GPC5 16  262.6  16.00 FRP Rupture 
G-OPCC6 20  225.3  14.19 FRP Rupture  

0
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0 0.5 1 1.5 2
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 (k
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Crack width (mm)

G-GPC1
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G-OPCC6

Fig. 6. Cracking width at loading of test beams.  

Fig. 7. FRP Strain gauge location.  
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Fig. 8. Variation of FRP and concrete strain against the load at the mid-span for all beams.  
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widths of Beams G-GPC2 and G-OPCC6 were 0.951 and 0.599 mm, 
respectively, indicating that conventional concrete has a 37 % reduction 
in crack width when compared to geopolymer concrete under service 
load, with 21 % less than geopolymer concrete at failure. As seen in 
Fig. 6, the crack width gradually progressed until failure occurred in the 
geopolymer concrete, but it increased abruptly as the specimen 
approached failure in the conventional concrete. 

As seen in Fig. 6, increasing compressive strength has a considerable 
effect on the width of flexural cracks. Increases in longitudinal GFRP re- 
bars, on the other hand, had a bigger effect on crack width reduction 
than increases in compressive strength. As observed in G-GPC4 and G- 
GPC5 beams, the mid-span crack width of Beams G-GPC4 and G-GPC5 
were 0.57 and 0.59 mm, respectively, at the service load level of these 
two beams, compared to G-GPC2. This reveals that increasing the 
reinforcement ratio in beams G-GPC4 and G-GPC5 results in a 37.9 % 
decrease in crack width under service load when compared to G-GPC2, 
with 46.4 % less than G-GPC2 at failure. 

3.2. Strains distribution against total load 

Two strain gauges were placed in each beam, identified as F1, and F2 
as shown in Fig. 7. The reinforcing bars were fitted with strain gauges to 
record the strain throughout the loading operation. Fig. 8 illustrates the 
recorded strains in the bottom of the GFRP bars vs the total applied load, 
as well as the strain gauge locations. Fig. 8 also shows the rupture strain 
of the GFRP bars as measured from tests of various GFRP bars. Due to the 
high sensitivity of the strain gauges used, which resulted in damage 
during the casting or testing processes, not all strain gauges continued to 
record until GFRP rupture. Several of them recorded until approximately 
half of the total load was applied. The functioning of the strain gauges 
was also affected by significant deflections, which were caused by the 
bending of the bar. 

F1 and F2 strain gauge readings were compared for all beams. Ten-
sile stresses in the longitudinal reinforcement were very low at the pre- 
cracking stage. When cracks occurred, a substantial increase in strains 
was detected in the reinforcing bars. Nevertheless, the applied load and 
reinforcement strain values remained almost linear after cracking as 
seen in Fig. 8. According to Fig. 8, the tested beams may be classified 
into three groups based on their reinforcement. Group one is G-GPC1 
reinforced with 10 mm. Group two are G-GPC2, G-GPC3, and G-GPC6 
reinforced with the same longitudinal GFRP reinforcement ratio, and 

even the G-GPC6 cast with normal concrete (OPCC) had the same 
reinforcement strain behaviour. The G-GPC2 RC beam reinforced with 
geopolymer exhibited comparable stresses at failure to the G-OPCC6 RC 
beam reinforced with conventional concrete. Group three comprises G- 
GPC4 and G-GPC5, with a higher reinforcement ratio. Additionally, 
beams G-GPC4 and G-GPC5 exhibited reduced tensile reinforcement 
strain when the longitudinal GFRP reinforcement ratio was increased. As 
shown by the F1 and F2 strain gauges of G-GPC2, G-GPC3, G-GPC4, G- 
GPC5, and G-GPC6, the reinforcement ratio had no impact on the strain 
in the reinforcement until a load of 50 kN was applied. When loading 
and cracks increased, the reinforcement ratio had a significant effect on 
strain reduction. Nevertheless, strain increased between 50 kN and the 
failure load. 

Three concrete strain gauges were installed at the middle of the span: 
one in the web and two in the flange. Fig. 8 shows the relationships 
between the applied load and strains in geopolymer concrete at these 
three locations. The strain was comparable in all beams. Once cracks 
developed, a significant rise in strain was observed in the concrete at the 
mid-span section; this is the stage where reinforcement had no effect. In 
all tested geopolymer concrete beams reinforced with GFRP bars, the 
highest compressive strains measured in the concrete surpassed the CSA- 
S806-12 recommended crushing strain of 0.0035 and the ACI-recom-
mended crushing strain of 0.003. The maximum compressive strain in 
concrete was<3,000 micro-strain in beam G-OPCC6 when measured at 
the mid-span section (Control beam). Additionally, the compressive 
strain in the mid-span section of the same beam was 2697 micro-strain at 
the failure load, as the beam failed due to GFRP rupture before concrete 
crushing. Although no prior study indicated that the ultimate strain in 
geopolymer concrete surpassed 0.003, the strain gauge indicated that 
the ultimate strain in beams G-GPC2, G-GPC3, G-GPC4, and G-GPC5 
exceeded 0.0035 up to a value of 0.006. 

By comparing G-GPC2 and G-OPCC6, which have the same rein-
forcement ratio but differ in their concrete type, it is noted that the G- 
GPC2 beam with geopolymer concrete exhibits more strain than the G- 
OPCC6 beam with conventional concrete, recording average strains of 
0.0042 and 0.0026, respectively. The concrete strain of G-OPCC6 was 
63 % of the strain of G-GPC2. Normal concrete has a higher stiffness than 
geopolymer concrete owing to its high modulus of elasticity, as shown in 
Fig. 9 by beam G-OPCC6. Raising the reinforcement ratio was accom-
panied by an increase in concrete strain, as shown in (G-GPC2, G-GPC3) 
and (G-GPC4, G-GPC5). Compressive strength had a negligible impact 
on the concrete strain. 

3.3. Failure modes 

One type of failure was observed during the experimental tests for all 
beams, as shown in Fig. 10. 

G-GPC1 demonstrated the FRP rupture mode as seen in Fig. 10. The 
GFRP reinforcement ratio at the bottom layer was planned to be less 
than the balanced reinforcement ratio (ρfb). Owing to the reinforcement 
ratio, it was anticipated that GFRP reinforcement strain gauges would 
not operate all the way until the rupture load due to the high deflection 
that would have a negative impact on the GFRP bars. However, the 
concrete strain gauges stayed in service until the strain exceeded 0.0035 
at the extreme compressive fibre. The concrete was removed in the 
middle of the beam after failure to clarify the situation of reinforcing 
bars in the case of GFRP rupture as seen in Fig. 10. 

Concrete crushing was anticipated in the G-GPC2 beam since the 
tension layer reinforcement ratio was intended to be higher than the 
balanced reinforcement ratio (ρfb). Due to the fact that the FRP tensile 
strength was less than the manufacturer’s specification, the mechanism 
of failure of beam G-GPC2 was FRP rupture. Fig. 10 illustrates the 
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Fig. 10. Mode of failure and deformation shape at failure for all beams.  
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rupture of the FRP in areas of high bending moment. Concrete strain 
gauges remained in operation at the extreme compressive fibre until the 
strain reached 0.0044, as illustrated in Fig. 10. Although the greatest 
strain utilised in the design of the concrete was 0.003, the strain reached 
0.0044 during the experiment, and the concrete did not collapse. This 
had the impact of altering the pattern of failure. As shown in Fig. 10, at 
the ultimate condition, G-GPC2 suffered FRP rupture in the mid-span 
area. Concrete spalling was detected in the moment region. 

G-GPC3 was designed to have the same reinforcement as G-GPC2 but 
with high compressive strength, the compressive strength didn’t reach 
the design target. The beam was designed to fail due to FRP rupture. In 
the critical section, beam G-GPC3 has the same moment capacity as 
beam G-GPC2. Also, the properties of FRP were less than the manufac-
tured ones. Additionally, the strain surpassed 0.0035 at the maximum 
compressive strength, providing the concrete with additional strength. 
This beam failed due to an FRP rupture with the subsequent collapse of 
the concrete cover at the critical moment region as shown in Fig. 10. 

The G-GPC4 and G-GPC5 beams have higher longitudinal rein-
forcement ratios; they were intended to fail in concrete crushing owing 
to the GFRP reinforcement ratio at the bottom layer being higher than 
the balanced reinforcement ratio (ρfb). However, the characteristics of 
FRP and the strain at the extreme compressive strength altered the 
mechanism of failure from concrete crushing to FRP rupture followed by 
a collapse in mid-span tension concrete. Increasing the load led to the 
formation of diagonal broad shear fractures near the supports and a 
widening of the flexural cracks, resulting in the rupture of the GFRP bar, 
as shown in Fig. 10. 

The longitudinal orientation of the G-OPCC6 control beam was 
reinforced with pure GFRP bars and standard concrete. It was purpose- 
built to collapse due to concrete crushing. As shown in Fig. 10, this beam 
collapsed owing to FRP rupture at the middle-span portion. The change 
in mode failure occurred as a result of the FRP’s properties being less 
than those specified by the manufacturer. The strain at failure was 
0.0026. 

3.4. Load and moment capacities 

Fig. 11 illustrates the overall load capacities of the tested beams. 
Although beams G-GPC2 and G-OPCC6 were designed to have the same 

moment capacity at the critical section, beam G-OPCC6 had a 12.5 % 
greater total load capacity than beam G-GPC2 with the same rein-
forcement ratio of 0.55, indicating that using ordinary concrete 
increased the capacity of GFRP-RC beams. The impact of increasing the 
longitudinal GFRP reinforcement ratio resulted in an increase in the 
ultimate load capacity of the tested beams. The load capacity was 
increased by 34.5 % in beam G-GPC4 when the GFRP reinforcement 
ratio was 0.89, compared to beam G-GPC2 when the reinforcement ratio 
was 0.55. This demonstrates that GFRP reinforcement has a significant 
role in increasing load capacity. Additionally, the improvement was 50 
% for G-GPC3, which was reinforced with a 0.89 FRP reinforcement 
ratio, compared to G-GPC1, which was reinforced with a 0.22 FRP 
reinforcement ratio. 

The bending moment at the mid-span of both beams did not exceed 
the designed flexural capacity of the T-beam. In Beam G-GPC1, the 
bending moment at failure was 74 % of the estimated potential. The 
bending moment at failure was 85.9 % of the estimated capacity in the 
G-GPC2 beam. The bending moment at failure was 90.7 % of the pre-
dicted capacity of the G-GPC4 beam. The bending moment at failure for 
the control beam G-OPCC6 was 96 % of the predicted capacity. The 
experimental to expected moment capacity ratio was 0.86 on average. 
This may be due to the FRP tensile strength not exceeding the manu-
facturer’s specified strength. The ratio of experimental to predicted 
moment capacity for Beam G-GPC2 was 0.85, which was somewhat 
more than the ratio for G-GPC1. This may be because of the increased 
deformability caused by raising the reinforcement ratio in the tension 
beam. The concrete crushing caused the bars to lose their ability to 
support the load. For all beams, the experimental bending moment at the 
mid-span was less than the predicted flexural capacity. 

3.5. Load deflection response 

Fig. 12 illustrates the connection between the total applied load and 
the measured deflection at the mid-span for beams G-GPC1, G-GPC2, G- 
GPC3, G-GPC4, G-GPC5, and G-OPCC6, respectively. Five LVDTs were 
installed at each mid-span section to measure deflection during each 
beam test. Two LVDTs were placed at the top of the beam to record 
movement; the readings from the LVDTs at the top ends of the beams 
were displayed to confirm that no movement was observed, indicating 
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Fig. 12. Load-deflection curve for all beams.  
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that there had been no relative settlement at supports. Up to the cracking 
load, all beams exhibited linear load–deflection behaviour. After the 
linear phase ceased due to FRP rupture, the beam stiffness was regulated 
by reinforcing bars, which played a critical role in the post-cracking 
stage. However, there was a significant variation in stiffness enhance-
ment across tested beams. 

In the middle span of beams G-GPC1 and G-GPC2, the deflections at 
50, 100, 150, and 200kN were 29.36, 80.16, and 14.3, 33.07, 56.51, and 
80.70 mm, respectively, as determined by LVDTs. Up to the failure load, 
both beams exhibited linear load–deflection behaviour. The results 
indicated that the flexural rigidity of the mid-span section had a sig-
nificant effect on the stiffness decrease of the beams tested during 
cracking. By and large, the amount of GFRP reinforcement in the mid- 
span section is critical for optimizing flexural stiffness and therefore 
reducing beam deflections during testing. At the same loading point, it 
was discovered that the beam G-GPC1 showed more deflection than the 
beam G-GPC2. This is because the mid-span flexural stiffness of G-GPC1 
is greater than that of G-GPC2. 

The tested beams’ stiffness was changed according to the reinforcing 
ratio. The reinforced beams, G-GPC4 and G-GPC5, showed more stiffness 
than the G-GPC2 and G-GPC3 beams, which showed greater stiffness 
than beam G-GPC1. G-GPC2 and G-GPC3 beams exhibited comparable 
flexural stiffness. Increases in the GFRP reinforcement ratio in the ten-
sion region resulted in an increase in the flexural stiffness of the tested 
beams. The flexural stiffness of beams G-GPC4 and G-GPC5 was 
increased in comparison to beams G-GPC2 and G-GPC3, resulting in a 
reduction in mid-span deflection at the same load value. G-OPCC6 was 
cast using standard concrete and reinforced with the same 

reinforcement ratio as G-GPC2. The rigidity of beam G-OPCC6 was 
greater than that of beam G-GPC2, which produced results comparable 
to those of beams G-GPC4 and G-GPC5 reinforced with a high rein-
forcement ratio. 

Serviceability requirements for deflection at the service load (0.67 of 
ultimate load) deflections were 43 mm, 49 mm, 52 mm, 53 mm, 56 mm, 
and 42 for beams G-GPC1, G-GPC2, G-GPC3, G-GPC4, G-GPC5, and G- 
OPCC6 at the service load. As previously stated, the first cracks occurred 
in the areas with the maximum moment. However, the formation of 
cracks at the mid-span had no discernible effect on the beam’s flexural 
rigidity. In general, the load–deflection behaviour of all beams may be 
classified into linear pre- and post-cracking phases; typically, the 
amount of reinforcement has little effect on beam stiffness and deflec-
tion until the first crack but has a significant effect after the first crack. 

4. Predicted moment capacity 

ACI 440.2R-17 (Committee, 2017) [67] for externally bonded FRP 
concrete beams is used in this section to compute the moment capacity 
of the tested beams. In order to determine the section’s ultimate moment 
capacity, the calculation method should fulfil the strain compatibility 
and force equilibrium equations, respectively. After assuming the 
neutral axis depth of the section, strain, stress and forces were calculated 
for each material to determine the moment capacity. If the equilibrium 
of forces is not achieved for a certain neutral axis depth, the neutral axis 
depth should be modified, and the calculation should be repeated [70]. 
Fig. 13 shows the stress and strain distributions of the T-section when 
the neutral axis is located in the flange, where β1 is a cylinder 

Fig. 13. Stress and strain distributions of the T-beam when the neutral axis is located in the flange.  

Table 6 
Prediction of moment capacity of T-beams using GFRP.  

Beam No f
′

c 
test 

Tensile 
reinforcement 

Compression 
reinforcement (GFRP) 

Predicted Mu 
(KN.m) 

Experimental Mode of failure Percent Error 

MATLAB ACI Load 
Failure 

Mu 
(KN. 
m) 

Predicted 
0.003 

Predicted 
0.006 

Experimental Mat 
% 

ACI 
% 0.003 0.006 

G-GPC 1 39.2 4No10 2No10 77 77 77.6 100 57 FR FR FR 26 26 
G-GPC 2 36 4No16 2No10 128 130 128 200 110 FR FR FR 15 15 
G-GPC 3 33 4No16 2No10 127.9 129 125 196 107.8 CC FR FR 16 14 
G-GPC 4 45.5 6No16 2No10 162 176.4 162 269 147.9 CC FR FR 9.3 9.2 
G-GPC 5 46 6No16 2No10 163 177.6 164 262 144 CC FR FR 9.5 9.6 
G-OPCC 6 37 4No16 2No10 128 — 129 225 123.7 FR FR FR 4 4 
Average 13.3 12.9 

G-OPCC glass fiber reinforcement polymer- ordinary Portland cement concrete, G-GPC glass fiber reinforcement polymer- geopolymer concrete, FR GFRP rupture, CC 
concrete crushing. 
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Fig. 14. Moment Capacity vs Curvature for GFRP reinforcement T-beams with different concrete ultimate strains.  
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Fig. 14. (continued). 
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compressive strength modification factor (0.65 <β1 < 0.85) as defined 
in the ACI 318–02 and ACI Committee 440 reports, depending on the 
value of the cylinder compressive strength f ′

c of concrete, α1 equal to 
0.85 when using the value of the cube compressive strength, c is the 

depth of the neutral axis. 
For T-beams using GFRP with geopolymer concrete and conventional 

concrete, Table. 6 shows the predicted versus the experimental moment 
capacities for the latter utilising both ultimate concrete strains of 0.003 
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Fig. 15. Experimental and predicted Load-deflections for GFRP reinforcement T-beams.  
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as recommended by ACI and 0.006 as derived from experiments. There 
was an average error rate of 13.3 % and 12.9 % for the calculation 
methodologies stated in the flowchart diagram of the specimen’s design 
process and ACI, respectively, in the anticipated moment capacity 
compared to the experimental moment capacity of the tested beams. As 
this part did not achieve its maximum moment capacity at failure, the 
predicted moment capacity is greater than the experimental moment for 
all tested beams. G-GPC3, G-GPC4 and G-GPC5 with an ultimate con-
crete strain of 0.003 predicted different failure modes (concrete crush-
ing) when compared to the experimental mode of failure. However, 
geopolymer concrete with an ultimate strain of 0.006 had the same 
predicted failure mode (FRP rupture) for both beams. Fig. 14 shows 
moment capacity vs curvature for GFRP reinforced T-beams with 
different values of concrete ultimate strain. 

5. Prediction load–deflection response 

Eq. (3). is used to compute the deflection of simply supported T- 
beams with two-point loads. 

Δmax =
Pa

24EI
(
3l3 − 4a2) (3)  

where Δ is the deflection at the mid-span, P is the span load; L is the span 
length; a is the distance between the load and the support; Ec is the 
modulus of elasticity of geopolymer concrete and ordinary concrete 

which is equal to Ec = 5300 + 2707
̅̅̅̅

f ′

c

√

, Ec = 4750
̅̅̅̅

f ′

c

√

respectively. fc’ 
is the concrete compressive strength in MPa; Ie is the effective moment 
of inertia of the concrete cross-section. 

The service deflection of a flexural beam was first presented by 
Branson [71] for steel-reinforced concrete beams by utilising the 
concept of an effective moment of inertia, Ie. The ACI Committee 440 
(2006) [61] updated the formulation for effective moment of inertia by 
utilising a reduction coefficient (βd) proportional to the reduced tension 
stiffening demonstrated by FRP-reinforced elements. Branson’s equation 
overestimates the effective moment of inertia of FRP bar-reinforced 
beams. Even for lightly reinforced beams, a correction factor is 
required [72,73]. For reinforced T-beams, the effective moment of 
inertia is equal to the gross moment of inertia, Ig, before cracking. 
However, after cracking, it can be expressed by the Branson [71], and 
Bischoff [74] model, for which the deflection prediction is given by Eq. 
(4) and (5). 

Ie = Ig*βd*
(

Mcr

Ma

)3

+

(

1 −

(
Mcr

Ma

)3
)

*Icr ≤ I g Ma≥Mcr (4)  

Ie =
Icr

1 −
(

Mcr
Ma

)2(
1 − Icr

Ig

) ≤ I g Ma≥Mcr (5)  

where Ig is the gross moment of inertia before cracking, Icr is the cracked 
moment of inertia, reduction coefficient βd = 1

5
ρf
ρfb 

, ρf is the FRP rein-

forcement ratio, ρfb is the FRP balanced reinforcement ratio, applied 
maximum moment on the T-section Ma = P

2 *a, cracked moment of the 

section Mcr =
fr Ig
yt

, modulus of rupture of concrete fr = 0.62
̅̅̅̅

f ′

c

√

. 
The cracked moment of inertia Icr is calculated from Eq. (6), based on 

the elastic analysis of the cracked FRP reinforced concrete section 
transformed into concrete, C is the neutral axis depth calculated by Eq. 
(7), bf is the flange width, bw is the web width, hf is the flange depth, and 
hw is the web depth, h is the section height, Af , A

′

f , AfTop , AfBot are the 
areas of bottom GFRP, top GFRP, top flange GFRP, bottom flange GFRP 
reinforcement, respectively, ηf , ηf ′ , ηfTop

, ηfBot 
are the elastic modulus 

ratios between bottom GFRP, top GFRP, top flange GFRP, bottom flange 
GFRP reinforcement and concrete, respectively, which can be calculated 

ηf =
Ef
Ec

, ηf ′ =
Ef ′

Ec
, ηfTOP =

EfTOP
Ec

, ηfBOT =
EfBOT

Ec
. df , df ′ , dfTop , dfBot are the depths 

of the bottom GFRP, top GFRP, top flange GFRP, bottom flange GFRP, 
respectively. 

Icr =
1
12

bf C3 +

(

bf C3
(

C3 −
C3

2

)2)

+
(
ηf Af

)(
df − C

)2
+
(

η’
f

− 1*Af ’

)(
df ’ − C

)2
+
(
ηfTOP − 1*AfTOP

)(
dfTOP − C

)2

+
(
ηfBOT AfBOT

)(
dfBOT − C

)2 (6)  

bf C
(

C −
C
2

)

+
(
ηf ′ Af ′

)(
C − df ′

)
+
(
ηfTOPAfTOP

)(
C − dfTOP

)

=
(
ηfBOT AfBOT

)(
dfBOT − C

)
+
(
ηf Af

)(
df − C

)
(7) 

As illustrated in Fig. 15, using the gross moment of inertia to predict 
the deflection before cracking results in a reasonable prediction of the 
load–deflection response for all GFRP reinforced concrete beams, except 
for G-GPC1, which was overstated due to the low reinforcement ratio, 
and the calculated modulus of rupture of geopolymer concrete was 
greater than the measured value. The effective moment of inertia 
anticipated by the initial modification in the slope of the expected 
load–deflection curve is acceptable for GFRP T-beams based on the 
Branson and Bischoff model. The predicted deflection curve for G- 
OPCC6 with normal concrete was more consistent with the experimental 
data up to 50 % of the total load capacity, beyond which, clearly less 
agreement is observed. 

6. Conclusions 

The following findings are derived from the experimental study 
provided in this paper: -.  

• Owing to the nature of concrete crushing, over-reinforced design 
often utilized for FRP-RC beams is less catastrophic and brittle than 
designing for FRP rupture.  

• The ultimate strain in geopolymer concrete is greater than that of 
conventional concrete, which is 0.003, as discussed by previous 
researchers.  

• It is possible to utilise ACI 440.2R-17 to anticipate the load capacity 
of the GFRP reinforced T-beams. However, the experimental load 
was underestimated due to the GFRP reinforced T-beams’ brittle 
behaviour.  

• The load–deflection curves of T-beams with GFRP bars are primarily 
composed of three segments: a steep linear branch corresponding to 
the beam’s uncracked response; a linear segment with a slightly 
reduced slope corresponding to the beam’s cracked response during 
the final stage of loading; and a descending linear segment following 
the GFRP bars’ rupture failure.  

• Increasing the bottom GFRP reinforcement ratio has a beneficial 
effect on load capacity and deflection reduction.  

• All tested beams exhibited a similar uncracked response, since the 
geopolymer concrete properties dictated the beam’s flexural per-
formance at this stage.  

• In beams G-GPC2 and G-OPCC6, GPC is compared to OPCC. In terms 
of structural performance, geopolymer concrete is comparable to 
ordinary Portland cement concrete.  

• In general, the ACI-440.4R-17 prediction equations overestimated 
the flexural capacity of the geopolymer reinforced concrete beams. 
However, the precision of the findings is mostly determined by the 
stress–strain relationship of geopolymer concrete under compres-
sion, this might be because the prediction used lower compressive 
strains (0.003) than the actual strains (0.0039–0.006), and the GFRP 
tensile strength fell short of the manufacturer’s specification. How-
ever, further research is needed to substantiate this generalisation. 

M.A. Hasan et al.                                                                                                                                                                                                                               



Structures 49 (2023) 345–364

363

• The effective moment of inertia of GFRP reinforced geopolymer 
concrete T-beams was predicted using both models. Both Bischoff 
and Branson models were appropriate at the initial stage but 
underestimated deflection towards the conclusion of the 
load–deflection curve, where the conventional concrete beam was 
more predictable in the early stages than the geopolymer concrete 
beams. 
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[70] Kara IF, Ashour AF, Köroğlu MA. Flexural behaviour of hybrid FRP/steel reinforced 
concrete beams. Compos Struct 2015;129:111–21. 

[71] Branson DE. Deformation of concrete structures. McGraw-Hill Companies 1977. 
ISBN-13:978–0070072404. 

[72] Benmokrane B, Masmoudi R. Flexural response of concrete beams reinforced with 
FRP reinforcing bars. Structural Journal 1996;93(1):46–55. 

[73] Toutanji HA, Saafi M. Flexural behaviour of concrete beams reinforced with glass 
fiber-reinforced polymer (GFRP) bars. Structural Journal 2000;97(5):712–9. 

[74] Bischoff PH. Deflection calculation of FRP reinforced concrete beams based on 
modifications to the existing Branson equation. J Compos Constr 2007;11(1):4–14. 

M.A. Hasan et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2352-0124(23)00119-4/h0280
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0280
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0280
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0285
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0285
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0285
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0290
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0290
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0290
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0295
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0295
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0300
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0300
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0300
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0305
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0305
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0305
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0310
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0310
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0315
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0315
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0325
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0325
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0330
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0330
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0335
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0335
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0335
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0340
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0340
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0345
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0345
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0350
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0350
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0355
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0355
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0360
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0360
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0365
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0365
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0370
http://refhub.elsevier.com/S2352-0124(23)00119-4/h0370

	Flexural behaviour of geopolymer concrete T-Beams reinforced with GFRP bars
	1 Introduction
	2 Experimental programme
	2.1 Materials
	2.1.1 Longitudinal and transverse reinforcement
	2.1.2 Geopolymer and conventional concrete

	2.2 Test specimens
	2.3 Test program and instrumentation

	3 Experimental results
	3.1 Crack propagation and Width
	3.2 Strains distribution against total load
	3.3 Failure modes
	3.4 Load and moment capacities
	3.5 Load deflection response

	4 Predicted moment capacity
	5 Prediction load–deflection response
	6 Conclusions
	Declaration of Competing Interest
	References


