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Abstract: With the rise in cement production required by conventional concrete, CO2 emissions
increase, causing pollution to the atmosphere. Geopolymer concrete (GPC) is investigated in the
literature as an eco-efficient alternative to conventional concrete (CC). However, most geopolymer
studies focus on studying the mechanical properties of GPC, with only limited investigations on
the structural performances of structural elements using GPC. The structural behaviors of GPC
elements are yet to be completely understood, and there are no current studies on investigating
the structural behaviors of geopolymer slag concrete. Thus, this paper investigates the flexural
performances of reinforced geopolymer slag concrete beams, focusing on the effects of different
beam depths and reinforcement ratios. Five full-scale ambient-cured reinforced geopolymer slag
concrete beams were tested under four-point flexure, in addition to one control conventional concrete
(CC) beam. The structural performances are evaluated, including the cracking moment, flexural
capacity, load–deflection relationship, and crack distribution. The results indicate that the flexural
behaviors of GPC beams are comparable to that of the CC beams. Compared to the CC beams, the
GPC beams have 7.4% higher flexural moment capacity, 60% lower stiffness, 28% lower ductility, and
18.3% higher toughness. Finally, the Egyptian code of practice ECP 203 and ACI 318 are found to be
applicable to safely design under-reinforced GPC flexural beam elements.

Keywords: beam; geopolymer concrete (GPC); slag concrete; conventional concrete (CC); alkali
activation; flexural behavior

1. Introduction

Geopolymer concrete (GPC) is a type of concrete made by reacting one or more of
alumina–silicate materials with an activator. In most cases, waste materials, such as fly ash
or slag from iron and metal products, are used in production of the geopolymer cement
which helps lead to a clean environment by reducing carbon dioxide emissions. Hence, the
chemical process could reduce the carbon dioxide emission by about 80% more [1] than
conventional cement. This concrete is an innovative, eco-friendly material that is used as a
replacement for conventional concrete.

The mechanical properties of GPC are investigated in many studies. First, it is well es-
tablished that the compressive strength of GPC develops more quickly than CC, reaching up
to 60 MPa in one day, and it can reach 92.9 MPa after 28 days as reported by Luan et al. [2].
Ashour et al. [3] reported that the geopolymer concrete reached 95% of its final compressive
strength in 7 days unlike the conventional concrete, which means that geopolymer concrete
can be more efficient in fast-track projects. One of the drawbacks of using GPC is that it
requires heat-curing to reach high strengths, but high GPC strengths in ambient curing is
possible. Hadi et al. [4] reported a compressive strength of 60.4 MPa after 7 days under
air-curing by utilizing pure slag as a main binder. Furthermore, Amer et al. [5] recently
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designed a geopolymer pure ground-granulated blast-furnace slag (GGBFS) concrete mix
that achieved adequate mechanical properties in addition to a high slump value using am-
bient curing, making this particular mix sufficiently practical. Other mechanical properties,
such as the bond behavior, were investigated in the literature. Fernandez-Jimenez et al. [6]
performed pull-out tests and discovered that the GPC bond property is superior to CC.
The steel bar broke before slippage from the GPC, while it slipped without breaking from
the CC. The maximum pull-out force between GPC and the steel bar was 40% higher than
that between CC and the steel bar. Pull-out tests were performed by Zhang et al. [7] on
GPC specimens embedded with smooth and ribbed rebars at room temperature and after
exposure to 100, 300, 500 and 700 ◦C. They noticed that GPC exhibits insignificant bond
strength reduction up to 300 ◦C, but suffers significant degradation thereafter. Both at room
temperature and after exposure to elevated temperatures, GPC has similar or better bond
properties than CC.

Slag, fly ash, silica fume and metakaolin are the most commonly used binder materials
in geopolymer concrete [8]. The reaction mechanisms of slag concrete are more complex
than the other binders due to the high CaO content. It was found that the presence of
Ca has a positive effect on the strength of ambient-cured concrete [9]. Thus, a slag-based
geopolymer mix, developed by Amer et al. [5], was chosen for this study.

The flexural behavior is the most important for beams, so it was investigated for GPC
beams. Sumajouw et al. [10] studied the structural behavior of fly ash-based geopolymer
reinforced concrete beams. They investigated the flexural failure of six under-reinforced
concrete beams with various reinforcement ratios. The flexural load-carrying capacity im-
proved as the tensile reinforcement ratio increased. Adak et al. [11] examined the flexural
behaviors of nano-silica modified fly ash-based geopolymer reinforced concrete beams and
found that the nano silica modified geopolymer concrete exhibits better structural perfor-
mances than the heat cured geopolymer concrete (without nano silica) and conventional
cement concrete samples. Ferdous et al. [12] studied the flexural behaviors of reinforced
GPC fly ash-based beams. The maximum load-carrying capacities of the GPC beams were
found to be higher than those of the corresponding CC beams in most cases. The GPC and
CC beams failed in nearly identical ways, with the same orders of crack diameter, number
of cracks, and flexural crack spacing. Du et al. [13] performed bending tests on geopolymer
concrete beams and conventional concrete beams, to investigate the effects of concrete
strength, rebar ratio and beam depth on the flexural performances. The test results revealed
that the flexural behaviors of the GPC beams were comparable to those of the CC beams.
When the beam depth increased, the flexural stiffness and load-carrying capacity of the
GPC beams were significantly improved. The load-carrying capacity increased significantly
as the rebar ratio increased, but the ductility decreased. It was noticed that the flexural per-
formance of GPC beams was unaffected by concrete strength. Moazzenchi and Oskouei [14]
examined the bending behavior of the geopolymer concrete beams and reinforced with
FRP and steel bars. Four-point flexural tests were carried out on geopolymer concrete and
cement concrete beams reinforced with steel, GFRP and CFRP bars. Geopolymer beams
reinforced with FRP rebars showed similar results to the reinforced cement beams, and the
ductility ratios of the FRP and steel reinforced geopolymer beams are 5% and 34% greater
than that of the reinforced OPC concrete, respectively, and these results were comparable to
the numerical investigations by Othman et al. [15]. Kumar and Bendapudi [16] investigated
the behaviors of geopolymer concrete with various proportions of cement replacement
with ground-granulated blast-furnace slag (GGBS) and added metakaolin. Experiments
were carried out on the control beams and beams with 100%, 70%, 50% and 30% GGBS and
metakaolin, respectively. They found that the load deflection relations of the conventional
concrete beams and geopolymer concrete beams are very similar. The cracking moments in
the geopolymer beams were lower than those in the conventional concrete beams. Increas-
ing the percentage of metakaolin with respect to GGBS reduces the load-carrying capacity
of the beams. Hutagi and Khadiranaikar [17] studied the bending behaviors of Geopolymer
Concrete (GPC) beams cured under ambient temperature. Twelve beams were tested under
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four-point bending. The percentage of tensile reinforcement and the compressive strength
of concrete were taken as the variables while the cross sections of the beams remain con-
stant. The results were found to be similar to those on the conventional cement concrete
reinforced beams. Vithiyaluxmi and Senthamilselvi [18] studied the geopolymer RC beams
with 30% scrap steel as coarse aggregate and compared with the conventional reinforced
cement concrete beams. They found that the performances of the geopolymer beams were
marginally better than the conventional beams. The ultimate load-carrying capacity, deflec-
tion, service load and ductility factor of the geopolymer beams were higher than those of
the conventional RC beams. It is also found that conventional RC theory is suitable to cal-
culate the moment capacity, deflection, and crack width of the geopolymer beams. Ahmed
et al. [19] investigated the flexural capacities of GPC (GFRP-RGPC) and ordinary Portland
concrete beams reinforced (GFRP-ROPC) with GFRP bars. Nine GFRP-RGPC beams and
three GFRP-ROPC beams were tested. The reinforcement ratio and concrete compressive
strength types were taken as the variables. Experimental results were compared with the
equations provided by ACI 440.1R-15, CSA S806-12, and parabolic stress block method.
The results showed the decrease in defection and the increase in the first cracking load
by increasing the compressive strength. A slight increase in the defection of the GFRP-
RGPC beams and approximately the same value of the ultimate load was observed. The
crack widths in the GFRP-RGPC beams are higher than those in the GFRP-ROPC beams.
The parabolic stress block method can better predict the flexural capacity rather than the
equations in ACI 440.1R-15 and CSA S806-12. Kumaravel et al. [20] studied the flexural
behaviors of geopolymer concrete (GPC) beams and control cement concrete beams. The
results show that the GPC beams exhibit increases in the flexural strength and deflections
at different stages, including service load and peak load stages. Subramanian et al. [21]
investigated the flexural behaviors of the geopolymer concrete beams reinforced with basalt
(BFRP) and glass (GFRP) fiber reinforced polymer rebars. They found that the basalt and
glass reinforced polymer beams demonstrated premature failure and sudden shear failure.
The FRP bars helped higher mid-span deflection, crack width and crack propagation, or
number and lower cracks spacing than steel bars. Maranan et al. [22] studied the flexural
behaviors of geopolymer-concrete beams longitudinally reinforced with a hybrid of GFRP
and steel bars. Seven geopolymer-concrete beams with different ratios and configurations
of GFRP-to-steel reinforcement were tested. The hybrid beams showed better serviceability
and ductility by up to 15% higher than the geopolymer-concrete beams reinforced with
GFRP bars only. Increasing the reinforcement ratio increased the overall beam performance.
The hybrid beams reinforced with tensile steel reinforcement and compressive GFRP rein-
forcement obtain higher stiffness and strength at concrete crushing than the beams with
hybrid tensile reinforcement. The previous literature indicates that the mix design of
geopolymer concrete has a significant effect on the flexural behaviors of GPC beams [23].
However, the mixes investigated in the literature are not practical for use in engineering
practice due to the extremely short setting time, or the required heat/steam-curing for GPC
to gain adequate mechanical properties, and there is a recommendation to use fibers in
geopolymer concrete, as it improves the mechanical characteristics of geopolymer concrete,
such as the flexural property [24,25].

Recent advancements in geopolymer mix design produced practical mixes that achieved
high compressive strengths and adequate slump values, but their use in structural elements
still needs to be investigated. Slag-based geopolymer concrete mixes proved their practical-
ity due to their adequate compressive strength in ambient curing [5]. However, there are
currently no studies on investigating the structural behaviors of slag-based geopolymer
concrete elements. Thus, this paper provides important results on the flexural behaviors
of slag-based geopolymer concrete beams. This study examines the effects of GPC beam
depth and reinforcement ratio on the flexural behaviors of reinforced GPC beams. The
load–deflection relationship, initial stiffness, post-yield stiffness, ductility, and cracking
behavior were examined. Furthermore, the structural behaviors of the GPC beams were
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compared to those of the CC beams, and the experimental results were validated according
to different design codes.

2. Mix Design
2.1. Raw Materials
2.1.1. Binder

Ordinary portland cement (OPC) for conventional concrete and ground-granulated
blast-furnace slag (GGBFS) for geopolymer concrete were used as binders in this study.
The used OPC was of grade 42.5 N as per BS-EN 197-1 [26]. Table 1 shows the chemical
compositions of the used OPC and GGBFS according to X-ray fluorescence (XRF) analysis.

Table 1. Chemical compositions of GGBFS and OPC by (wt. %).

Component SiO2 Al2O3 Fe2O3 Na2O CaO MgO K2O SO3 TiO2 Mn2O3

GGBFS 35.41 17.42 1.39 0.49 36.87 6.83 0.97 - 0.11 0.35
OPC 21.07 5.01 3.47 0.29 63.25 2.52 0.19 3.05 - -

2.1.2. Aggregate

Crushed limestone was used as coarse aggregate, with a nominal maximum size of
9.5 mm, bulk density of 1600 kg/m3 and specific gravity of 2.66. Natural sand was used
as fine aggregate, with nominal maximum size of 4.8 mm, fineness modulus of 2.89, bulk
density of 1640 kg/m3 and specific gravity of 2.55. Figure 1 shows the sieve analyses.
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Figure 1. Sieve analyses of the aggregates.

2.1.3. Activator

The activator composed of a mixture of sodium silicate (12% Na2O, 31% SiO2 and
57% H2O) and sodium hydroxide (60.25% Na2O and 39.75% H2O) solutions. The sodium
hydroxide solution was made by dissolving small solids of sodium hydroxide in potable
water, and the sodium silicate solution was obtained from a local producer.

2.2. Mix Proportion

Table 2 shows the mix proportion of slag geopolymer concrete (GPC) and conventional
concrete (CC) mixes to produce 1 m3 of mix.
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Table 2. Mix Proportions of the concrete mixes (kg/m3).

GGBFS OPC C. Agg. * F. Agg. ** NaOH Na2SiO3 Water Superplastizer ***

Conventional - 450 1058 710 - - 176 12.2
Slag Concrete

by Amer et al. [5] 450 - 1093 547 41 131 112 -

Note: * Coarse aggregate, ** Fine aggregate, *** Sikament®—163M.

2.2.1. Conventional Concrete Mix

The mix contained crushed limestone as coarse aggregate, natural sand as fine aggre-
gate and ordinary portland cement, and was mixed with water, having a water–cement
ratio of 0.39. Sikament®—163 M was used as superplasticizer admixture for reducing the
water to cement ratio without negatively affecting the workability of the mixture.

2.2.2. Geopolymer Concrete Mix

The mix developed by Amer et al. [5] was used here for its adequate compressive
strength and ambient curing, which makes its practical use feasible. Figure 2 shows the
mixing procedure for the slag geopolymer concrete mix. First, the alkali activator was
prepared by dissolving small solids of sodium hydroxide in potable water to make sodium
hydroxide solution. Then, it was mixed with the sodium silicate solution. The mixture was
left to cool down for three hours since it releases heat. The dry components were mixed
for two minutes to ensure homogeneity. Then, the prepared activator solution was slowly
poured into the pan mixer while mixing for another two minutes.
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2.3. Mechanical Properties
2.3.1. Concrete

A total of 21 cubic specimens (3 of them were conventional concrete cubes and 18 of
them were geopolymer concrete cubes) of 150 mm × 150 mm × 150 mm were prepared
to determine the compressive strength (fcu) according to BS EN 12390-1 [27]. Specimens
were removed from their molds after 24 h. The GPC specimens were immediately cured
in ambient air of temperature 33 ± 2 ◦C (summer season) until testing, while the CC
specimens were first water-cured for 7 days before leaving them in ambient air. Three
prismatic specimens of 500 mm × 150 mm × 150 mm were used to determine the modulus
of rupture (fctr) of each mix subjected to a three-point loading test according to ASTM
C293 standard [28]. Finally, the moduli of elasticity (Ec) were determined for the CC and
GPC mixes using three cylindrical specimens of 150 mm dia. × 300 mm for each mix
according to the ASTM C469 standard [29]. The slump tests were performed directly after
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mixing according to the ASTM C143 standard [30], and the average value was found to
be 215 mm. Despite the high slump values, the used geopolymer mix had a relatively
low setting time. Hence, more investigations on increasing the setting time of pure slag
mixes are required. Table 3 provides the average mechanical properties of the two mixes
after 28 days. The compressive strength of the GPC is higher than that of the CC by
approximately 13.8% for the same binder content, but the modulus of rupture and elasticity
of the GPC are lower than those of the CC by 24.7% and 27.7%, respectively.

Table 3. The mechanical properties of all mixes after 28 days.

Property GPC CC

Compressive strength fcu (MPa) 51.62 45.36
Modulus of rupture fctr (MPa) 4.38 5.46
Modulus of elasticity Ec (GPa) 25.10 32.30

2.3.2. Reinforcing Steel

High tensile steel bars with diameters of 10, 12 and 16 mm are used. Table 4 provides
the mechanical properties of the used reinforcing steel bars of different diameters.

Table 4. Properties of reinforcing steel bars.

10 mm Diameter
(T10)

12 mm Diameter
(T12)

16 mm Diameter
(T16)

Yield stress (MPa) 542.30 519.60 558.40
Ultimate stress (MPa) 705.10 680.60 779.20

Young's modulus (GPa) 231.20 246.20 248.60

3. Experimental Plan
3.1. Details of the Test Specimens

Five GPC beams and one reference CC beam were tested in total. All beams had the
same 2000 mm overall length, an 1800 mm effective span, a 150 mm width, and a 10 mm
clear cover. Figure 3 shows the concrete dimensions and the reinforcement of all beam
specimens. T10 stirrups with a 100 mm spacing along the beam span were used to avoid
shear failure, and all beams were under-reinforced to ensure a ductile failure due to the
yielding of steel reinforcement. Two steel bars with a 10 mm diameter (T10) are used
as top reinforcement for all tested beams. The beam specimens had various depths and
reinforcement ratios. Table 5 provides the test parameters of the tested beams.
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Table 5. Beam test parameters.

Beam Label * Bottom
Reinforcement

Reinforcement
Ratio, ρ

Total Depth
(mm), t

CC-2T10-300 2T10 0.37% 300
GPC-2T10-300 2T10 0.37% 300
GPC-2T12-300 2T12 0.53% 300
GPC-2T16-300 2T16 0.95% 300
GPC-2T10-250 2T10 0.45% 250
GPC-2T10-350 2T10 0.31% 350

* The first part of the beam label indicates the mix type: CC for Conventional Concrete, and GPC for Geopolymer
Concrete. The second part of the beam label indicates the number of bars and the diameter of the bottom
reinforcement. The last part of the beam label indicates the overall beam depth.

3.2. Test Setup and Procedure

Beams were tested for flexure under four-point symmetric loading test as shown in
Figure 4. The spacing between two-point loadings was 600 mm to ensure the pure bending
and zero shear region between them as illustrated in Figure 5. A digital load cell was used
in the testing procedure. The capacity of the load cell was 5000 kN with a loading rate
1.25 kN per second and was installed at the mid-span of the beam. The beam deflection was
measured by three linear variable differential transformers (LVDTs), with one placed at the
mid-span and two at the third of span from each side. As shown in Figure 6a,b, two groups
of strain gauges were used to monitor the strain components at the specified locations. The
first group was the steel reinforcement gauges that were glued on the bottom reinforcing
bars at the mid-span of the beam. The second group was the concrete strain gauges, and
they were mounted on the top and bottom faces of the mid-span of the beam. The loads,
deflections and strains were measured using a data acquisition system. The readings from
the load cell and other measurement devices were recorded by a data logger.
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4. Results and Discussion
4.1. Cracks Distribution

Figure 7 shows the crack distributions for all beam specimens. While increasing the
applied load, the widths of the pervious observed cracks increased and new cracks were
generated for the cracks initiated in the pure bending zone. When the load exceeded a
specific value, diagonal cracks started to develop along the shear span. By comparing
Figure 7a,b, the crack patterns in the GPC beams occurred first, with longer cracks and
larger crack numbers than those occurring in the CC beams, which supports previous
findings [13,31]. Table 6 shows the numbers of shear and flexural cracks in different
specimens, in addition to the crack widths. The crack widths are calculated at the service
load according to ECP203 [32] as shown in Equation (1). Compared to the CC beams, the
equivalent GPC beams have wider crack widths and a larger number of flexural cracks,
indicating a better energy dissipation.



Buildings 2022, 12, 1554 9 of 17Buildings 2022, 12, x FOR PEER REVIEW 9 of 18 
 

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 7. Cracks distribution patterns for all tested beams. (a) CC—2 T 10—300, (b) GPC—2 T 10—
300, (c) GPC—2 T 12—300, (d) GPC—2 T 16—300, (e) GPC—2 T 10—250, (f) GPC—2 T 10—350. 

Table 6. Flexural and shear cracks. 

Specimens Flexural Cracks Shear Cracks Crack Width (mm) 
CC-2T10-300 5 1 0.23 

GPC-2T10-300 7 1 0.26 
GPC-2T12-300 9 2 0.24 
GPC-2T16-300 12 5 0.22 
GPC-2T10-250 6 - 0.27 
GPC-2T10-350 9 1 0.21 

As the rebar ratio increased, the average spacing of the developed cracks of the GPC 
beams decreased, and the length and number of cracks increased. The crack initiation was 
also delayed with the increasing rebar ratio in the GPC beams, since the flexural capacity 
increased with the increasing rebar ratio. This also resulted in more shear cracks in speci-
men GPC-2T16-300. Increasing the GPC beam depth increased the average spacing be-
tween the developed cracks, the crack length, and the number of cracks. The crack for-
mation was delayed with the increasing beam depth due to the increased capacity. Over-
all, the failure mechanisms of the GPC beams are similar to those of the CC beams in terms 
of nominal crack size and distribution, similar to the previous investigations in the litera-
ture [12,13,31,33]. 𝑊 =  𝛽𝜀 𝑆  (1) 

where:  𝛽 is the coefficient relating to average crack width and 𝛽 = 1.7, 𝜀  is the mean steel strain, 𝑆   is the mean crack spacing in mm. 

4.2. Load–Deflection Relationship 
Figure 8a,b show the load–deflection curves of the tested beams, with Figure 8a for 

comparing the tested beams with different rebar ratios and Figure 8b for comparing the 
tested beams with different depths. The load–deflection curves of the GPC beams are ap-
proximately similar to those of the CC beams, as previously found in the literature 
[12,13,31,33]. The load–deflection curves are divided into three zones: (1) pre-cracking 
zone, where the load deflection curves linearly increase without any noticeable cracks; (2) 
pre-yield stage, where cracks start to appear, the crack width increases as the load in-
creases and cracks extend to the top of the beam, which decreases the flexural stiffness; 
(3) post-yield stage, where more cracks appear and the bottom steel bars yield. 

Figure 7. Cracks distribution patterns for all tested beams. (a) CC—2 T 10—300, (b) GPC—2 T
10—300, (c) GPC—2 T 12—300, (d) GPC—2 T 16—300, (e) GPC—2 T 10—250, (f) GPC—2 T 10—350.

Table 6. Flexural and shear cracks.

Specimens Flexural Cracks Shear Cracks Crack Width (mm)

CC-2T10-300 5 1 0.23
GPC-2T10-300 7 1 0.26
GPC-2T12-300 9 2 0.24
GPC-2T16-300 12 5 0.22
GPC-2T10-250 6 - 0.27
GPC-2T10-350 9 1 0.21

As the rebar ratio increased, the average spacing of the developed cracks of the GPC
beams decreased, and the length and number of cracks increased. The crack initiation
was also delayed with the increasing rebar ratio in the GPC beams, since the flexural
capacity increased with the increasing rebar ratio. This also resulted in more shear cracks
in specimen GPC-2T16-300. Increasing the GPC beam depth increased the average spacing
between the developed cracks, the crack length, and the number of cracks. The crack
formation was delayed with the increasing beam depth due to the increased capacity.
Overall, the failure mechanisms of the GPC beams are similar to those of the CC beams in
terms of nominal crack size and distribution, similar to the previous investigations in the
literature [12,13,31,33].

Wk = βεsmSrm (1)

where:

β is the coefficient relating to average crack width and β = 1.7,
εsm is the mean steel strain,
Srm is the mean crack spacing in mm.

4.2. Load–Deflection Relationship

Figure 8a,b show the load–deflection curves of the tested beams, with Figure 8a for
comparing the tested beams with different rebar ratios and Figure 8b for comparing the tested
beams with different depths. The load–deflection curves of the GPC beams are approximately
similar to those of the CC beams, as previously found in the literature [12,13,31,33]. The
load–deflection curves are divided into three zones: (1) pre-cracking zone, where the load
deflection curves linearly increase without any noticeable cracks; (2) pre-yield stage, where
cracks start to appear, the crack width increases as the load increases and cracks extend to
the top of the beam, which decreases the flexural stiffness; (3) post-yield stage, where more
cracks appear and the bottom steel bars yield.
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Figure 8. Load–deflection relationship for the tested beams. (a) For different reinforcement ratios,
(b) For different beam depths.

Compared to the CC beam of the same depth and rebar ratio, the GPC beam has 90.3%
higher deflection at yielding, and 48.8% higher deflection at failure. It also has 15.2% higher
yield load and 7.4% higher failure load. Previous studies on the fly ash-based geopolymer
concrete beams indicated that the geopolymer beams had 37–62% higher yield deflections
and 20–35% higher failure deflections compared to the CC [31]. The studies [13,31] also
showed that the geopolymer beams had 98–154% of the yielding load of the equivalent CC
beam, and 100–146% of the failure load of the equivalent CC beam, all depending on the
geopolymer concrete mix design.

Table 7 shows the key load and deflection results. For the GPC beams of the same
total depth, increasing the reinforcement ratio from 0.37% to 0.95% reduced the deflection
at yielding and failure by 9% and 17.4%, respectively, and increased the yielding and
failure loads by 224% and 230%, respectively. Previous investigations indicated similar
deflection behaviors where increasing the reinforcement ratio decreased the yield and
failure deflections [10,13,17,31]. Finally, for the GPC beams with the same reinforcement
and variable beam depths, increasing the beam depth from 250 mm to 350 mm reduced
the deflections at yielding and failure by 52.6% and 32.5%, and increased the yielding and
failure loads by 36.3% and 40.1%.

Table 7. Comparisons of the initial stiffness, post yield stiffness, ductility index and toughness.

Specimens Py
(kN)

Pu
(kN)

∆y
(mm)

∆u
(mm)

K1
(kN/mm)

K2
(kN/mm) µ ∆

Toughness
(Joule)

CC-2T10-300 66.5 85.3 3.8 16.2 17.50 1.52 4.26 3368
GPC-2T10-300 76.6 91.6 7.23 24.1 10.59 0.89 3.33 3985
GPC-2T12-300 86.6 114.0 7.08 22.7 12.23 1.75 3.21 4605
GPC-2T16-300 172.0 211.0 6.58 19.9 26.14 2.93 3.02 6320
GPC-2T10-250 58.9 69.02 10.12 28.2 5.83 0.56 2.79 3055
GPC-2T10-350 80.3 96.7 4.8 19.03 16.73 1.15 3.96 4865

4.3. Strains in the Concrete and Steel Bars

Load–strain curves are used mainly to determine the yielding load and yielding
deflection, which are used to determine the ductility index and stiffness of the tested beams.
Figure 9a,b show the compressive strains of the concrete at the mid-span of the beam
specimens. Figure 10 shows the tensile strains of the steel at the mid-span of the beam
specimens, with Figure 10a comparing the tested beams with different rebar ratios and
Figure 10b comparing the tested beams with different depths. The GPC and CC beams
showed similar load–strain trends as there are approximate linear load–strain behaviors
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for both steel and concrete until steel yielding. Then, the strains of both steel and concrete
rapidly increased until the strain gauges failed. Both the rebar and concrete strains remained
unchanged for the increasing depth and reinforcement ratios. However, increasing the rebar
ratio increased both rebar and concrete strains at failure, while increasing the beam depth
reduced both rebar and concrete strains at failure. These results are similar to previous
investigations on geopolymer flexural members [22].
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4.4. Stiffness, Ductility and Toughness

The stiffness of the beam can be defined as the slope of the load–deflection curve. The
pre-yield stiffness (K1) and the post-yield stiffness (K2) are given by Equations (2) and (3).
The ductility index (µ∆) is also calculated as shown in Equation (4). The ductility of the
beam can be defined as the ratio of the deflection at the yield load to the deflection at the
ultimate load.

K1 =
Py

∆y
(2)
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K2 =
Pu − Py

∆u − ∆y
(3)

µ ∆ =
∆u

∆y
(4)

where:

K1 is the pre–yield “initial” stiffness in kN/mm,
Py is the yielding load in kN,
∆y is the deflection at the yielding load in mm,
K2 is the post–yield “effective” stiffness in kN/mm,
Pu is the ultimate load in kN,
∆u is the deflection at the ultimate load in mm.

Table 7 shows the flexural stiffness, ductility and toughness values of the beam speci-
mens. Reductions in the modulus of elasticity and the initial stiffness of the GPC compared
to the equivalent CC beams were reported in previous studies [13,33]. For the same depth
and reinforcement ratio, the initial and effective stiffness of the GPC beams are lower than
those of the CC beams by approximately 60%. The modulus of elasticity of the GPC is
also lower than that of the CC by approximately 30%. This is expected since the initial
flexural stiffness is affected by the modulus of elasticity. The ultimate loading capacity of
the GPC beams is slightly larger than that of the CC beams by 7.4%. Previous investigations
found up to 46% load capacity increment [13,31,34]. The deflection of the GPC beams is
48% higher than that of the CC beams, which is similar to the findings by Jeyasehar et al.
who observed up to 35% higher deflection in the geopolymer beams compared to the CC
beams [31].

The GPC beams showed less ductile behaviors than the CC beams as the ductility
values of the GPC beams were 28% lower than that of the equivalent CC beam. Previous
investigations found the ductility of fly ash beams to be 92–101% of that in the equivalent
CC beam [13]. The toughness (energy absorption) of the beams was determined as the
area under the load–deflection curve [35]. For the same depth and reinforcement ratio, the
toughness of the GPC beams is found to be higher than the equivalent CC beam by up to
approximately 18.3%, indicating a better energy dissipation. This is also supported by the
wider crack distributions in the GPC beams.

Figures 11–13 show the values of the initial and effective stiffnesses, ductility index
and toughness for the Geopolymer tested beams, with Figures 11a, 12a and 13a for different
rebar ratios and Figures 11b, 12b and 13b for different beam depths. When the rebar ratio
increased from 0.37% to 0.95%, the cracking moment increased by 24%, the initial stiffness
increased by 147%, the effective stiffness increased by 229%, and the toughness increased
by 58.6%. The ductility index decreased by 10.2% with the increasing rebar ratio. Having
a higher rebar ratio corresponds to a higher energy dissipation, which is evident in the
wider crack distribution shown in Figure 7d for beam specimen GPC-2T16-300. This led to
tougher, more brittle behavior for the GPC beam with a higher rebar ratio.

When the beam depth increased from 250 mm to 350 mm, the initial stiffness increased
by 181%, the effective stiffness increased by 105%, the toughness increased by 59%, and
the ductility index increased by 42%. Increasing the beam depth increased the section
inertia, which increased the stiffness. Additionally, for the same reinforcement (2T10),
increasing the beam depth reduced the rebar ratio (from 0.45% to 0.31%). This reduction in
the reinforcement ratio led to less tough, more ductile behavior. Similar relations between
the rebar ratio and the ductile behavior of GPC beams have also been asserted in previous
research [13].
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4.5. Cracking and Ultimate Moments

Table 8 shows the experimental and predicted cracking moments. The predicted
cracking moment is calculated with Equation (5). The experimental cracking moment
is smaller by an average of 10% for all beams. The experimental cracking moments are
reduced because of the additional stresses resulting from shrinkage and the presence of
hair cracks due to temperature effects. For the same beam depth and reinforcement ratio,
the experimental cracking moment of the GPC beams was less than that of the CC beams,
since the modulus of rupture of the GPC is found to be lower than the modulus of rupture
of the CC.

Mcr =
fctr Ig

yt
(5)

where:

Mcr is the theoretical cracking moment in kNm,
fctr is the modulus of rupture of concrete in kN/m2,
Ig is the gross moment of inertia of beam section in m4,
yt is the distance from the tension side of beam to the neutral axis in m.

Table 8. Experimental and theoretical cracking and ultimate moments of the tested beams.

Specimens
Mcr (kNm) Mu (kNm) by

ECP203 Mn (kNm) by ACI318

Mexp Mtheo Mexp/Mtheo Mexp Mtheo Mexp/Mtheo Mtheo Mexp/Mtheo

CC-2T10-300 12.0 14.2 0.85 25.59 23.47 1.09 23.48 1.09
GPC-2T10-300 9.9 11.4 0.87 27.48 23.56 1.17 23.58 1.17
GPC-2T12-300 10.8 11.8 0.92 34.2 32.01 1.07 32.16 1.06
GPC-2T16-300 12.3 12.9 0.95 63.3 58.42 1.08 59.19 1.07
GPC-2T10-250 7.5 8.0 0.93 20.7 19.31 1.07 19.32 1.07
GPC-2T10-350 12.6 15.2 0.83 29.01 27.82 1.04 27.83 1.04

Notes: Mcr—cracking moment, Mu—ultimate moment, Mn—nominal moment, Mexp—experimental results,
Mtheo—predicted results.

The predicted ultimate moment is calculated with Equation (6) according to ECP203 [32]
and calculated with Equation (7) according to ACI318 [36]. For the beams with the same
depth and reinforcement ratio, the ultimate moment of the GPC beam was 7.4% higher than
that of the CC beam. Furthermore, the experimental-to-predicted ultimate moment ratio for
the GPC beams ranged between 1.04 and 1.17 with an average of 1.09, compared to 1.09 for
the CC beam. This indicates that the design codes ECP203 and ACI 318 could be used to
design flexural GPC beams. Previous investigations used other building codes to validate
the tested geopolymer concrete beams. The test to prediction moment ratios of the GPC
beams were found to be 0.98–1.28 as per AS3600 [10] and 0.95–1.10 as per GB50010 [13].

a =
fy As

2
3 fcu b

(6)

Mu = fy As

(
d− a

2

)
(7)

where:

Mu is the theoretical ultimate moment in kNm,
fy is the steel yielding stress in MPa,
As is the main steel area in mm2,
d is the effective depth of beam in mm,
a is the concrete compression zone depth in mm,
b is the beam width in mm.
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β1 = 0.85−
0.05 ( f ′c − 28)

7
≥ 0.65; for 28 MPa < f ′c < 55 MPa (8)

c =
fy As

0.85 f ′c β1 b
; (9)

Mn = fy As

(
d− β1 c

2

)
(10)

where:

Mn is the unfactored theoretical nominal moment in kNm,
f ′c is the cylinder compressive strength of concrete in MPa,
β1 is the ratio of the depth of the equivalent stress block to the actual neutral axis depth.

Generally, increasing the rebar ratio led to the improvements in the moment capacity,
effective stiffness and toughness, but did not improve the ductility. On the other hand,
increasing the beam depth with constant reinforcements led to the improvement in the
ductility in addition to the moment capacity, effective stiffness and toughness. Figure 14
shows the cracking and ultimate moments for the tested GPC beams, with Figure 14a
for different rebar ratios and Figure 14b for different beam depths. When the rebar ratio
increased from 0.37% to 0.95%, the cracking moment increased by 24%, and the ultimate
moment increased by 130%. Previous investigations also reported 56–71% increases in the
cracking moment for increasing the reinforcement ratio from 0.66% to 2.71%, depending on
the mix strength [13]. Additionally, when the beam depth increased from 250 mm to 350 mm,
the cracking moment increased by 68% and the ultimate moment increased by 40%.
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5. Conclusions

This study investigates the effects of the beam depth and rebar ratio on the flexural
behaviors of the ambient-cured slag geopolymer concrete beams. The results presented in
this research are limited to the dimensions, reinforcements and loading conditions studied.
The main conclusions derived from the results can be summarized as follows:

1. The load-carrying capacity of the GPC beams increased with increasing both the beam
depth and rebar ratio. Compared to the CC beams, the flexural moment capacity
of the reinforced GPC beams was 7.4% higher, and the cracking moment was 17.5%
lower due to the lower modulus of rupture.

2. The initial and effective stiffnesses of the GPC beams increased with increasing both
the beam depth and rebar ratio. Compared to the CC beams, the initial and effective
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stiffnesses of the GPC beams were lower by 60%. Furthermore, the deflection of the
GPC beams was 48.7% higher due to their lower modulus of elasticity.

3. Increasing the beam depth significantly increases the beam ductility but using a higher
rebar ratio decreases the beam ductility. However, the toughness of the GPC beams
increased by increasing either beam depth or rebar ratio. Compared to the CC beams,
the ductility of GPC beams was 28% lower, and the toughness was 18.3% higher.

4. The crack distributions of the GPC beams occurred earlier, in more numbers and
longer than those appearing in the CC beams. As the rebar ratio increased, the
appearance of the cracks was retarded, and the average spacing of the developed
cracks on the GPC beams decreased and the number of cracks increased. Increasing
the GPC beam depth led to the delay in the occurrence of the cracks and the increase
in the average spacing of the developed cracks.

5. The Egyptian code of practice ECP203 and ACI318 should be applicable in predicting
the flexural moment capacity of under-reinforced GPC beams.

6. Future Recommendations

Though this study presents important results on the flexural behaviors of the slag-
based geopolymer concrete beams, the literature is still lacking. More studies on the
effects of different mix designs on the structural behaviors of geopolymer concrete ele-
ments. Beside the flexural behaviors, the shear behaviors of geopolymer concrete members
should also be investigated. Finally, the behaviors of other geopolymer concrete structural
members, e.g., slabs, columns, etc., should be studied.
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