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ABSTRACT

This research first determined the strength of the cylindrical geopolymer concrete materi-
als under compressive stresses. Secondly, conventional and geopolymer-reinforced concrete 
beams were manufactured in different reinforcement ratios, and their mechanical properties 
were compared under bending. The main aim of this study is to experimentally compare the 
effect of reinforcement ratio on the ductility behavior of an alkali-activated geopolymer con-
crete (GPC) beam with that of an ordinary Portland cement (OPC) beam. First, balanced 
reinforcement calculations were made considering the mechanical properties obtained from 
the material tests. The load-displacement, moment-curvature, and crack development results 
obtained from beam tests are interpreted with this information. OPC and GPC beams exhibit-
ed similar strength and crack development behavior. However, the behavior of GPC and OPC 
concretes differs regarding the ductility index. Therefore, to achieve similar ductility in the 
conduct of GPC and OPC beams, the balanced reinforcement ratio and section dimensions of 
GPC beams should be chosen to be larger than OPC.
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1. INTRODUCTION

The production of Ordinary Portland Cement (OPC) 
harms the environment, which has sparked intense interest 
in creating new varieties of "green" geopolymer concrete. 
It is necessary to demonstrate the applicability of current 
design procedures or develop new design methodologies if 
geopolymer concretes are widely used in practice [1]. Da-
vidovits invented geopolymer concrete (GPC) with supe-
rior properties in 1974 by using materials such as Silicon 
(Si) and Aluminium (Al) rich fly ash activated with alka-
line liquids instead of Portland cement (OPC) as a bind-
er in concrete [2–4]. Alkaline liquids are concentrated 

aqueous alkali hydroxide or silicate solutions with soluble 
alkali metals, usually based on sodium (Na) or potassium 
(K). Highly alkaline liquids dissolve silicon and aluminum 
atoms in the source materials and form the geopolymeric 
binder. Efficiency in the production of geopolymer concrete 
is highly dependent on the types of aluminosilicate sources 
and activators [5, 6]. The raw material used as a source, al-
kaline solution concentrations, and curing conditions play 
an essential role in increasing the strength of geopolymer 
concrete by improving the polymerization process. The ex-
perimental results demonstrate that geopolymer concrete's 
mechanical qualities rise as the activator/binder ratio in-
creases and the water/binder ratio decreases [7]. However, 
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the development of this material is still in its infancy. Fur-
ther progress is needed to deal with the safety risk associ-
ated with the activating solution's high alkalinity and the 
polymerization reaction's hypersensitivity to temperature 
[8–10]. The advantages of geopolymer concrete are its high 
compressive and tensile strength, rapid strength gain, low 
shrinkage, and high temperature and chemical resistance 
[11–15]. Despite these advantages, the practical use of geo-
polymer concrete is quite limited. The main reason for its 
limited practical use is insufficient research on building el-
ements, design, and application studies [16].

In the literature research, shear and bending behaviors 
of fly ash-based geopolymer-reinforced concrete beams 
were investigated structurally under chemical composition, 
reinforcement ratio, glass fiber content, and steel fiber use. 
The first studies on the structural behavior of fly ash-based 
geopolymer concrete beams were made by Sumajouw et al. 
[17] They tested the bending behavior of six reinforced con-
crete beams with variable reinforcement ratios. As a result, 
it was determined that the flexural strength increased de-
pending on the increase in the reinforcement ratio, as in the 
behavior of conventional reinforced concrete beams. In an-
other study, sixteen reinforced concrete geopolymer beams 
with varying tensile reinforcement ratios (0.64–2.69%) and 
concrete compressive strength (37–76 MPa) were tested by 
M. Sumajouw and Rangan [18]. The effect of reinforcement 
ratio on geopolymer concrete beams in terms of bending ca-
pacity and ductility was similar to conventional reinforced 
concrete beams. In parallel studies, it has been reported that 
the flexural behavior of fly ash-based geopolymer concrete 
beams is identical to traditional reinforced concrete beams, 
such as initial cracking load, crack width, load-deflection 
relationship, bending stiffness, ultimate load, and failure 
mode [19–27]. The bending behaviors of geopolymer-re-
inforced and cementitious reinforced concrete beams were 
investigated by numerical analysis (ANSYS APDL) and 
confirmed by experimental studies. The deflection in the 
GPC beam was higher than in the OPC beam, and better 
crack propagation was found in the GPC beam than in the 
OPC beam. The applied specifications state the hat GPC 
beam is a better alternative material for the beam [28]. It 
was determined by Jeyasehar et al. [29] that the initial crack 
load of geopolymer concrete beams was higher when com-
pared to conventional cement-based concrete beams, but 
crack width, mid-span deflection, and final load were lower.

Another study for bending and deflection calculations 
evaluated the applicability of the ACI 318-2019 code for 
geopolymer concrete beams. It has been stated that a suit-
able model is needed to calculate the flexural strengths and 
deflections of geopolymer concrete beams after the first 
crack formation [30]. When adding glass fiber or steel fiber 
and hybrid propylene while manufacturing fly ash-based 
geopolymer-reinforced concrete beams, the bending capac-
ity increased by 30–35% [31, 32]. Sathish Kumar et al. [33] 
experimentally tested the shear strength of geopolymer con-
crete beams by adding triple-blended hybrid fibers. Fracture 
beams were compared by adding steel and polypropylene 
fiber at different rates. As a result, combining hybrid fibers 

improved the shear strength and changed the fracture type 
of the beams from shear to bending. However, the disadvan-
tage of GPC beams is that they exhibit a more ductile be-
havior than OPC beams, and as a result, more small cracks 
occur in GPC beams compared to OPC beams [34].

On the other hand, the research conducted by Mourou-
gane et al. [35] revealed that geopolymer concrete beams have 
higher shear strength in the range of 5–23% than convention-
al cement-based concrete beams. Based on research on a se-
ries of shear-critical geopolymer concrete beams with varying 
longitudinal and transverse reinforcement ratios, Chang con-
cluded that the calculation method applied for conventional 
concrete beams could also be safely used to predict the shear 
strength of geopolymer concrete beams [36]. In the results of 
direct shear tests (shear aperture ratio) conducted by Visintin 
et al. [1], it was determined that the shear friction properties 
of the geopolymer concrete used in the experimental research 
behaved similarly in range to the shear friction properties of 
the commonly used OPC concrete.

This study compared the flexural behaviors of OPC (3 
specimens) and GPC (3 specimens) beams with various 
reinforcement ratios, targeting an average strength of 30 
MPa. To calculate the balanced reinforcement ratio, the 
compressive strength and mechanical properties of OPC 
and GPC concrete were determined by conducting prelim-
inary material tests on cylindrical samples of Ø100 x 200 
mm dimensions. This way, the stress-strain relationship 
and stress block design parameters of fly ash-based GPC 
and OPC were investigated for the balanced reinforcement 
ratio calculation. The equivalent pressure block height (a) 
at the moment of strain corresponding to the maximum 
stress of the cylindrical GPC specimens is approximately 
30% higher than that of the OPC specimens [37]. Therefore, 
the balanced reinforcement ratio calculated for GPC con-
crete was larger. At the end of the experimental study, GPC 
beams were compared with OPC beams in load-displace-
ment and moment-curvature relations. Similarities and 
differences were revealed regarding behavior and strength 
[38]. Although GPC beams exhibit similar properties to 
OPC beams in terms of maximum strength and crack de-
velopment, increasing the beam section and reinforcement 
ratio is necessary for similar ductility in behavior.

1.1. Research Significance
In recent years, it has been revealed that geopolymer 

concrete (GPC) has superior properties compared to Port-
land cement concrete (OPC). However, more research is 
needed before GPC can be used in any area where OPC is 
used. With the increasing population and rapid urbaniza-
tion, the demand for concrete is increasing exponentially. 
In addition, due to OPC production, 7–8% of CO2 emis-
sions are essential in improving the effect of greenhouse 
gases in the atmosphere. For these reasons, research on us-
ing fly ash material in the waste product class in concrete 
production is essential in making concrete more environ-
mentally friendly. Previous studies have shown that the 
mechanical characteristics of geopolymer concrete, such 
as compressive strength and tensile strength, are superior 
to those of OPC concrete [39–45]. However, compared to 
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typical cement-based concrete, geopolymer concrete has a 
lower elastic modulus [37, 41, 46–48]. Using geopolymer 
concrete as a structural element has no detrimental effect 
on load-bearing capacity, and the geopolymer concrete 
members could be safely designed following existing stan-
dards of practice [49]. However, more research is needed 
to accelerate the use of geopolymer concrete in large-scale 
field applications and provide more practical and cost-ef-
fective design guidelines for its use in structural members.

In the Research Significance section of the manuscript, 
the authors state the purpose of their study, which is to 
investigate the mechanical performance of GPC beams 
reinforced with steel bars. The survey results will assist 
in understanding the behavior of GPC beams and their 
load-carrying capacity and ductility. This information 
could potentially lead to the developing of more optimized 
and sustainable structural designs for buildings and infra-
structures. Therefore, the study is significant as it advances 
construction materials and engineering knowledge.

2. MATERIALS AND METHODS

2.1. Materials
Low calcium fly ash (ASTM Class F) supplied from the 

İsken Sugözü Power Plant was used as the primary materi-
al in the production of geopolymer concrete. The chemical 
composition of the fly ash determined for this power plant 
based on XRF analysis is given in Table 1. Accordingly, the 
sum of x, y, and z being more than 70% indicates that the 
ash taken from the İsken Sugözü Power Plant meets the tar-
geted strength and behavior requirements. Its specific grav-
ity was 2.35 on average.

The research used a mixture of NaOH and Na2SiO3 solu-
tions as an alkali activator. NaOH grains in the form of pal-
lets used in sodium hydroxide solution are 98% pure. To pre-
pare a 14 M sodium hydroxide solution, 560 grams of NaOH 
was added to 1 Liter of water. Before adding the NaOH solu-

tion to the concrete mix, it was kept at room temperature 
for 24 hours. The mixing ratios of the Na2SiO3 solution are 
Na2O=13.5–15%, SiO2=27–30%, H2O=48–50% and the mass 
density is 1510 kg/m3. Crushed stone with a 7–11 mm diam-
eter was used as coarse aggregate, and river sand was used as 
fine aggregate. To reduce the absorption of water and chem-
icals by the aggregate, the moisture content of the fine aggre-
gate was kept as close to the saturated surface dry as possible.

2.2. Mixing Ratios
To reach the optimum ratio of various components of 

GPC concrete, preliminary studies have been conducted 
and published [50]. Accordingly, the parameters held con-
stant in the current study include the aggregate content by 
weight (0.75), the ratio of fine aggregate to total aggregate 
(0.35), the proportion of alkali to fly ash by mass (0.60), and 
the ratio of Na2SiO3 to NaOH (1.5). The amount of material 
required to produce 1 m3 of GPC concrete according to the 
above ratios is given in Table 2 in kg.

While preparing the mixture, primarily coarse aggre-
gate, fine aggregate, and fly ash were mixed for 3 minutes 
in a 125 dm3 concrete mixer. Afterward, the previously pre-
pared Na2SiO3 and NaOH solutions were added to the mix-
ture mortar one after the other for two more minutes. No 
water or plasticizer was added to the mixture during the to-
tal mixing period of 5 minutes. In the literature, it has been 
recommended that alkaline liquid be prepared by mixing 
sodium silicate and sodium hydroxide solutions and react-
ing thoroughly for at least 24 hours before use [22]. How-
ever, such an application was not made in the study since it 
was determined to accelerate the setting time. Furthermore, 
since 14 M sodium hydroxide causes the presence of excess 
NaOH ions, it leads to rapid and early precipitation of the 
aluminosilicate gel, leading to rapid hardening and inhib-
iting the formation of other geopolymeric precursors [51].

2.3 Experiment Samples
GPC and OPC beams with dimensions of 150 mm 

width, 200 mm depth, and 1100 mm span length were pro-
duced, targeting a compressive strength of 30 MPa as the 
intended strength and varying tensile reinforcement ratios. 
Tensile reinforcement ratios were determined as the lower 
limit (0.003), the upper limit (0.02), and a value between 
both specified in the ACI 318 specification [52, 53]. 2Ø8 
longitudinal reinforcement was used in the compression 
region of all samples produced. The transverse reinforce-
ment (stirrup) is adjusted to be 8Ø8/150 mm in each beam. 
The research tested six beams using three different GPC 
and OPC beams that matched each other. The transverse 
reinforcements were sized so that the concrete cover was 
25 mm. The cross-section and reinforcement information 
of the beams are given in Table 3, and the longitudinal and 
transverse reinforcements are placed in Figure 1.

Table 1. Chemical components of fly ash

Components %

SiO2, x 59.2
Al2O3, y 20.3
Fe2O3, z 7.65
The sum of x, y, z 87.1
CaO 1.87
MgO 2.21
SO3 0.19
Na2O 1.56
K2O 2.36
Cl- 0.05
LOI (loss of ignition) 3.23
Fineness (>45 µm) 17.4

Table 2. GPC mixing ratios (kg/m3)

Class F Sodium silicate Sodium hydroxide Extra added Plasticizer Fine Coarse 
fly ash solution solution water  aggregate aggregate

406 146 97 – – 643 1194
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In the experimental study, B420c reinforcement was 
used following the standards, and the tensile strength/yield 
strength ratio was determined to be between 1.15 and 1.35. 
The ratio of yield strength, tensile strength, unit elongation 
at break, and tensile strength to yield strength of the longi-
tudinal and transverse reinforcements used in the research 
are in Table 4.

2.4. Casting and Curing
Geopolymer-reinforced concrete beams were poured 

into plywood molds with dimensions of 150x200x1100 mm 
in the laboratory. A bottle-type vibrator was used to com-
pact the concrete. The average slump value was determined 
as 21 cm in the measurements made during casting. Curing 
was done in a laboratory oven at 90 oC for 24 hours without 
mold removal. The research recommended curing after a 
rest period of 0–5 days after casting. To obtain the best re-
sults regarding compressive strength, geopolymer samples 
were kept for four days before curing [54]. Traditional re-
inforced concrete beams were produced in a ready-mixed 
concrete plant. The concrete is placed in the prepared beam 
molds, and the curing stages are shown in Figure 2.

2.5. Experiment Setup and Loading Procedure
The precise span length of tested beams is 900 mm and 

simply supported, fixed at one end, and sliding joint at the 
other. The load was applied to the beam by a 300 kN ser-
vo-hydraulic actuator from a single loading point in the 
middle of the span (Fig. 3). The ratio obtained by dividing 

Table 3. Beam geometry and reinforcement information

Group Sample name Reinforcements  Tensile reinforcement ratio Curing ρmin ρb 0.85xρb

  Compression Tensile 
  reinforcement reinforcement

1 OPC1 2Ø8 2Ø8 0.003 28 days
 OPC2 2Ø8 3Ø14 0.017 28 days
 OPC3 2Ø8 2Ø18 0.019 28 days 

0.0028 0.025 0.0212 GPC1 2Ø8 2Ø8 0.003 24h 90 oC
 GPC2 2Ø8 3Ø14 0.017 24h 90 oC
 GPC3 2Ø8 2Ø18 0.019 24h 90 oC

Figure 1. (a) Beam longitudinal section and transverse 
reinforcements, (b) Beam cross-sections and longitudinal 
reinforcements.

(a)

(b)

Figure 2. Placing and curing concrete in molds.

Table 4. Reinforcement properties under axial tension

Rebar diameter fy (MPa) fu (MPa) εp (%) fu / fy 
(mm)

Ø8 424 541 37.5 1.27
Ø14 453 572 32.8 1.26
Ø18 456 564 24.4 1.24

fy: Yield strength; fu: Tensile strength; εp: Unit elongation at break.
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the shear span (a=0.9/2=0.45) by the average adequate depth 
(d=0.175) is found to be a/d=0.257 (considering the variation 
in sufficient depth, ±0.04). The beam's cross-sectional height 
(0.2 m) is not greater than 1/4 of its clear span (0.9/4=0.225 
m), so it is classified as a standard beam. To prevent local 
crushing of the concrete, hard rubber, and leather belts are 
placed between the steel rollers and the concrete surface in 
the loading and bearing areas. The load was applied by con-
trolling the displacement of the actuator at a rate of 2 mm/s 
until 50 mm of deflection occurred. Next, two LVDTs (Lin-
ear Variable Data Transformers) were placed on the middle 
span upper and lower beam faces to determine the mo-
ment-curvature relationship by measuring the shortening in 
the upper fibers of the beam and the elongation in the lower 
fibers. Again, a third LVDT was added to the experimental 
setup to determine the load-deflection relationship by tak-
ing vertical measurements from the beam middle span. The 
measurements taken during the experiment were transferred 
to the computer with the help of a data logger.

3. RESULTS

3.1 Material Tests
Material tests are essential in the interpretation of beam 

behavior and strength. For this reason, three Ø 100 x 200 
mm cylindrical specimens were prepared for each group, 
and unit strain, modulus of elasticity, Poisson's ratio, and 
compressive strength were calculated [37, 55]. The weight, 
unit volume weight, and slump values measured from the 
average of the samples in each group before the tests are 
given in Table 5. It has been determined that GPC and OPC 
are similar in unit volume weight.

The characteristic strength properties, corresponding to 
the targeted 30 MPa and the obtained strengths, are pro-
vided in Table 6 by averaging the concrete samples in each 
group. The ratio of transverse strain to longitudinal strain 
(Poisson), modulus of elasticity, and ductility due to defor-
mation were obtained differently in GPC and OPC samples. 
In the calculation of the elastic modulus, firstly, 40% of the 
maximum stress (fck) is taken, and the elastic stress limit 
(fd) is determined (Fig. 4).

Figure 3. Experiment setup and measuring instruments.

Figure 4. Example calculation of elastic modulus and duc-
tility from the concrete stress-strain curve.

Figure 5. Stress-strain curves.

Table 5. Average slump and unit volume mass

Group name Slump cm Weight kg Unit volume 
   mass kg/m3

OPC 16 3.662 2330
GPC 21 3.739 2380
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Then, a trend line (red line) was added to fd from the 
starting point (0, 0) of the stress-strain graph, and the equa-
tion of this line was displayed. The modulus of elasticity was 
calculated by finding the expression y/x in this equation. 
Ductility is the ratio of ultimate strain (εu) to yield strain (εy). 
εcu is the strain of the ultimate stress (fcu), corresponding to 
approximately 85% of the fco. εy is the strain corresponding 
to the yield stress (fy). fy is the intersection point of the trend 
line for which the elastic modulus is calculated, and the line 
that passes horizontally through the axis corresponds to fck 
(gray lines). In the equation y=22874x-0.8602, the value of 
x=εy is obtained by substituting the value of fck for y. Thus, 
the ductility value was calculated from the experimental data 
of the stress-strain curve using the formula μ=εu/εy.

A comparison of the average stress-strain curves of GPC 
and OPC concrete samples is given in Figure 5. The strain 
corresponding to the maximum stress of GPC is more sig-
nificant than that of OPC.

3.2. Balanced Reinforcement Ratio
Only a few studies on the stress-block parameters for 

fly-ash-based GPC under heated curing conditions have 
been reported in the literature, even though there have been 
many studies on the rectangular stress-block parameters for 
conventional Portland concrete [56, 57]. Nevertheless, the 
research findings demonstrate that it is still appropriate and 
highly accurate to design GPC beams using the ACI stan-
dards for concrete structures [58].

In the cylinder compression tests, the maximum de-
formations (εcu) of GPC and OPC concretes at ultimate 
load are different (Table 6). This table shows that accord-
ing to GPC (0.00646), the balanced reinforcement ratio 
calculation will differ from OPC (0.00282), depending on 
the ultimate strain corresponding to the concrete crushing 
change. It is important to make balanced reinforcement cal-
culations to prevent brittle fractures in beams. Equation 1 
represents the calculation of x, the depth of the compressive 
stress block based on the strain values of steel and concrete 
at yield and crushing. Equation 2 represents the calculation 

of the balanced reinforcement ratio (ρb) using the strain 
values of concrete at crushing obtained from cylinder pres-
sure tests. The main reason for the different balanced rein-
forcement ratios is that the crushing strain values of GPC 
and OPC concrete differ, resulting in different values of ρb.

 
(1)

 
(2)

The coefficient k1, the ratio between the average and 
maximum stress, was calculated in Eq. 3 according to ACI 
318 for the characteristic cylindrical compressive strength 
fck >28 MPa.

 (3)

The calculated balanced reinforcement ratio values are 
given in Table 7. Accordingly, it is seen that the tensile rein-
forcement ratios (ρ<ρb) of all beam samples shown in Table 
3 are below the balanced reinforcement ratio. In this case, 
tensile failure is expected to occur in all beams.

The equivalent compressive block height (a) of the GPC 
samples at the moment of maximum stress is greater than 
that of the OPC samples. However, Figure 6 shows that the 
GPC samples achieve their ultimate load capacity at low-
er deflection values than the OPC samples (Fig. 6a). Using 
more tensile reinforcement in GPC beams is necessary to 
achieve similar ductility with OPC beams. For this reason, 
the balanced reinforcement ratio of GPC beams is higher 
than that of OPC beams. However, this inference is applica-
ble for fracture scenarios due to bending. In cases of frac-
ture due to shear, the situation is different. Table 7 shows 
that the reinforcement in GPC does not yield at the point of 
concrete crushing. Additionally, the strain of GPC concrete 
at the end of crushing is greater than that of OPC concrete 

Table 6. Characteristic strength properties of materials (MPa - mm/mm)

Group name Ec fd fy fck fcu vc

OPC 19128 14.71 30.34 32.70 26.16 0.20
GPC 16913 13.69 27.40 30.43 24.34 0.30

Group name Es εd εy εc εcu μ=εcu/εy

OPC 210000 0.00068 0.00165 0.00232 0.00282 1.71
GPC 210000 0.00077 0.00185 0.00284 0.00646 3.50

Ec: Concrete modulus of elasticity; Es: Steel modulus of elasticity; vc: Poisson's ratio; fd: Concrete elastic stress; fy: Concrete yield stress; fck: Concrete 
maximum stress; fcu: Concrete ultimate stress; εd: Concrete strain corresponding to elastic stress; εy: Concrete yield strain; εc: Concrete strain corresponding 
to maximum stress; εcu: Concrete strain corresponding to ultimate stress; μ: Material ductility (compression ductility).

Table 7. Balanced reinforcement ratios (N-mm)

Group name εs εcu εcu Es k1 d x a fcd ρb

OPC 0.0018 0.00282 592.20 0.821 175 105.70 86.79 21.8 0.0258
GPC 0.0008 0.00646 1357.3 0.837 175 135.96 113.8 20.3 0.0312
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due to its slightly lower modulus of elasticity, indicating 
that GPC is weaker regarding shear. It has been determined 
that the reinforcement in OPC concrete beams reaches the 
total yield strain at the ultimate load capacity.

3.3. Beam Tests
The load-displacement and moment-curvature graphs 

of the beam samples with different reinforcement ratios are 
as given in Figure 6.

For values of a concrete compressive strength less than 
50MPa, the maximum reinforcement ratio defined in ACI 
318 is 0.02 [52, 53]. This condition must be met for a tensile 
fracture to occur under the influence of ductile behavior. 
Therefore, the deformation capacity of GPC beams is lower 
than OPC beams, and the need for tensile reinforcement is 
higher. However, the balanced reinforcement ratio calcu-
lated for GPC (ρb=0.031) exceeds the limit value (ρ=0.02) 

given in ACI 318 for OPC. In this case, GPC beam section 
dimensions should be more significant than OPC beam 
section dimensions to provide sufficient ductility.

The strains corresponding to compressive stresses in 
geopolymer concrete are higher than in conventional con-
crete. For this reason, geopolymer concrete's material duc-
tility (compression ductility) was greater than convention-
al concrete's (Table 6). In the first experiments, where the 
reinforcement ratio is low (0.003), the GPC1 beam has a 
deflection capacity of less than the OPC1 beam (Fig. 6a). 
The OPC concrete in the compression zone reached its 
fracture strength after the reinforcement in the tensile zone 
yields. Concrete crushing in the compression zone in GPC 
can reach similar strength due to considerably large than 
in OPC. As a result, the yielding of tensile reinforcement 
is the determining factor in GPC beams, which produce a 

Figure 6. (a) Load displacement curves, (b) Moment curvature relationship.

(a) (b)
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later compressive strength response than OPC beams. As a 
result, the beam collapses from oblique tensile failure be-
fore reaching the maximum compression fracture. In ex-
periments second and third, the increase in reinforcement 
ratios increased the load-carrying capacity of the beams 
and became a determinant of flexural stiffness. However, 
the shear tension failure occurred (Fig. 6a). 

Due to the high ductility of the material, GPC beams 
show lower stiffness in the compression region and reach 
the moment-carrying capacity earlier than OPC beams for 
similar curvature values. The curvature values of the GPC 
and OPC beams were found to be close to each other since 
the failure of the first beams occurred due to the reinforce-
ment yielding in the tension zone (Fig. 6b). However, the 
tension reinforcement ratio increased in the second and 
third beams. Due to the high ductility value in GPC, the 
compressive stresses formed in the upper beam fiber re-
mained at lower levels for curvature values similar to those 
of OPC. This high ductility reduced the strength contribu-
tion of the concrete in the compression zone during bend-
ing. As a result, the load in GPC beams is carried mainly by 
the tension reinforcement. In the second and third exper-
iments, the beams reached the bearing capacity at higher 
curvature values than the OPC beams (Fig. 6b). 

Oblique tensile and shear compression fractures occurred 
in beam samples due to shear and flexural cracks (a/d=2.57). 
In the GPC1 and OPC1 samples, flexural tensile fracture oc-
curred due to the rupture of the reinforcement by yielding. 
In the other beam samples (GPC2-OPC2 and GPC3-OPC3), 
only shear cracking occurred without bending cracks, result-
ing in sudden power depletions (Fig. 7). The inclined crack 
formed in the body in the first stage progressed rapidly and 
caused brittle fractures. As a result, shear compression col-
lapses occurred in the beams without yielding the tensile re-
inforcements. However, the bearing capacity moment values 
increased due to increased reinforcement ratios (Table 8).

When the tests are examined in terms of load-displace-
ment relations in Figure 6, it is seen that only in the first exper-
iments is a load below the shear capacity applied to the beams. 
The way the beams break is a flexural tensile failure, which 
confirms this situation. In the second and third experiments, 
shear pressure fracture occurred due to the load applied to the 
beams above the shear strength (Fig. 7). The maximum analyt-
ical shear loads that OPC beams with the properties specified 
in the research can carry were calculated as 162 kN.

4. DISCUSSION

As a result of the material and beam tests, it was de-
termined that geopolymer concrete (GPC) has a similar 
strength to conventional concrete but exhibits different 
behavior characteristics. Specifically, the increase in mate-

rial ductility (compression ductility) according to cylinder 
pressure tests caused a decrease in section ductility in beam 
bending tests. While the energy consumption capacity of 
GPC was higher in compressive strength tests, conventional 
concrete (OPC) performed better in energy consumption 
in beam tests focused on flexural strength.

Since the modulus of elasticity of GPC is lower and the 
strain corresponding to the maximum compressive stress 
is more significant than that of OPC concrete, the flexur-
al stiffness is lower than that of OPC. This condition shows 
that the GPC-reinforced concrete beam will deflect more 
under the effect of bending. The calculations in the previous 
sections demonstrated the necessity of increasing the tensile 
reinforcement to exhibit similar stiffness to the OPC beam. 
In addition, increasing the flexural reinforcement alone may 
not be sufficient for the required stiffness not to exceed the 
reinforcement upper limit (0.02) set by regulations such as 
ACI318 and TS500. In this case, it may be necessary to in-
crease the section dimensions for sufficient flexural stiffness. 
However, the experiments were terminated due to shear 
damage, especially in the last two experiments. This does 
not affect the flexural findings based on the material tests. 
Future studies should support these findings by conducting 
studies in which flexural fractures of beams can be observed.

4.1. Parameters Considered for OPC and GPC

4.1.1. Material Tests
• Compressive Strength: The compressive strength of 

GPC, determined through material tests, was compara-
ble to that of OPC.

• Elastic Modulus: The elastic modulus of GPC was lower 
than that of OPC, as indicated by the values obtained 
from cylindrical samples [59–64].

• Poisson's Ratio: The Poisson's ratio of GPC was higher 
than that of OPC [65–68].

• Strain at Maximum Stress: The strain value correspond-
ing to the maximum stress of GPC was higher than 
that of OPC [69, 70]. This difference increased as it ap-
proached the ultimate strain.

• Ductility: The increased yield and ultimate state strain 
values of GPC improved its ductility [71, 72]. Conse-
quently, the equivalent pressure block height of GPC was 
greater than that of OPC, indicating that GPC beams 
would reach their bearing capacity at lower deflection 
values. Therefore, more tensile reinforcement is required 
to achieve similar ductility with OPC beams, resulting in 
a higher balanced reinforcement ratio for GPC.

4.1.2. Beam Tests
• Reinforcement Ratios: Three different reinforcement 

ratios were used in beam experiments. Beams in the 
first group failed due to flexural tensile fractures follow-

Table 8. Moment values for reinforcement yielding (My)

kNm OPC1 GPC1 OPC2 GPC2 OPC3 GPC3

Experimental My 10.0 8.12 37.9 34.1 37.6 37.1
Analytical My 7.10 – 29.2 – 32.0 –
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Figure 7. Crack development (left image: during the experiment, right image: at the end of the experiment).
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ing reinforcement yield. In the last two groups, failure 
occurred due to shear pressure fractures in the beams 
without reinforcement yielding.

• Deflection Values: GPC beams reached maximum bear-
ing capacity at lower deflection values than OPC beams 
[73, 74]. This indicates that the section ductility of GPC 
beams is lower despite higher material ductility [20, 75].

• Energy Consumption: The decrease in section ductili-
ty negatively affected energy consumption. In the first 
experiment, moment-curvature graphs were similar 
because the concrete was crushed when the reinforce-
ment yielded. However, the graphs differed in the last 
two tests as the concrete collapsed according to the 
shear and compressive strength before reinforcement 
yield. The demand for compressive strength due to high 
deformation from GPC material tests led to decreased 
section ductility by consuming energy before OPC.

4.2. Advantages and Weaknesses of GPC over OPC

4.2.1. Advantages
• Higher Ductility: GPC exhibits higher material ductili-

ty, enhancing its energy consumption capacity in com-
pressive strength tests.

• Environmental Benefits: GPC production is typically 
more environmentally friendly, as it can utilize indus-
trial waste products such as fly ash and slag [76–78].

4.2.2. Weaknesses
• Lower Elastic Modulus: GPC's lower elastic modulus 

leads to higher deflections under load, reducing its flex-
ural stiffness compared to OPC.

• Section Ductility: GPC beams have lower section duc-
tility, negatively impacting their performance in flexur-
al applications. The high material ductility of GPC, ob-
served in cylinder tests, delays the compressive strength 
response in flexural tests, causing earlier energy deple-
tion in shear and tensile effects.

• Design Adjustments: To achieve similar stiffness and 
ductility to OPC beams, GPC beams require more ten-
sile reinforcement and potentially larger cross-sectional 
dimensions.

4.3. Recommendations for Beam Design and Standards
Given the experimental findings, it is crucial to consider 

the implications of these differences in practical applications:

4.3.1. Reinforcement Ratio and Standards Compliance
• The balanced reinforcement ratio limit should be strictly 

adhered to per standards such as ACI 318. The experi-
ments indicated a higher balanced reinforcement ratio for 
GPC, suggesting a need for careful design adjustments.

• The designs used in the experiments might not fully com-
ply with ACI standards due to the higher reinforcement 
ratios. Future designs should aim for compliance to en-
sure valid comparisons and safe structural performance.

4.3.2. Cross-Sectional Dimensions
• The conclusion that beam dimensions should be in-

creased for GPC is based on the need for sufficient 

flexural stiffness. While this approach may address the 
immediate stiffness issues, it is important to consider it 
within the framework of standard design practices.

• The suggestion to enlarge cross-sectional dimensions 
must be carefully evaluated, particularly when the beam 
is completely bending. If the reinforcement ratio in the 
beam is lower than the balanced reinforcement ratio, 
the behavior of the beam could differ significantly.

4.3.3. Future Research Directions
• The current findings are valuable and highlight key dif-

ferences between GPC and OPC. However, definitive 
statements should be avoided until further studies, par-
ticularly those observing flexural failures in beams, are 
conducted.

• Future research should focus on verifying these findings 
with larger sample sizes and varied loading conditions 
to develop a more comprehensive understanding of 
GPC's behavior under different structural demands. By 
incorporating these considerations and adhering to es-
tablished standards, the structural applications of GPC 
can be optimized to leverage its advantages while miti-
gating its weaknesses. 

5. CONCLUSIONS

The high ductility of the material in geopolymer con-
cretes causes a delay in the response of the compressive 
strength due to deflection. The increase in curvature caus-
es a collapse in the form of tension and shear. The delayed 
pressure response on the beam's neutral axis causes the 
beam's energy to be depleted in shear and tensile effects be-
fore reaching the maximum compressive strength. All the 
obtained findings related to strength and deformation sup-
port each other. In general, GPC and OPC concrete exhibit 
similar behavior in terms of tensile and shear strengths. Still, 
the delayed compressive strength demand due to the ductil-
ity of GPC concrete reduces its section ductility and energy 
absorption capacity. For these reasons, it was determined 
that the balanced reinforcement ratio in GPC beams should 
be increased. In this case, larger sizes of GPC beams should 
be produced compared to OPC beams to have similar bend-
ing strength and energy consumption properties to prevent 
brittle fractures and maintain the upper limit of the rein-
forcement of 0.02. As a result, GPC concrete with low mod-
ulus of elasticity and high strain properties achieves similar 
stress values to OPC concrete (σ =E.ε). Although there is no 
significant difference in strength, they differ in deflection.
• High Ductility and Delayed Response: The high materi-

al ductility of geopolymer concrete (GPC) causes a de-
lay in the compressive strength response due to deflec-
tion. This delay and increased curvature lead to tension 
and shear collapses.

• Energy Depletion in Shear and Tensile Effects: The de-
layed pressure response on the beam's neutral axis caus-
es the beam's energy to be depleted in shear and tensile 
effects before reaching maximum compressive strength.

• Consistency of Findings: All findings related to strength 
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and deformation support each other. GPC and OPC 
concrete exhibit similar behavior in terms of tensile and 
shear strengths.

• Reduced Section Ductility: Due to the material ductil-
ity of GPC concrete, the delayed compressive strength 
demand reduces its section ductility and energy absorp-
tion capacity.

• Balanced Reinforcement Ratio: The balanced reinforce-
ment ratio in GPC beams should be increased to achieve 
bending strength and energy consumption properties 
similar to those of OPC beams. 

• Larger Beam Sizes: Larger GPC beams should be pro-
duced compared to OPC beams to achieve similar 
bending strength and energy consumption properties. 
This necessity arises because the modulus of elasticity of 
GPC is lower, and the strain corresponding to the max-
imum compressive stress is more significant than that 
of OPC concrete. Consequently, the flexural stiffness is 
lower, leading to more deflection under bending.

• Stress and Strain Relationship: GPC concrete with a low 
modulus of elasticity and high strain properties achieves 
similar stress values to OPC concrete (σ = E.ε). Howev-
er, they differ in deflection despite similar strength.

• Flexural Reinforcement and Section Dimensions: In-
creasing the tensile reinforcement in GPC beams is nec-
essary to exhibit similar stiffness as OPC beams. How-
ever, merely increasing flexural reinforcement may not 
suffice for the required stiffness due to regulatory limits. 
Therefore, increasing section dimensions may be need-
ed for adequate flexural stiffness. This consideration is 
based on calculations and is consistent with the results 
of the material tests, even though some experiments 
were terminated due to shear damage.

• Comparative Behaviour: Geopolymer concrete unit weight, 
maximum compressive and flexural strengths, crack devel-
opment, and fracture patterns are similar to conventional 
reinforced concrete structures. Deflection and ductility 
values differ between GPC and OPC. GPC beams require 
a higher balanced reinforcement ratio or larger section di-
mensions to achieve ductility, similar to OPC beams.

• Recommendations for Future Studies: Further studies 
should be conducted better to understand the behavior of 
geopolymer structural carrier system elements. This will 
help optimize the use of GPC in structural applications 
and ensure compliance with design standards. Addition-
ally, future studies should focus on flexural fractures of 
beams to support and expand on the current findings.
As a result, geopolymer concrete unit weight, maximum 

compressive and flexural strengths, crack development, 
and fracture patterns are similar to conventional reinforced 
concrete structures. However, the deflection and ductili-
ty values are different in terms of behavior. Therefore, to 
achieve similar ductility in the behavior of GPC and OPC 
beams, the balanced reinforcement ratio or section dimen-
sions of GPC beams should be chosen to be larger than 
OPC. Further studies on the subject should be increased 
better to understand the behavior of geopolymer structural 
carrier system elements.
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