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ABSTRACT: Geopolymer concrete is an innovative construction material that has been developed to 
substitute OPC concrete. Compared to OPC concrete, geopolymer concrete has better strength and bond 
performance. As geopolymer concrete uses waste material such as fly ash, it produces less CO2, and it is more 
environment-friendly than OPC concrete. In order to ensure the safety of the structure, structural response 
analysis is needed to be carried out, and flexural performance is one of the important analyses. Previous studies 
related to geopolymer concrete performance are mainly performed experimentally, which is time-consuming 
and uneconomical. This research conducted a comparative study of flexural performance and cracked pattern 
of Geopolymer and OPC concrete using finite element analysis. The OPC and Geopolymer beam was analyzed 
using ATENA 3D FEA. The finite element simulation using ATENA 3D showed a similar load-displacement 
pattern to the experimental results. However, the finite element result showed lower ultimate displacement than 
the experimental results. Based on the finite element modeling result, it was found that the Geopolymer 
concrete beam has better flexural performance than OPC. It was shown by the post-yield deflection of GPC, 
which has a 44% higher value of deflection and 12% higher ductility value than OPC with higher compressive 
strength.  
 
Keywords: Finite Element Analysis, Geopolymer Concrete Structure, Portland Concrete Structure, Flexural 
Performance 
 

 
1. INTRODUCTION 
 

Geopolymer concrete is a promising 
substitution or even a replacement material for 
Portland cement concrete. In the geopolymer or 
polymerization process, the alkali activators react 
with high Alumina and Silica materials [1]. 
Geopolymer concrete has high compressive 
strength, and it also has high fire-resistant 
properties [2]. Moreover, it has dimensional 
stability and acid-resistant materials for engineering 
applications [3]. Raw materials of Geopolymer, 
created from common waste materials (ex: fly ash), 
contain high alumina, silica, and alkali activator. 
Therefore, Geopolymer has less pollution in its 
production as it uses waste materials than 
conventional Portland cement concrete. This is due 
to the fact that the cement production industry is 
estimated to produce 5% of the total carbon dioxide 
gas emissions [4]. One of the raw materials of 
Geopolymer is fly ash. It is a waste material from 
the power plants industry. As a waste material, the 
utilization of fly ash is still limited, and it is less than 
half of the production. For example, out of 54 
million metric tons of fly ash produced in 2013, 

only 23 million metric tons (42.6%) were used, and 
the rest were dumped as waste materials [5]. 

An analysis of structural response requires to be 
conducted to ensure the geopolymer structure's 
safety. As an integral aspect of the flexural elements, 
load-deflection capacity needs to be analyzed to 
ensure the performance of the geopolymer structure. 
Experimental research performed by Ranjbar et al. 
compared the performance of Geopolymer with 
OPC reinforced concrete specimens. This study 
found that geopolymer concrete beam had a slightly 
higher load-carrying capacity than the Portland 
cement concrete beam, even though the Portland 
concrete had higher compressive strength than 
geopolymer concrete [6]. Another study performed 
by Abraham et al. focused on flexural behavior and 
ductility of reinforced concrete beams. It compared 
Geopolymer with Portland cement specimens with 
the same compressive strength. The results showed 
that the curvature ductility of the geopolymer beam 
was greater than the Portland cement beam [7].  

Geopolymer concrete had several eminences 
such as fire resistance, durability, and bond 
performance compared to OPC concrete. 
Concerning bond behavior, geopolymer concrete 
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had better bonding with steel reinforcement 
compared to OPC concrete with similar pull-out 
testing parameters  [8].  

Previous studies related to the flexural 
performance of geopolymer concrete showed that 
geopolymer concrete has a higher load-deflection 
value than that OPC concrete. However, to better 
understand the geopolymer structural element 
behavior, a lot of experimental tests should be 
performed, and it is time-consuming and 
uneconomical. Finite element simulation is one of 
the solutions that can help understand the full 
behavior of geopolymer concrete. Therefore, in this 
research, a finite element simulation using ATENA 
3D FEM was performed to analyze the flexural 
performance of geopolymer concrete. A simulation 
of the OPC concrete beam was performed in this 
research to compare its flexural behavior with 
geopolymer concrete. All the simulation results 
were compared with the experimental results to see 
the robustness of the numerical simulation. 

 
2. RESEARCH SIGNIFICANCE 

 
As geopolymer concrete is new material in the 

construction industry, its structural behavior is still 
not fully known. Therefore, research to study the 
behavior of geopolymer concrete is needed. 
Flexural behavior can be defined through ultimate 
moment capacity, the value of ductility and the 
crack pattern of the beam to identify the failure. 
Even though the experimental test is the best way to 
observe the real behavior of the structural element, 
it was proved to be time-consuming and expensive. 
Therefore, in this research, numerical analysis using 
ATENA 3D FEA was used to simulate and predict 
the flexural behavior of the Geopolymer beam.  

 
3. COMPARISON OF HARDENED 
CONCRETE MECHANICAL PROPERTIES  
 
3.1 Compressive Strength  
 

Geopolymer concrete compressive strength was 
affected linearly by the average particle size 
distribution and fly ash source [9]. The higher 
concentration or molarity of sodium hydroxide 
solution and the ratio of sodium silicate to sodium 
hydroxide increased the compressive strength of the 
geopolymer concrete [10]. The higher sodium 
hydroxide (NaOH) concentration, which acts as an 
alkaline activator on geopolymer concrete, could 
help raise geopolymer concrete compressive 
strength. The research indicated that the amount of 
strength of 3 different sodium hydroxide 
concentrations: 8 M, 12 M, and 16 M, showed 
different compressive strengths of geopolymer 
paste results [11]. Comparative studies on dry 
method Geopolymer and Portland cement concrete 

discovered that lower water-cement ratio produced 
higher compressive strength of geopolymer 
concrete [12]. Patankar et al. found that higher 
temperature in the heat curing treatment produced 
high compressive strength of geopolymer mortar. In 
addition, Patankar et al. discovered that a higher 
concentration of sodium hydroxide in an alkaline 
activator solution generated higher compressive 
strength of geopolymer mortar [13]. Other research 
conducted by Patankar et al. found that the finesses 
of fly ash as a raw material of geopolymer concrete 
affect the compressive strength of geopolymer 
concrete. The results showed that when the quantity 
of fly ash increased, the compressive strength of 
geopolymer concrete increased [14]. 
 
3.2 Tensile Strength 
 

The tensile strength of geopolymer cement was 
better than Portland cement. Low Young Modulus, 
which produced shrinkage strain, was lower than 
the material's tensile strength. It provides higher 
resistance to the generation of microcracks  [15]. 
The tensile strength of the Geopolymer concrete 
and Portland Cement concrete did not have much 
difference. It still needed reinforcement when it was 
applied to the main building structure. 

Nonetheless,  geopolymer concrete had a better 
adhesive strength [16]. Sarker obtained that the 
bond strength of geopolymer concrete was higher 
for the same compressive strength than that of 
Portland cement concrete. This was due to the 
tensile strength effect of geopolymer concrete, 
which was higher than that of PC concrete [17]. The 
tensile strength of geopolymer concrete depended 
on the initiation of cracks in the concrete material 
[18]. Al Majidi found that in dog bone-shaped 
geopolymer mortar specimens, the flexural strength 
and tensile strength increased with the increasing 
levels of GGBFS [19]. Mohammad et al. discovered 
that the optimal percentage of sodium metasilicate 
solids mixed in an alkaline activator was 12% of the 
required geopolymer cement, yet there was a 22% 
decrease in the tensile strength geopolymer 
concrete compared to the optimal mixture [20].  

The value of the tensile strength of geopolymer 
concrete can be calculated using equation 1 [21]. 
The approach Portland cement concrete was taken 
using eq. 2 [22]. 

 
𝑓𝑓𝑐𝑐𝑐𝑐_𝐺𝐺𝐺𝐺𝐺𝐺 = 0.7�𝑓𝑓′𝑐𝑐𝑐𝑐        (1) 
 
𝑓𝑓𝑐𝑐𝑐𝑐_𝑂𝑂𝑂𝑂𝑂𝑂 = 0.36�𝑓𝑓′𝑐𝑐𝑐𝑐        (2) 
 
3.3 Elastic Modulus of Concrete 
 

The modulus of elasticity of geopolymer 
concrete was smaller than Portland concrete (OPC). 
The modulus of elasticity of geopolymer concrete 
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was calculated using Eq. (3) [23].  
 

𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 = −11400 + 4712�𝑓𝑓′𝑐𝑐       (3) 
 

Meanwhile, the modulus of elasticity of 
Portland cement concrete was calculated according 
to the equation listed in ACI 318-19 using Eq. (5). 

 
𝑬𝑬𝑮𝑮𝑮𝑮𝑮𝑮 = 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐�𝒇𝒇′𝒄𝒄𝒄𝒄 + 𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓                                
(4) 
 
𝑬𝑬𝑶𝑶𝑶𝑶𝑶𝑶 = 𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒�𝒇𝒇′𝒄𝒄        (5) 
 
3.4 Poisson’s Ratio of Concrete 
 

Poisson's ratio is the ratio between the strain that 
occurs in the horizontal or transverse direction to 
the strain that occurs in the vertical or axial 
direction. The Poisson's ratio of geopolymer 
concrete ranged between 0.2 – 0.24 [24]. Previous 
research showed that the Poisson's ratio value for 
geopolymer concrete was 0.15 [21], whereas 
Portland cement material was 0.2 [22]. It can be 
seen that geopolymer concrete has a slightly lower 
Poisson’s ratio compared to portland cement 
concrete. 

 
3.5 Bonding Adhesive Between Reinforcement 
and Concrete 
 

This study indicated that geopolymer concrete 
had a better bonding strength with reinforcement 
than Portland cement concrete, with the same 
compressive strength value. Several values affected 
the bond strength of concrete materials with the 
reinforcement, and one of them was the strength of 
the materials. The tensile strength of the 
Geopolymer concrete was relatively higher 
compared with Portland cement concrete with the 
same compressive strength properties. This 
condition directly affected the bonding of 
geopolymer concrete with the reinforcement, so the 
Geopolymer concrete had higher bonding strength 
than Portland cement concrete with similar 
compressive strength [17], [25]. Previous studies 
state that the bonding strength of the concrete 
material increased when the concrete cover and 
compressive strength increased  [17]. 
 
4. STRUCTURAL PROPERTIES OF 
CONCRETE 
 
4.1 Flexural Properties of Reinforced Concrete  

An experimental study was carried out to 
compare flexural behavior between Geopolymer 
cement (GPC) reinforced concrete and Ordinary 
Portland cement (OPC) reinforced concrete. Load 
deflection behavior of OPC and GPC had a similar 

shape of curvature curve. The first crack and service 
load of the GPC beam was slightly higher when it 
was compared to the OPC beam  [26]. The ultimate 
load capacity of the GPC beam was 16.27% higher 
than the OPC beam  [26].  

Another test was also performed to study the 
flexural behavior of the GPC beam. Specimen 
geometry used in the experimental test is shown in 
Fig 1. Shear and longitudinal reinforcing steel used 
in the test was 10 mm in diameter with a tensile 
strength of 548 MPa and ultimate strength of 675 
MPa. Meanwhile, a beam with 200 mm height, 150 
mm width, and 1700 mm span was used for the 
cross-sectional specimen.   The test applied a 4-
point bending test [27]. Test results also showed a 
significantly large serviceability displacement of 
GPC. It was 400% higher than Portland cement 
reinforced concrete (OPC) [27]. 

 

 
Fig. 1 Geometry and Cross Section of Beam 

Specimen [27] 
 

Table 1 Variation of Experimental Research 
Specimens [27] 

 

Beam 
As 

(mm2) 
fc

’ 
(MPa) 

Ec 
(MPa) 

fct 
(MPa) 

OPC 157 33 27.0 3.4 
GPC 157 44 19.9 3.7 

 
Table 2 Experimental Load, Center Deflection of 

Beam on Various Conditions [27] 
 

Beam Pmaximium 
(kN) 

δservice 
(mm) 

δyield 
(mm) 

δultimate 
(mm) 

OPC 26.3 3.8 9.3 38 
GPC 28.6 6.4 12.1 42 

 
4.2 Reinforced Concrete Beam Crack Pattern  

  
The crack pattern identification, which is 

associated with the flexural behavior of concrete, 
can be observed experimentally or using numerical 
simulation. Ranjbar et al. evaluate the cracks in 
reinforced concrete with multiple layers of precast 
geopolymer material experimentally. A compelling 
result showed that the value of the load capacity of 
the specimen with full GPC material (B5) with 
crack pattern in Fig.2 was similar to that of the OPC 
material specimen (B1) with the crack pattern 
shown in Fig 3. The compressive strength of 
geopolymer concrete was lower than the 
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compressive strength of portland cement concrete. 
However, the flexural ability of geopolymer 
concrete was higher compared to the flexural ability 
of OPC at a similar load-bearing capacity. Previous 
experimental studies with B2, B3, and B4 
specimens showed that the increasing mixture 
between geopolymer concrete and Portland cement 
concrete increased load-bearing capacity. When it 
was compared to the full specimens with a mixture 
of GPC (B5) and OPC (B1), specimens B2, B3, and 
B4 indicated higher load-carrying capacities [6].  

Another study discussed experimental and 
numerical reinforced concrete beam crack patterns. 
The half-span modeling crack pattern results using 
the 3D ATENA program were similar to the 
experimental four bending point test [28]. Therefore, 
the analysis of the flexural cracking pattern of the 
reinforced concrete beam in this study was 
performed by using a finite element method with the 
help of ATENA 3D program. The results were 
compared to previous studies' experimental crack 
pattern collapse results [29].  

 

 
Fig. 2 Crack Pattern on Reinforced Portland 

Concrete Beam [27] 
 

 
Fig. 3 Crack Pattern on Reinforced Geopolymer 

Concrete Beam [27] 
 

5. MODELING CONSIDERATION 
 
5.1 Concrete Stress-Strain Constitutive Model 
 

GPC specimen modified stress-strain model for 
fly-ash based geopolymer concrete based on 
Prachasaree’s concrete model gives the 
compressive stress (fc') for a given strain in terms 
of the maximum compressive stress (fc'). According 
to final strain, concrete model is modified using 
strain at peak stress, as in the Eq. (11) [30]. The 
fracture energy of GPC is 10 times higher than OPC 
based on experimental research.  

𝒇𝒇𝒄𝒄 = 𝒇𝒇𝒄𝒄′ �
𝒏𝒏 � 𝜺𝜺

𝜺𝜺𝒐𝒐
�

(𝒏𝒏 − 𝟏𝟏) + � 𝜺𝜺
𝜺𝜺𝒐𝒐
�
𝒏𝒏𝒏𝒏�  � 

      (6) 
 
𝑬𝑬𝒊𝒊

𝑬𝑬𝒐𝒐� = 𝒏𝒏
𝒏𝒏
− 𝟏𝟏         (7) 

𝒏𝒏 = 𝟎𝟎.𝟓𝟓 + � 𝒇𝒇𝒄𝒄′

𝟏𝟏𝟏𝟏.𝟑𝟑
� − �𝟑𝟑 × 𝒇𝒇𝒄𝒄′

𝟐𝟐

𝟏𝟏𝟏𝟏𝟒𝟒
�            (8) 

 

𝜺𝜺𝒐𝒐 =  𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 − �𝟒𝟒 × 𝒇𝒇𝒄𝒄′

𝟏𝟏𝟏𝟏𝟓𝟓
�  

      (9) 
 

According to the ATENA Manual, the tensile 
stress-strain model is defined in 3 parts [30]. 
Uncracked, Process Zone, and Cracked Zone. 

 
𝝈𝝈𝒄𝒄
𝒆𝒆𝒆𝒆 =  𝑬𝑬𝒄𝒄 × 𝜺𝜺𝒆𝒆𝒆𝒆,𝟎𝟎 ≤  𝝈𝝈𝒄𝒄 ≤  𝒇𝒇𝒕𝒕

′𝒆𝒆𝒆𝒆     (10) 
 
𝑾𝑾𝒄𝒄 =

𝟐𝟐 × 𝑮𝑮𝒇𝒇
𝒇𝒇𝒕𝒕′

        (11) 
 
𝒘𝒘 =  𝜺𝜺𝒄𝒄𝒄𝒄 ×  𝑳𝑳𝒕𝒕′        (12) 
 
𝑮𝑮𝒇𝒇 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 ×  𝑭𝑭𝑻𝑻      (13) 
 

The constitutive concrete model as CEB-FIP 
model code 1990 was used in this research. The 
concrete's compressive and tension stress-strain is 
shown in Fig.4 and Fig.5, using Eq. (6) and Eq. (7) 
for the OPC specimen.  

 
𝝈𝝈𝒄𝒄𝒆𝒆𝒆𝒆 = 𝒇𝒇𝒄𝒄

′𝒆𝒆𝒆𝒆  𝒌𝒌𝒌𝒌− 𝒙𝒙𝟐𝟐

𝟏𝟏+(𝒌𝒌−𝟐𝟐)𝒙𝒙
      (14) 

 
𝒙𝒙 = 𝜺𝜺

𝜺𝜺𝒄𝒄
 ,𝒌𝒌 = 𝑬𝑬𝒐𝒐

𝑬𝑬𝒄𝒄
        (15) 

 
 
 
 
 
 
 
 
 

Fig. 4 Compressive Stress-Strain of Concrete 
Constitutive Model [31] 

 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Tension Stress-Strain of Concrete 
Constitutive Model [31],[32] 

 
5.2 Steel Reinforcement Stress-Strain 
Constitutive Model 

 
The stress-strain material model of reinforcing 

steel bars and confinements was modeled as an 
idealized isotropic hardening material with a 
bilinear curve, as shown in Fig. 6 [27].  

Ed 

ԑd ԑc 
Strain (ԑ) 

Stress σcef 

Ec 

Eo 
f'cef 

ft,cr (tensile cracking 
strength) 

softening function 

crack closing 
Crack Width, w 

T
en

si
le

 S
tr

es
s, 
σ 

𝓦𝓦𝒄𝒄 = 𝟓𝟓.𝟏𝟏𝟏𝟏 
𝑮𝑮𝒇𝒇
𝒇𝒇𝒕𝒕
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Fig. 6 Stress-Strain for Steel Reinforcement [27] 
 

6. RESULT AND DISCUSSION 
 

6.1. Flexural Performance of Geopolymer and 
Portland Cement Concrete Beam Structure 
 

Finite element analysis was performed by using 
ATENA 3D FEM to simulate the flexural response 
of the Geopolymer and Portland cement beam. A 
comparative study of load-deflection and crack 
patterns of beam was performed in this research.  

The nonlinear analysis of concrete beam 
structure was performed using the Newton-Raphson 
method, and the displacement control loading using 
ATENA 3D FEM software based on experimental 
research by Tran [27].  

 
Table 3 OPC and GPC Material Properties [27] 

 
Beam fct (MPa) fc' (MPa) Ec (Gpa) 
OPC 3.4  33  27 
GPC 3.7  44  19.9 

 
Table 4 OPC and GPC Material Properties  

 
Beam υ Gf (MN/m) Wd (m) 
OPC 0.2 [22] 8.5E-05 -5E-04 
GPC 0.15 [21] 2.8E-04 -5E-04 

 
Table 5 Reinforcement Properties (Ø10 mm) [27] 

 
Es (Gpa) Esh (Gpa) fy (MPa) fu (MPa) 

200 6 548 675 
 
The bond between steel reinforcement and 

concrete depended primarily on the contact area, the 
surface texture of reinforcing bars, bar diameter, 
and concrete cover [33]. Therefore the load-
carrying capacity was affected by the un-bonded 
length of tensile reinforcement [33]. Specific 
fracture energy (Gf) and critical compressive 
displacement were counted using the default 
equation as used in the ATENA 3D [34]. 

The difference between those two models on 
ATENA 3D was in the concrete material properties, 

the experimental research, and the bond for 
reinforcement (bond-slip relation), which were 
based on CEB-FIP model code 1990 [31]. As a 
previous study discovered that the Geopolymer 
concrete had better bond strength than the Portland 
concrete [17], the bond for reinforcement of the 
geopolymer concrete assumed was modeled as 
"good condition"; otherwise, the Portland concrete 
was modeled as "all other cases" confined concrete. 
Fig. 7 and Table 6 define parameters based on CEB-
FIP model code 1990 for the nonlinear analysis by 
ATENA 3D: 

 
 
 

 
 
 
 
 
 
 
 
 

Fig. 7 Bond-Slip Law Based on CEB-FIP Model 
Code 1990 [31] 

 
 

𝝉𝝉𝒃𝒃 = 𝝉𝝉𝒎𝒎𝒎𝒎𝒎𝒎  ×  � 𝑺𝑺
𝑺𝑺𝟏𝟏
�
𝜶𝜶

,𝟎𝟎 ≤ 𝑺𝑺 ≤ 𝑺𝑺𝟏𝟏                  (16) 

 
𝝉𝝉𝒃𝒃 = 𝝉𝝉𝒎𝒎𝒎𝒎𝒎𝒎  ,  𝑺𝑺𝟏𝟏  < 𝑺𝑺 ≤ 𝑺𝑺𝟐𝟐                  (17) 

 
𝝉𝝉𝒃𝒃 = 𝝉𝝉𝒎𝒎𝒎𝒎𝒎𝒎 − �𝝉𝝉𝒎𝒎𝒎𝒎𝒎𝒎 −  𝝉𝝉𝒇𝒇� × �𝑺𝑺− 𝑺𝑺𝟐𝟐 

𝑺𝑺𝟑𝟑− 𝑺𝑺𝟐𝟐
�  

,  𝑺𝑺𝟐𝟐  < 𝑺𝑺 ≤ 𝑺𝑺𝟑𝟑           (18) 

 
𝝉𝝉𝒃𝒃 = 𝝉𝝉𝒇𝒇  ,  𝑺𝑺𝟑𝟑  < 𝑺𝑺                     (19) 

 
 

Table 6 Bond-Slip Model for Reinforcement 
Parameter [31] 

Category OPC GPC 
Confinement Confined Confined 

Bond 
Condition All other cases Good 

S1 1 mm 1 mm 

S2 3 mm 3 mm 

S3 90 mm 90 mm 

α 0.4 0.4 

τmax 
  

τf 0.4 τmax 0.4 τmax 
1.25 × �𝑓𝑓𝑓𝑓′ 2.5 × �𝑓𝑓𝑓𝑓′ 

Esh = 0.03 Es Fy 

Es 

ԑy Steel Strain 

St
ee

l S
tre

ss
 

τmax 

τf 

s1 s2 s3 Slip, s 

τb 
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Fig. 8 Reinforcement Bond-Strength OPC Beam 

 
 

 
 
 
 
 
 

Fig. 9 Reinforcement Bond-Strength GPC Beam 

 
Fig. 10 Load-Deflection Curve of OPC Beam 

Structure using Finite Element Analysis 
 

 
Fig. 11 Load-Deflection Curve of GPC Beam 

Structure using Finite Element Analysis 
 

Table 7 Value of Yield and Ultimate Deflection 
Comparison on Experimental Research & Finite 

Element Analysis 
 

Beam fc' 
(MPa) 

Experiment [27] Finite Element 
δyield  δultimate  δyield  δultimate 

OPC 33 9.3 38 6.4 30.8 
GPC 44 12.1 42 8.22 44.24 

 
Table 8 First Crack Deflection and Maximum 

Load Comparison on Experimental Research & 
Finite Element Analysis 

 

Beam fc' 
(MPa) 

Experiment [27] Finite Element 
δfirstcrack 
(mm) 

Pmaximum 
(kN) 

δfirstcrack 
(mm) 

Pmaximum 
(kN) 

OPC 33 0.41 26.3 0.46 24.3 
GPC 44 0.63 28.6 0.82 25.03 

 
Table 9 Comparison of Ductility Experiment and 

FEA 
 

Beam fc' (MPa) 
Experimental 

Ductility 
[27] 

Finite 
Element 
Ductility 

OPC 33 4.1 4.8 
GPC 44 3.5 5.38 
 
The curve showing the mid-span deflection and 

load resulting from the finite element analysis of 
OPC and GPC are represented in Fig. 10 and Fig. 
11. It leads the uncracked stage to the cracking point, 
and on the post-cracked stage to the serviceability 
stage, OPC and GPC had a similar shape.  
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Fig. 12 Load – Deflection Curve Comparison OPC 
Beam Structure 

 
Fig. 13 Load – Deflection Curve Comparison GPC 

Beam Structure 
 

The differences showed that in the post-yielded 
stage, the load-carrying capacity of GPC was higher 
than OPC. Yet, compared to the deflection on post-
yielded stage GPC, it had a 44% higher deflection 
value than OPC until it reached the ultimate 
condition because GPC Beam had better bond 
strength than that OPC modeled on the Finite 
Element Analysis.  

The ductility of the GPC beam was higher than 
that of OPC because GPC was able to stand longer 
on load on the post-yielded stage. Geopolymer 
concrete had a higher value of tensile strength and 
better bond strength with the reinforcement, as 
shown in Fig.9, which had lower total slip than OPC, 
as shown in Fig. 8. It indicated a better 
reinforcement bond of GPC that caused load-
carrying capacity to last long after the first crack 
condition and transformed it into a deformation of 
the reinforced concrete beam structure (ultimate 
deflection). 

 6.2. Flexural Crack Pattern of Geopolymer and 
Portland Cement Concrete Beam Structure  

 
The experimental research crack pattern of the 

OPC beam structure shown in Fig. 3 has fewer 
visually crack patterns than GPC. The GPC with 
more cracks is shown in Fig. 4 with more crack 
holes. The finite element analysis crack pattern 
resulting from the OPC beam structure on ultimate 
condition is shown in Fig. 14 with a higher hole 
crack width (3.71 x 10-3 m). Meanwhile, Fig. 15 
shows that GPC has fewer crack patterns than OPC 
with smaller hole crack widths (2.68 x 10-3 m).  

It may have happened due to the higher value of 
fracture energy of GPC than the value of fracture 
energy of OPC. Fracture energy affected the energy 
required to open the unit area of the crack surface 
so that the GPC had fewer cracks and smaller hole 
crack width.  

 

 
 
 
 
 
 
 
 

Fig. 14 Crack Pattern and Principal Strain OPC 
Beam Structure 

 
 
 
 
 
 
 
 
 

Fig. 15 Crack Pattern and Principal Strain GPC 
Beam Structure 
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7. CONCLUSION 
 
Finite element analysis using ATENA 3D to be 

identified flexural performance and crack pattern of 
OPC and GPC beam structure are investigated and 
compared with experimental research. The 
conclusions are as follows:   
1. Geopolymer Concrete (GPC) beam structure 

shows on post-yielded stage GPC has 44% 
higher value of deflection than  OPC before it 
reaches the ultimate condition because GPC 
Beam has better bond-strength than OPC which 
is modelled on this Finite Element Analysis. 

2. GPC beam value of ductility is 12% higher than 
OPC beam. 

3. Based on FEA, the ultimate load capacity ratio 
finite element analysis of GPC is 3% higher 
than OPC, as the compressive strength of GPC 
(44 MPa) is higher than OPC (33 MPa).  

4. The first crack deflection of finite element 
analysis is similar to experimental research.  

5. GPC modeled with better bond-strength as 
“Good Condition” of bond-slip based on CEB-
FIP Model 1990 as the other research shows 
that GPC has a higher value of bond-strength 
than OPC. 

 
8. REFERENCES 
 
[1] Abdullah, M. M. A. B., Ming, L. Y., Yong, H. 

C. & Tahir, M. F. M. Clay-Based Materials in 
Geopolymer Technology. Cem. Based Mater. 
(2018) doi:10.5772/intechopen.74438. 

[2] Cheng, T. W. & Chiu, J. P. Fire-Resistant 
Geopolymer Produced by Granulated Blast 
Furnace Slag. 6875, (2018). 

[3] Duxson, P. et al. Geopolymer technology: The 
current state of the art. J. Mater. Sci. 42, 2917–
2933 (2007). 

[4] Loubana EI Atasi. Environmental Impact 
Assessment for Sustainable Cement 
Production by Loubana EI Atasi a Thesis 
Submitted in Partial Fulfilment of the 
Requirements of Edinburgh Napier 
University for the award of Doctor of 
Philosophy. (2013). 

[5] Fauzi, A., Nuruddin, M. F., Malkawi, A. B. & 
Abdullah, M. M. A. B. Study of Fly Ash 
Characterization as a Cementitious Material. 
Procedia Eng. 148, 487–493 (2016). 

[6]  Ranjbar, N., Behnia, A., Chai, H. K., 
Alengaram, J. & Jumaat, M. Z. Fracture 
Evaluation of Multi-Layered Precast 
Reinforced Geopolymer-Concrete Composite 
Beams by Incorporating Acoustic Emission 
into Mechanical Analysis. Constr. Build. 
Mater. 127, 274–283 (2016). 

[7] Abraham, R., S, D. R. & Abraham, V. 
Strength and Behaviour of Geopolymer 

Concrete Beams. Int. J. Innov. Res. Sci. Eng. 
Technol. 2, 159–166 (2013). 

[8] Sarker, P. Bond Strengths of Geopolymer and 
Cement Concretes. Adv. Sci. Technol. 69, 
143–151 (2010). 

[9] Assi, L. N., Eddie Deaver, E. & Ziehl, P. 
Effect of Source and Particle Size Distribution 
on The Mechanical and Microstructural 
Properties of Fly Ash-Based Geopolymer 
Concrete. Constr. Build. Mater. 167, 372–380 
(2018). 

[10] Lloyd, N. A. & Rangan, B. V. Geopolymer 
Concrete with Fly Ash. 2nd Int. Conf. Sustain. 
Constr. Mater. Technol. 7, 1493–1504 (2010). 

[11] Mehta, A. & Siddique, R. An Overview of 
Geopolymers Derived From Industrial by-
Products. Constr. Build. Mater. 127, 183–198 
(2016). 

[12] Husin, N. A. et al. Performance of High 
Calcium Fly Ash Based Composition. 19, 
107–113 (2020). 

[13] Patankar, S. V., Ghugal, Y. M. & Jamkar, S. 
S. Effect of Concentration of Sodium 
Hydroxide and Degree of Heat Curing on Fly 
Ash-Based Geopolymer Mortar. Indian J. 
Mater. Sci. 2014, 1–6 (2014). 

[14] Matsagar, V. Advances in Structural 
Engineering: Materials, volume three. Adv. 
Struct. Eng. Mater. Vol. Three 1619–2647 
(2015) doi:10.1007/978-81-322-2187-6. 

[15] Ranjbar, N., Mehrali, M., Mehrali, M., 
Alengaram, U. J. & Jumaat, M. Z. High 
Tensile Strength Fly Ash Based Geopolymer 
Composite Using Copper Coated Micro Steel 
Fiber. Constr. Build. Mater. 112, 629–638 
(2016). 

[16] Zhuang, X. Y. et al. Fly Ash-Based 
Geopolymer: Clean Production, Properties, 
and Applications. J. Clean. Prod. 125, 253–
267 (2016). 

[17] Sarker, P. K. Bond Strength of Reinforcing 
Steel Embedded in Fly Ash-Based 
Geopolymer Concrete. Mater. Struct. Constr. 
44, 1021–1030 (2011). 

[18] Hassan, A., Arif, M. & Shariq, M. Use of 
Geopolymer Concrete for A Cleaner and 
Sustainable Environment – A Review of 
Mechanical Properties and Microstructure. J. 
Clean. Prod. 223, 704–728 (2019). 

[19] Al-Majidi, M. H., Lampropoulos, A., Cundy, 
A. & Meikle, S. Development of Geopolymer 
Mortar Under Ambient Temperature for In 
Situ Applications. Constr. Build. Mater. 120, 
198–211 (2016). 

[20] Mohammed, B. S., Haruna, S., Wahab, M. M. 
A., Liew, M. S. & Haruna, A. Mechanical and 
Microstructural Properties of High Calcium 
Fly Ash One-Part Geopolymer Cement Made 
with Granular Activator. Heliyon 5, e02255 



International Journal of GEOMATE, July, 2022, Vol.23, Issue 95, pp.1-9 

9 
 

(2019). 
[21] Elchalakani, M., Karrech, A., Dong, M., 

Mohamed Ali, M. S. & Yang, B. Experiments 
and Finite Element Analysis of GFRP 
Reinforced Geopolymer Concrete 
Rectangular Columns Subjected to 
Concentric and Eccentric Axial Loading. 
Structures 14, 273–289 (2018). 

[22] Australia, S. Australian Standard ® Concrete 
structures AS3600. 2009, 213 (2009). 

[23] Noushini, A. et al. Compressive Stress-Strain 
Model for Low-Calcium Fly Ash-Based 
Geopolymer and Heat-Cured Portland 
Cement Concrete. Cem. Concr. Compos. 73, 
136–146 (2016). 

[24] Venu, M. & Gunneswara Rao, T. D. An 
Experimental Investigation of the Stress-
Strain Behaviour of Geopolymer Concrete. 
Slovak J. Civ. Eng. 26, 30–34 (2018). 

[25] Nuroji, Herdian Primadyas, D., Nurhuda, I. & 
Muslikh. The Comparison of Bond Strength 
Between Geopolymer Concrete and OPC 
Concrete for Plain Reinforcing Bars. MATEC 
Web Conf. 159, (2018). 

[26] Thirugnanasambandam, S. & Kumaravel, S. 
Flexural Behaviour of Geopolymer Concrete 
Beams. Int. J. Adv. Eng. Res. Stud. 8, 224–
232 (2013). 

[27] Tran, T. T., Pham, T. M. & Hao, H. 
Experimental and Analytical Investigation on 
Flexural Behaviour of Ambient Cured 
Geopolymer Concrete Beams Reinforced with 
Steel Fibers. Eng. Struct. 200, 109707 (2019). 

[28] Rinaldi, Z., Grimaldi, A. & Galli, G. 13 th 

World Conference on Earthquake 
Engineering Ductility OF R . C . Beams 
Reinforced With FRC. 2–9 (2004). 

[29] Jayananda, N. Flexural Behaviour of 
Reinforced Concrete Beams with a Layer of 
Shcc in the Tension Zone – Numerical Study 
by ATENA Model Final Report. (2017). 

[30] Prachasaree, W., Limkatanyu, S., Hawa, A. & 
Samakrattakit, A. Development of Equivalent 
Stress Block Parameters for Fly-Ash-Based 
Geopolymer Concrete. (2014) 
doi:10.1007/s13369-014-1447-2. 

[31] Jendele, L., Červenka, V. & Červenka, J. 
ATENA Program Documentation Part 1 
Theory. (2018). 

[32] Tambusay, A. Nonlinear Finite Element 
Analysis of Reinforced Concrete Beam-
Column Joints Under Reversed Cyclic 
Loading Nonlinear Finite Element Analysis of 
Reinforced Concrete Beam-Column Joints 
Under Reversed Cyclic Loading. (2020) 
doi:10.1088/1757-899X/930/1/012055. 

[33] Mousa, M. I. Effect of Bond Loss of Tension 
Reinforcement on The Flexural Behaviour of 
Reinforced Concrete Beams. HBRC J. 12, 
235–241 (2016). 

[34] Červenka, J. ATENA Program 
Documentation Part 6 ATENA Input File 
Format. (2020).  

 

 

Copyright © Int. J. of GEOMATE All rights reserved, 
including making copies unless permission is obtained 
from the copyright proprietors.  


	COMPARATIVE STUDY OF FLEXURAL PERFORMANCE OF GEOPOLYMER AND PORTLAND CEMENT CONCRETE BEAM USING FINITE ELEMENT ANALYSIS
	1. INTRODUCTION
	2. RESEARCH SIGNIFICANCE
	3. COMPARISON OF HARDENED CONCRETE MECHANICAL PROPERTIES
	4. STRUCTURAL PROPERTIES OF CONCRETE
	4.1 Flexural Properties of Reinforced Concrete
	4.2 Reinforced Concrete Beam Crack Pattern

	5. MODELING CONSIDERATION
	5.1 Concrete Stress-Strain Constitutive Model
	5.2 Steel Reinforcement Stress-Strain Constitutive Model

	6. result and discussion
	6.1. Flexural Performance of Geopolymer and Portland Cement Concrete Beam Structure
	6.2. Flexural Crack Pattern of Geopolymer and Portland Cement Concrete Beam Structure

	7. CONCLUSION
	8. referenceS


