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Abstract: Geopolymer concrete has developed as an environmentally sustainable construction material the gained importance due to 

its cement-free production process. This paper presents numerical modeling through nonlinear finite element analysis (NLFEA) of 

reinforced geopolymer concrete beams as well as an analytical study. The numerical modeling and nonlinear analysis are performed 

using commercial software ANSYS, made for previously tested geopolymer concrete (GC) beams with main reinforcement bars of 

steel and glass fiber reinforced polymers (GFRP), and contains two types of dispersed fibers: steel and polypropylene fibers. The 

numerical results are presented and compared with the published experimental findings. A reasonable correlation between numerical 

and experimental results is observed, thus validating the efficiency of the modeling methodology for analyzing and designing 

geopolymer concrete c elements . 
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1. Introduction 

Geopolymer concrete eliminates the use of cement and 

is thus regarded as an eco-friendly and sustainable 

construction material and is increasingly gaining acceptance 

[1-4]. Geopolymer concrete (GC) had been applied as 

reinforced concrete (RC) beams and the behavior was found 

by several researchers similar to conventional RC beams [5-

7]. However, many reinforced concrete guidelines do not 

address the design of geopolymer concrete members, and 

therefore more investigation is needed to aid in developing 

adequate design formulas. It is always useful to be able to 

correctly simulate the structural behavior of such elements 

and analyze them numerically to avoid going through 

expensive experimental testing. The finite element method 

has been successfully applied for analysis of nearly all 

structural engineering problems and the method is 

implemented in many commercial computer software 

packages. Geopolymer concrete beams have been analyzed 

numerically by nonlinear finite element analysis (NLFEA) 

using in-house programs [7] or commercial software 

packages [8]; the resulting deflections were found to be 

similar to the experimental results [6-10]. Hassan et al. [11] 

investigated GC beams containing steel fibers 

experimentally and numerically using the nonlinear finite 

element analysis software ABAQUS 6.11 [12] and showed 

that compressive strength and stiffness increased due to the 

incorporation of steel fibers. [13] showed that GC beams 

displayed slightly higher deflection for the same amount of 

load compared to normal concrete beams. To increase beam 

flexural strength and ductility while providing corrosion 

protection, several researchers proposed using hybrid 

systems that combine steel and FRP bars as reinforcement 

[14-16]. The ductility of RC structures is increased using 

steel reinforcing bars, allowing tension failure, and 

preventing compression failure. [17] investigated 

geopolymer concrete beams and showed similar flexural, 

shear, and crack development to ordinary beams. [18] 

conducted experimental and computational analysis and 

demonstrated an increase in the moment capacity with an 

increase in steel reinforcement ratio. Concrete at the 

pressure zone of the surface caused the beams to fracture 

when their steel yielded first [19]. The numerical simulation 

provided higher stiffness than the theoretical calculation 

[20]. [21] investigated the flexural behavior of GC beams 

using the finite element method and reported experimental 

variations different from those that [22] had attempted to 

model using ANSYS 12.0 software, additionally, 20% 

discrepancy between experimental and numerical results 

was reported.  

This paper presents numerical modeling using nonlinear 

finite element analysis (NLFEA) using ANSYS software 

version ANSYS 2021 R1 [23] for geopolymer concrete 

beams reinforced by steel bars and GFRP bars which have 

been previously tested experimentally [24]. The numerical 

modeling procedure, numerical results, and discussion as 

well as the analytical investigation are described in the 

following sections.  

2. NUMERICAL MODELING AND FINITE 

ELEMENT ANALYSIS 

Numerical modeling and nonlinear finite element 

analysis (NLFEA) were conducted using commercial 

software ANSYS, version ANSYS21 [23], to evaluate the 

flexural behavior of geopolymer-reinforced concrete (RC) 

beams that have been experimentally tested by the authors 
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[24]. The analyzed beams have dimensions 2000 mm, 150 

mm, and 250 mm; the beam’s dimensions and 

reinforcement details are shown in Figs. 1 and 2. The shear 

reinforcement of all beams is 8 mm diameter steel stirrups. 

Beams of group I are reinforced with steel bars, normal 

concrete beam B1 serves as control while B2, B3, and B4 

are GC with increasing reinforcement ratios. Geopolymer 

concrete beams of Group II beams B5 to B8 have different 

reinforcement ratios of GFRP bars. Group III GC beams B9 

and B10 reinforced by GFRP bars have steel and 

polypropylene fibers added to the GC mix. 

The numerically evaluated behavior is compared with 

the experimental results in the following sections to validate 

the numerical modeling procedure. 

2.1 Finite elements  

Three finite element (FE) types were used for the 

idealization of the reinforced concrete beam, shown in Fig. 

3. Concrete was modeled by element SOLID 65 having 

eight nodes each can experience x, y, and z directions 

displacements; the element has the capabilities of cracking, 

crushing, and deforming plastically. The reinforcing bars 

and stirrups are idealized by element LINK 180 3-D, 

capable of plastic deformation, and described by two nodes 

with x, y, and z translations at each node. The steel plates 

placed for loading and at supports are modeled by eight-

node solid element SOLID 45. Three materials for rebars 

may be entered by the user representing directions x, y, and 

z in the smeared model. 

2.2 Reinforcement-Concrete Interface 

For representing the reinforcement in NLFEA, two 

approaches are commonly followed: discrete modeling 

(DM) and smeared modeling (SM). In SM, the 

reinforcement is uniformly distributed within the elements 

in a defined region of FE mesh, shown in Fig. 4(a) [25]; 

which is suitable for modeling the volumetric ratio for fiber 

reinforcement. In DM, reinforcement elements are 

connected to the concrete element at the same nodes of the 

concrete element, as shown in Figure 4(b); this model is 

adopted for the main longitudinal bars. 

 

 
Fig 1. Geometry of the tested beams. 

 

 

Details of Group I 

 
Details of Group II 

 

Details for Group III  

 
 

Fig 2. Details of reinforcement for the tested beams B1 to B10. 
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Fig 3. Adopted elements for modeling [23]. 

 

 

 
 

Fig 4. Modeling approaches for reinforcement [25]. 

 

2.3 Finite element models for beams 

Ten three-dimensional FE models were made for GC 

beams with main reinforcement of steel or GFRP bars 

previously tested by the authors in bending until failure. 

The 3D FE models represent closely the beam’s geometry, 

material properties, reinforcement details, boundary 

conditions, and loading, as shown in Fig 5. 

 
(a) Model of concrete beam and supports. 

 
(b) Model of reinforcement. 

 

Fig 5. Finite element model of a typical beam. 

2.4 Adopted properties of materials  

The material properties for normal concrete, GC, steel, 

and GFRP bars adopted in the FE simulation are given in 

Tables 1-3. Also, the adopted stress-strain curves are shown 

in Fig. 6. 

 

 

TABLE 1. Material properties adopted for normal and geopolymer concrete. 
 

Item Normal concrete Geopolymer concrete 

Element Type Solid65 Solid65 

Modulus of elasticity (EX) (N/mm2) 31116 32147 

Passion ratio (PRXY) 0.2 0.2 

Open crack shear coefficient 0.6 0.6 

Closed crack shear coefficient 0.8 0.8 

Uniaxial cracking stress (fctr) (N/mm2) 5 5.388 

Uniaxial crushing stress (fcu) (N/mm2) 50 53.88 

Tensile crack factor 0.6 0.6 
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TABLE 2. Material properties for steel reinforcement. 

 

Item Main steel bars stirrups 

Modulus of elasticity (EX) (N/mm2) 200000 200000 

Passion ratio (PRXY) 0.3 0.3 

Yield stress (fy) (N/mm2) 420 280 

Tan modulus (N/mm2) 10000 10000 

 

TABLE 3. Properties of GFRP bars. 

 

Diameter (mm) 
Ultimate tensile strength fu 

(N/mm²) 

Elastic modulus Εf 

(kN/mm²) 
Rupture strain Ԑfu 

8 680 44 0.02 

12 700 45 0.02 

 

 
Fig 6. Stress-strain relations.  

 

2.5 Steel reinforcement 

The stress-strain relationship for longitudinal steel bars 

and stirrups is a bi-linear kinematic hardening relation, 

represented by two straight lines as shown in Fig. 7(a). The 

average stress-strain relation is expressed as follows. 

For      ns    ,     sss Ef                      (1) 

And for   ns    , 
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a. Steel reinforcement bars. 

 
b. GFRP bars. 

 
Fig 7. Stress-strain relations for steel and GFRP reinforcement. 

 

2.6 GFRP Reinforcement 

GFRP bars are modeled using FE used for steel 

reinforcement, LINK180, defined by linear-elastic 

properties determined experimentally and given in Table 3, 

and the stress-strain relation is shown in Fig. 7(b).  

3. NUMERICAL Results And DISCUSSION 

The numerical results obtained from NLFEA of the ten 

beams are given and are compared to the experimental 

results in Table 4. The relationship between load and mid-

span deflection is plotted in Figs. 8 to 11 compared to those 

of the experimentally tested beams. Additionally, the 

experimental cracking patterns are depicted and compared 
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to the numerically predicted cracks at failure. The first 

cracks occur in the tension side of the beam in its middle 

third, i.e. the pure bending zone, when the concrete tensile 

strength or cracking strength is reached. By increasing the 

applied load, the beam cross-section neutral axis is shifted 

upwards towards the compressed side of the beam; cracks 

increase in width, length, and number until failure occurs by 

crushing of concrete on the compression side. Similar 

observations were reported by Hammad et al. [26]. The 

deformed shape of normal concrete beam B1 at failure is 

shown in Fig. 12; the maximum mid-span deflection is 

15.19 mm.  
 

TABLE 4. Numerical results of all studied beams. 
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Numerical results Experimental results 
Numerical / 

experimental results 

Pcr num 

(kN) 

Pu num 

(kN) 

Pcr exp 

(kN) 

Pf exp 

(kN) 

Pcr num / 

Pcr exp 

Pu num / 

Pf exp 

I 

B1 N 50.5 Steel 0 26 54 15.57 56.72 1.67 0.95 

B2 G 53.8 Steel 0 28 62 18.21 61.7 1.54 1.00 

B3 G 53.8 Steel 0 28 72 22.5 82.83 1.24 0.87 

B4 G 53.8 Steel 0 28 78 23.03 85.94 1.22 0.91 

II 

B5 N 50.5 GFRP 0 24 66 19.78 95.59 1.21 0.69 

B6 G 53.8 GFRP 0 26 70 13.42 97.06 1.94 0.72 

B7 G 53.8 GFRP 0 26 35 11.21 45.09 2.32 0.78 

B8 G 53.8 GFRP 0 26 56 12.79 53.41 2.03 1.05 

III 

B9 G 53.8 
GFRP + Steel 

Fibers 
0.5% 26 108 16.31 104.92 1.59 1.03 

B10 G 53.8 
GFRP + PP 

Fibers 
0.1% 26 80 16.52 107.25 1.57 0.75 

 

The variations in the results also show in Table 4 that 

when the reinforcement ratio decreases, cracking loads 

increase. And there is a small difference between the 

ultimate load for geopolymer concrete and normal concrete 

reinforcement by GFRP bars at the same ratio. 

3.1 Cracking Loads   

The observed cracking pattern and crack propagation 

were similar for all the tested beams: cracks appeared first at 

the tension bottom face of the beam in the constant moment 

region. The NLFEA also predicted crack formation in the 

studied beams when the applied load was in the range of 24 

– 28 kN. From examining Table 4, good agreement is 

observed between the predicted and experimentally 

evaluated cracking loads with a mean ratio between them of 

1.63 and a coefficient of variation (C.O.V) = 0.049 %.  

3.2 Ultimate Capacity 

The numerically evaluated ultimate loads show 

reasonable agreement with the experimental results, as 

observed from Table 4; the ratio of calculated to 

experimental results ranged between 0.72 and 1.05, with 

C.O.V of 0.93%, thereby validating the adopted modeling 

and NLFEA procedure. 

3.3 Load – Displacement Behavior  

Figures 8 to 10 show the relations for steel and GFRP 

reinforced beams between the applied load and the 

deflections measured at the mid-span of the beams. 

Generally, an acceptable agreement is observed between the 

plotted experimental and numerical values. In the linear 

range, the numerical load-deflection curves are coinciding 

with the experimental ones. After cracking, the stiffness of 

the FE models exceeds the experimental values due to the 

assumption of the perfect bond between concrete and 

reinforcement in FE analysis. This assumption is not valid 

for the experimental beams, since after cracking slight bond 

slip occurs resulting in loss of the composite action between 

the concrete and GFRP bars; leading to a decrease of the 

beam’s overall stiffness than for the finite element models. 

El-Mogy [25] accounted for the bond-slip relationship by 

connecting the reinforcement and concrete elements nodes 

through non-linear spring elements. The FE model of this 

work succeeded to predict GC beam reinforced by GFRP 

bars up to 85% of the failure load. 

3.4 Effect of addition of fibers to GC mix  

For beams B9 and B10 with steel and polypropylene 

fibers added to the GC mix, the load mid-span deflection 

relations are plotted in Fig. 11 compared to GC beam B6 

reinforced by GFRP bars. As observed from Fig. 11 and 

Table 4, the addition of steel fibers to the GC mix of GFRP-

reinforced beams managed to increase the maximum load 

and deflection by 9% and 7%, respectively. Also, the 

addition of polypropylene fibers is observed to increase the 

maximum load and deflection by 10.6% and 4%, 

respectively, thus providing slightly more flexural capacity 

and ductility to the beam. 
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(a) Beam B1. 

 

 
(b) Beam B2. 

 

 
(c) Beam B3 

 

 
(d) Beam B4 

 

Fig 8. Load-mid-span deflection relations for beams B1-B4. 
 

 
(a) Beam B5 

 
(b) Beam B6 

 
(c) Beam B7 

 
(d) Beam B8 

Fig 9.  Load-mid-span deflection relations for beams B5-B8. 

 

 
(a) Beam B9 

 

 
(b) Beam B10 

Fig 10.  Load-mid-span deflection relations for beams B9 and B10. 
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3.5 Cracking Patterns and Failure Modes 

The experimentally observed cracking patterns and the 

cracks predicted numerically by NLFEA for beam B1 are 

shown in Fig. 12, at the first crack, at 50% of the ultimate 

load, and failure. The cracking patterns and the failure 

modes for GC beams were nearly the same as those of 

ordinary concrete beams. Also, agreement was achieved 

between the cracks obtained by numerical analysis and the 

experimentally observed crack patterns. 

 
(a) Addition of steel fibers. 

 
(b) Addition of pp fibers. 

 

Fig 11.  Influence of addition of fibers to geopolymer concrete beams. 

4. ANALYTICAL CALCULATION OF 

FLEXURAL CAPACITY  

Using the equivalent rectangular stress block as the base 

for calculating the flexure capacity of the beam cross-

section, sketched in Fig. 13, the compression zone height, 

equivalent rectangular stress block, and ultimate capacity 

can be calculated by the force and moment equilibrium 

condition. 

 
(a) at cracking load Pcr 

 

(b) at 50% of Pf 

 

(c) at failure 

Fig 12. Cracks propagation for beam B1. 



     Vol.52, No4 October 2023, pp:38-47         Nadia O. Nofal et al   Engineering Research Journal (ERJ) 

 

 
 
45 
 

∑ 𝑋 = 0                  𝛼1𝑓𝑐𝑏𝑥 = 𝑓𝑦𝐴𝑠                              (4) 

∑ 𝑀 = 0                 𝑀𝑢 = 𝛼1𝑓𝑐𝑏𝑥(ℎ0 − 
𝑥

2
)  (5) 

Where: Mu is the flexural capacity of the normal 

section of the tested beam, fc is the concrete compressive 

strength (MPa), fy is the tensile strength for steel (MPa), 

1is the equivalent rectangular stress diagram coefficient 

of concrete in the compression zone. According to the 

technical standard of geopolymer concrete, the assumed 

value of 1for this kind of concrete is 0.90.   

Also, ho is the effective height, ho = h - as , where as = 

c + dv + d/2 

 

 
 

Fig 13. Analysis of beam cross-section at failure. 

 

Table 5. The analytical and experimental ultimate capacity of all beams. 

 

Beam M u Mu exp Mu exp/ M u 

B1 54.5 56.72 1.04 

B2 54.8 61.70 1.12 

B3 66.5 82.83 1.25 

B4 78.8 85.94 1.09 

PCC-18-1.20 [Ref.27] 60.3 66.20 1.10 

PCC-25-1.20 [Ref. 27] 65.5 69.9 1.07 

PCC-33-1.20 [Ref. 27] 69.4 73.6 1.06 

PC-RHA-18-1.2 [Ref. 27] 60.1 64.9 1.08 

PC-RHA-25-1.2 [Ref. 27] 65.4 69.5 1.06 

PC-RHA-32-1.2 [Ref. 27] 69.1 72.5 1.05 

Average value x=1.092, stand. dev. σ=0.98, COV =0.01. 

 

The parameters of each tested beam are substituted 

into the above equation to calculate the ultimate moment 

capacity Mu. The calculated and experimental results are 

listed in Table 5, together with results obtained by 

Thumrongvut et al. [27]. It is observed that the predicted 

values of the beam’s ultimate flexural capacity Mu are 

close to the experimental values, therefore the presented 

formula can be effectively applied to determine the 

ultimate capacity of GC flexural elements. The flexural 

capacity increases with increasing the reinforcement 

ratio: the calculated ultimate moment of beam B4 is 

22.31% higher than that of beam B2 due to the increasing 

reinforcement ratio from ρ =0.48% to ρ =0.58%. 

Furthermore, as observed from Table 5, the numerical 

results approach the experimental values for higher 

reinforcement ratios. 

Conclusions 

In this paper, numerical modeling was made for 

geopolymer concrete (GC) beams with different 

reinforcement schemes. Numerical modeling and 

nonlinear finite element analysis (NLFEA) were 

performed using commercial software ANSYS for GC 

beams having main tensile reinforcement of steel or 

GFRP bars and with the addition of steel or 

polypropylene fibers to the concrete mix that has been 

experimentally tested by the authors under four-point 

loading until failure. The numerical models were 

compared to the experimental results. Additionally, the 

flexural capacity of the beams was estimated by analysis 

of the ultimate moment of the beam cross-section. The 

main conclusions reached by this study can be 

summarized in the following points.  
 Numerical modeling and nonlinear analysis were 

performed to study the flexural behavior of GC 

beams using a commercially available nonlinear 

analysis software ANSYS, which enables any 

practicing engineer to perform the analysis. 

 The numerical results obtained in this study by 

NLFEA are in good agreement with the 

experimental results regarding first crack loads, 

moment-carrying capacity, and load-deflection 
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response. 

 The numerically predicted flexural capacity of 

GC beams increases as their reinforcement ratio 

increases. 

 The failure occurred in flexure mode for all the 

GC beams, where cracks initiated from the 

center of the tension face of the beams; by 

increasing the load, cracks increased in number 

and width and propagated until reaching the 

compression zone of the beams.    

 It has been noticed that the formation of flexural 

cracks is substantially fewer in GC beams 

compared to conventional reinforced concrete 

beams. 

 The addition of steel and polypropylene fibers to 

GC beams reinforced by GFRP contributed very 

slightly to the improvement of the flexural 

behavior. The increase in the ultimate load was 

9% and 10.6%, and the increase in maximum 

deflection was 7% and 4% for steel and 

polypropylene fibers addition, respectively, 

providing the beam with slightly more flexural 

capacity and ductility. 

 The analysis made for GC beams cross sections 

to evaluate the ultimate moment yielded values 

that are close to the experimental values; 

indicating that the presented formulas can 

reliably determine the flexural capacity of 

geopolymer concrete flexural members. 

 There is currently limited information available 

on the mechanical behavior of the presence of 

steel fibers within the geopolymer concrete mix 

and its impact on the related structural 

performance of geopolymer reinforced concrete 

beams of T-section. But more study is required 

to take cyclic load behavior and torsional 

behavior of GC reinforced beams into account. 

 Therefore, it is highly advised that cement be 

replaced in new construction with geopolymer 

concrete made from locally available materials in 

Egypt. 

Notations: 

GC geopolymer concrete  

GFRP  glass fiber reinforced polymers 

NLFEA nonlinear finite element analysis 

Pcr  cracking load of the beam 

Pu  ultimate numerical load of the beam 

Pf  failure load of the beam 

δu               deflection of the beam at the maximum numerical load  

δf  deflection of the beam at the failure load 

fc  concrete compressive strength (MPa) 

fcr  cracking strength of concrete (MPa) 

fy  tensile strength for steel (MPa) 

fs  average stress in steel bar (MPa) 

εy  average strain in steel bar 

Es  Young's modulus of steel reinforcement 

ho  effective height of beam cross-section 

1              equivalent rectangular stress diagram coefficient 

Mu             flexural capacity of the middle section of the tested beam 

ρ  reinforcement ratio 

fy yield stress of steel bar 

εy  yield strain of steel bar 
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