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This study investigated the axial (compressive) loading behavior of circular hollow steel 

columns filled with eco-friendly geopolymer concrete, aiming to address the significant 

carbon footprint associated with conventional cement. The main objective was to assess 

the structural feasibility of using recycled concrete aggregate (RCA) instead of natural 

gravel in these composite elements. Nine steel tube cylinder column specimens with a 

100 mm diameter were cast and tested. The experimental variables involved RCA 

replacement ratios of 0%, 25%, 50%, 75%, and 100%, and column heights of 350, 400, 

450, 500, and 550 mm. All samples were subjected to monotonic axial compression to 

assess their ultimate load–carrying capacity and failure modes. The test results showed 

that decreasing the column height led to an enhancement in ultimate load capacity of 3.5-

17.2% compared with the control column. Additionally, the use of RCA instead of natural 

aggregate resulted in a slight reduction in ultimate load capacity of 5.3-14.0% compared 

with the control column. The three-dimensional configuration provided by the outer steel 

tube significantly delayed the geopolymer concrete crushing failure and prevented 

premature column buckling. This remarkable, complex effect demonstrates that 

geopolymer-filled steel tubes incorporating recycled concrete are highly effective, 

offering a sustainable option for heavy-duty construction while conserving natural 

aggregate resources. 
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1. INTRODUCTION

The Portland cement production process is known to use a 

considerable amount of energy and is responsible for (6-8%) 

of global warming, as 68% of the byproducts are carbon 

dioxide (CO2). Thus, using concrete in construction raises 

environmental concerns; therefore, finding alternative, 

sustainable, and environmentally friendly materials becomes 

important [1-3]. Geopolymer is an environmentally friendly 

material that has high mechanical characteristics, which used 

fly ash as a binding material (a fine trash that is assembled 

from emissions released by power stations that used coal), 

which activated by using alkaline solution, can reduce 

footprint of carbon by 80% of ordinary Portland cement (OPC) 

concrete, so using geopolymer concrete as alternative to 

ordinary concrete is a successful solution to reduce the global 

warming [4-8]. In addition, when recycled concrete is used as 

a replacement for coarse aggregate, it is considered a 

sustainable material because it helps preserve natural 

resources for the future. The use of recycled concrete as coarse 

aggregate in concrete has been extensively studied and 

approved, but using recycled concrete as coarse aggregate in 

geopolymer concrete has been less studied and is the focus of 

our research. In such material, recycled concrete aggregate 

(RCA) is used as a partial or total replacement for natural 

coarse aggregate (NCA), and cement is fully replaced by fly 

ash and an alkaline solution. Therefore, CO2 emissions 

decrease due to the removal of cement, in addition to the CO2-

absorbing effect of RCA [9, 10].  

Over the past few decades, many modern structures have 

been built using composite members. Concrete-filled steel 

tubular (CFST) is one of these composite members and is 

extensively used in structural engineering, such as piers in 

bridges and columns in high-rise buildings. Compared to 

reinforced concrete columns, concrete-steel tubular columns 

are considered advantageous because they confine the 

concrete by the external steel tube [11-13]. In 2006, Baig et al. 

[14] provided an experimental study on the strength of steel

tubular columns filled with concrete. A total of twenty-eight

specimens were adopted in this study. Variables included:

column section shape, column filling, diameter-to-thickness

ratio, and column length-to-diameter (L/D) ratio. The test

results showed that the circular columns increased strength by

60%, and a ductile manner was observed for all columns that

were filled with concrete. In 2025, Fahmy et al. [15] provided

an experimental and analytical comparative study of steel tube

columns filled with concrete under axial loading; a total of

eighteen specimens were adopted in this study, variables
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included height of specimens (500, 1000, and 1500 mm), steel 

tube (hollow or concrete filled), and concrete grade (M20 and 

M40). All specimens have a (145 mm × 82 mm × 4.8 mm) 

section. The experimental test results showed that the steel 

tube filled with concrete increased the carrying load capacity 

by 22.5% and 48.9% for M20 and M40, respectively; the 

ultimate load compressive strength decreased with increasing 

column height, and the failure of steel tubes that have a 0.5 m 

length which filled with concrete occurred near the mid-

column height due to local buckling, compared with steel tube 

hollow sections, which filled near the ends due to local 

buckling.  

In 2022, He et al. [16] provided an experimental study on 

the compressive strength of the steel tubular columns filled 

with rammed earth. A total of 15 specimens were used in this 

study. Variables included the percentage of rammed earth 

infill material and the amount of cement relative to the total 

amount of earth fill material. The test results showed that the 

increased cement content led to higher initial stiffness and 

compressive strength. In 2023, Al-Abbas et al. [17] provided 

an experimental study on the strength of steel tubular columns 

filled with concrete reactive powder. A total of nineteen 

specimens were used in this study; variables included column 

section shape, column filling, L/D ratio, and reactive powder 

concrete compressive strength. The test results showed that an 

increase in compressive strength due to the use of reactive 

concrete powder led to stiffer column behavior in the load–

vertical displacement response. In 2024, Adeleke et al. [18] 

conducted an experimental study on the mechanical and 

microstructural effects of geopolymer and ordinary concrete 

when using recycled plastic waste as a replacement for NCA. 

Variables included the replacement ratio of recycled plastic 

waste (30 and 70%). The test results showed that the 

workability and compressive strength of both concrete 

decreased as the recycled plastic waste replacement ratio 

increased. The results indicate that geopolymer concrete 

outperformed conventional concrete in compressive strength, 

recording 58.3 MPa after 28 days of curing. The researchers 

explained that the geopolymer concrete formed a sodium-rich 

geopolymer gel (a Na-bearing aluminosilicate gel) with 

greater durability than conventional cement paste. The study 

noted that this gel improved the interfacial transition zone (ITZ) 

between the matrix and the natural and recycled plastic 

aggregates. Consequently, the study concluded that using 

recycled plastic waste as a substitute for natural aggregate in 

geopolymer concrete is a successful and sustainable option, 

offering enhanced performance while reducing environmental 

impact. In 2025, Hui et al. [19] conducted an experimental and 

finite element analysis study on Geopolymer Concrete that 

filled steel Tubular (GCFST) columns under repeated axial 

loading. A total of 8 GCFST short columns were adopted in 

this study. Variables included steel tube wall thickness (2.75 

and 4 mm), geopolymer concrete compressive strength (29.9 

and 42.3 MPa), and ratio of length to diameter (2.7 and 3.6). 

The test results showed that all columns failed in shear, with 

local buckling at the steel tube column ends. Most importantly, 

the structural elements demonstrated excellent energy 

dissipation capacity and high ductility, with displacement 

ductility factors ranging from 4.63 to 10.77. A lower L/D ratio 

enhances the structural performance of columns by improving 

lateral confinement, achieving a more uniform distribution of 

confining stresses along the perimeter, increasing the ultimate 

load-bearing capacity, and enhancing the initial stiffness of the 

column. Consequently, shorter columns or those with larger 

diameters—assuming other factors remain constant—exhibit 

superior strength and stiffness compared to columns with 

higher L/D ratios. In 2015, Shi et al. [20] provided an 

experimental search to study the steel tubular columns that 

filled with geopolymer concrete under the axial loading, 

totally twelve specimens were adopted in this investigation, 

variables included: section dimension, recycled aggregate 

concrete (RAC), and geopolymer recycled concrete (GRC) 

with (0%, 50%, and 100%) ratios of replacement recycled 

aggregate. The test results showed that a high RCA 

replacement ratio decreases the ultimate load capacity and 

increases the peak strain.  

Despite the notable increase in interest in CFST columns, a 

significant research gap remains in understanding the 

mechanical interactions—under axial compression—when 

using eco-friendly binders, such as geopolymer, combined 

with RCA. Published research often addresses these physical 

aspects in isolation. This paper bridges that gap by analyzing 

the structural feasibility and performance limits of steel tubes 

filled with geopolymer concrete incorporating RCA. 

Specifically, this work explores how the triaxial confinement 

provided by the steel casing can compensate for the strength 

reductions often associated with high levels of replacement 

with RCA. By examining these complex interactions across 

various column slenderness ratios, this study offers significant 

new insights into balancing environmental circularity with 

structural load-bearing capacity. No previous studies have 

used geopolymer concrete with recycled aggregate as the 

filling material in steel tubular columns, except for Shi et al. 

[20]. This study considers only the (0%, 50%, and 100%) 

replacement ratios of RCA by NCA and does not account for 

the effect of column height in the study.  

In this study, an experimental investigation was conducted 

on the compressive behavior of geopolymer concrete with 

recycled aggregate used to fill concrete steel tube columns. 

The study variables were column height (350, 400, 450, 500, 

and 550 mm) and replacement of coarse aggregate with RCA 

(0%, 25%, 50%, 75%, and 100%). A total of 9 column steel 

tubular concrete structures were constructed and tested. The 

ultimate compressive capacity and load–displacement 

behavior are the outcomes of this study.  

 

 

2. EXPERIMENTAL PROGRAM 

 

2.1 Materials 

 

2.1.1 Aggregate 

Natural river sand was used as fine aggregate, and NCA 

(crushed gravel) and RCA were used as coarse aggregate. To 

ensure a precise, high-quality source of structural RCA, 

laboratory-based casting trials were conducted using long-

term specimens measuring 0.4 × 0.1 × 4 meters. The baseline 

concrete mix was designed using NCA to achieve a 28-day 

compressive strength of 30 MPa. After undergoing a standard 

28-day water-curing process, the structural elements were 

mechanically broken down into smaller pieces and then 

processed in a jaw crusher to obtain the desired recycled 

aggregate fractions. Subsequently, the RCA was carefully 

washed with tap water to remove fine dust and adhering loose 

particles, then left to air-dry under sunlight for 24 h at ambient 

temperature; finally, it was packed and stored in airtight 

containers under controlled laboratory conditions until the 

mixing stage. In this study, a maximum size of 10 mm was 
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used for coarse aggregate (natural and RCA). Table 1 shows 

the physical properties of coarse aggregate. 

 

Table 1. Physical properties of coarse aggregate 

 
Natural Coarse Aggregate (NCA) 

Specific gravity 2.60 

Sulfate content 0.08% 

Absorption 0.70% 

Clay content 0.40% 

Recycled Concrete Aggregate (RCA) 

Specific gravity (SSD condition) 2.47 

Dry specific gravity 2.40 

Absorption 3.50% 

Loss density, kg/m3 1360 

Compact density, kg/m3 1580 

 

2.1.2 Fly ash  

Class F fly ash was used in this study as a sustainable binder 

for geopolymer concrete, due to its ability to reduce the carbon 

footprint compared with ordinary concrete. This type of fly ash 

comes from bituminous coals and anthracite and consists 

mainly of silica and alumina, with a higher loss on ignition 

than that of fly ash class C. In geopolymer concrete, fly ash is 

considered an inert material unless activated with an activator 

solution through a process called polymerization. The result of 

the polymerization process is a strong aluminosilicate network 

(paste) that hardens and sets within a short period of time. This 

paste is considered to have the major strength of geopolymer 

concrete [21-23].  

 

2.1.3 Activator solution 

 

An alkaline activator solution consisting of a sodium 

hydroxide (NaOH) and sodium silicate (Na2SiO3) mixture was 

used to activate fly ash in geopolymer concrete. A 14 M NaOH 

solution was prepared by dissolving high-purity NaOH flakes 

in water. Due to the highly exothermic nature of this reaction, 

the solution was allowed to cool and equilibrate at room 

temperature for 24 h before use. Subsequently, a liquid 

Na2SiO3 solution—with a density of 1370 kg/m³ and a silica 

modulus (Ms = SiO2/Na2O) of approximately 2.0—was 

thoroughly mixed with a NaOH solution. Throughout the 

mixing process, the mass ratio of Na2SiO3 to NaOH was 

maintained at 2.0, and the liquid activator-to-binder (A/B) 

ratio was kept at 0.40. The mix design incorporated an alkaline 

activator solution of 162 kg/m³. To maintain the workability 

and compactability required for pumping geopolymer concrete 

into the steel pipes, a fixed dosage of superplasticizer (SP) at 

6.6 kg/m³ was added, along with 40 kg/m³ of "additional 

water" during the final mixing stage. The total water content 

in the system was precisely calculated by summing the water 

from the NaOH solution, the water contained in the Na2SiO3 

solution, and the added water. Figure 1 shows the preparation 

of the activator solution. 

 

2.1.4 Steel tube 

Steel tubes with a hollow cylindrical section measuring 100 

mm × 2 mm were adopted in this study. The hollow tube is to 

be filled with geopolymer concrete to achieve composite 

action between the compressive strength of the geopolymer 

concrete and the tensile strength of the steel tube, thereby 

confining the geopolymer concrete, delaying its crushing, and 

preventing column buckling. This type of steel tube is also 

used in the construction of high-rise buildings. These 

structures are subject to seismic and bridge loading. The 

reason for this is that when steel tube columns are filled with 

geopolymer concrete, a composite action between the steel 

tube and the geopolymer concrete occurs, as discussed above, 

which is cheaper than traditional concrete, lighter, and allows 

the column size to be reduced. 

 

 
 

Figure 1. Preparation of activator solution 

 

2.1.5 Superplasticizer 

High-range water-reducing (superplasticizing) admixtures 

were used in geopolymer concrete to improve workability. SP 

is the chemical admixture used primarily in this study to 

reduce water content and improve workability, as lower water 

content increases compressive strength. The addition of SP is 

usually expressed as a percentage of the binder weight; in this 

study, the percentage is 1.63% of the fly ash weight.  

 

2.1.6 Geopolymer concrete mix proportion 

The material proportions of the geopolymer concrete mix 

are shown in Table 2.  

 

Table 2. Mix design of geopolymer concrete 

 
Fly ash (kg/m3) Sand (kg/m3) Gravel (kg/m3) Activator Solution (kg/m3) Extra Water (kg/m3) Superplasticizer (SP) (kg/m3) 

405.0 640.0 1190.0 162.0 40.0 6.6 

 

Three cubes (150 mm × 150 mm × 150 mm) were cast and 

cured in an electrical drying oven (200 ℃ max. temp.) set at 

90 ℃ for two consecutive days (48 h), which are the same 

processing conditions that were used for all steel tubular 

columns; then the cubes were tested to obtain the compressive 

strength, which equaled 25 MPa (mean of three cubes). For the 

mix, the fly ash, sand, and gravel were dry-mixed together for 

5 min. The activator solution (Alkaline liquid) was added to 

the mixture, and the mixture was mixed for another 5 min. The 

SP and the required amount of water were also added to the 

mixture. All specimens were prepared by casting geopolymer 

concrete in the hollow of a steel tube in three stages. After each 

stage, the specimens were placed on a vibrator to compact the 

Geopolymer Concrete (GC) for 30 sec. After casting, the top 

surface of the specimens was leveled and then covered to 

prevent water from evaporating from the GC surface. All 

specimens were placed in an electrical drying oven at 90 ℃ 

for 2 consecutive days before testing. 

 

2.2 Experimental procedure 

 

Nine steel tubular columns were adopted and tested in this 
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study. Column models were designed to simulate the behavior 

of short members subjected to concentric axial loading. This 

approach accounts for second-order global buckling effects in 

a simplified manner by controlling the slenderness ratio KLu/r 

< 24. This design choice aligns with the analytical threshold 

of 22 specified in ACI 318-25 [24]. Short compression 

columns in non-sway frames (frames not subject to lateral 

displacement) are subjected to single curvature, consistent 

with the empirical limits documented in scientific literature for 

short composite CFST columns [25], as shown in Table 3. The 

first group consists of five columns filled with geopolymer 

concrete using natural aggregate as coarse aggregate; these 

columns have different heights (550, 500, 450, 400, and 350 

mm). The second group consists of five columns with a height 

of 500 mm, filled with geopolymer concrete and with different 

percentages (0%, 25%, 50%, 75%, and 100%) of NCA 

replaced by the same percentages of RCA. The Specimen 

name CH550 means: C: Column, H550: Height of the column 

is 550 mm. While the specimen CRA25 means: C: Column, 

RA25: the coarse aggregate in this specimen consists of 75% 

NCA and 25% RCA. Figure 2. Shows columns after being 

filled with geopolymer concrete. Although each specimen is 

evaluated using a single composite sample due to experimental 

constraints, the triaxial structure provided by the steel tube 

significantly influences the structural response, thereby 

mitigating the impact of variations in the internal material 

properties. Nevertheless, the findings of this study indicate 

behavioral trends; further, comprehensive, statistically based 

replicate testing is recommended to support the future 

development of design codes. 

Table 3. Steel tubular column details 

Name of Specimens Height (mm) 
Percentage of NCA in Geopolymer 

Concrete (%) 

Percentage of RCA in 

Geopolymer Concrete (%) 

Group one 

CH350 350 100 0 

CH400 400 100 0 

CH450 450 100 0 

CH500 500 100 0 

CH550 550 100 0 

Group two 

CRA0 500 100 0 

CRA25 500 75 25 

CRA50 500 50 50 

CRA75 500 25 75 

CRA100 500 0 100 
Note: * Crucially, the specimen with 500 mm height and 0% RCA is shared between both groups. Therefore, while Table 3 displays 10 rows to maintain a clear 

visual comparison across parametric groups, only 9 unique physical columns were cast and tested: recycled concrete aggregate (RCA) and natural coarse 

aggregate (NCA). 

Figure 2. Columns after being filled with geopolymer 

concrete 

2.3 Columns testing procedure 

After the curing time (two days) is complete, all columns 

are removed from the electric oven and left to cool. A tensile 

testing machine with a capacity of 1000 KN which used as a 

compression testing machine for testing our specimens. The 

machine is first connected to the computer to help draw the 

curve between the recorded loads and axial displacements. The 

load is applied in successive increments until the specimen 

fails. The loading rate for this case was 0.11 KN/sec. To ensure 

high measurement accuracy and consistent experimental 

results, formal inspection and calibration of all laboratory 

testing equipment—such as digital load cells and Linear 

Variable Differential Transformers (LVDTs)—are conducted 

annually by the Central Organization for Standardization and 

Quality Control (COSQC) under the Iraqi Ministry of 

Planning. Figure 3 shows the testing machine for steel tubular 

columns.  

Figure 3. Testing machine for steel tubular columns 

3. RESULTS AND DISCUSSIONS

3.1 Ultimate load capacity 

The principal purpose of this research is to examine the 

ultimate load capacity of steel tubular columns filled with 

geopolymer concrete. Table 4 and Figure 4 show the ultimate 

load capacity of steel tubular columns. Results from using 

different column heights (CH350, CH400, CH450, and CH500) 

showed ultimate load capacities of 17.2%, 12.2%, 7.7%, and 

3.5%, respectively, compared with the control column 

(CH550). These results are consistent with a previous study by 

Fahmy et al. [15], which concluded that the ultimate 

compressive load capacity decreases with increasing column 

height. The results were due to the shorter columns having 
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higher ultimate loads because of reduced buckling potential 

and more effective confinement in the tubes. While the results 

obtained from using different percentages of replacement of 

NCA by RCA (CRA25, CRA50, CRA75, and CRA100) 

showed a decrease in ultimate load capacity of (5.3, 8.2, 12.3, 

and 14%), respectively, over the control column CRA0. These 

results are consistent with a previous study by Shi et al. [20], 

which concluded that the ultimate compressive load capacity 

decreases with increasing replacement of NCA by RCA. The 

results of this study showed that RCA contains more cracks 

and old mortar, which led to weaker geopolymer concrete and 

lower stiffness, resulting in a decrease in the ultimate load 

capacity of steel tubular columns filled with it compared to 

those filled with NCA. Figure 5 shows the failure modes of 

steel tubular columns. 

Table 4. Ultimate load of steel tubular columns 

 

 Name of Specimens Height (mm) 

Percentage of Recycled 

Concrete Aggregate (RCA) 

in Geopolymer Concrete (%) 

Pu (KN) 
Percentage of Increase in 

Ultimate Load (%) 

Group 

one 

CH350 350 0 470.0 17.2 

CH400 400 0 450.0 12.2 

CH450 450 0 432.0 7.7 

CH500 500 0 415.0 3.5 

CH550 550 0 401.0 Reference 

 Name of Specimens Height (mm) 
Percentage of (RCA) in 

Geopolymer Concrete (%) 
Pu (KN) 

Percentage of Decrease in 

Ultimate Load (%) 

Group 

two 

CRA0 500 0 415.0 Reference 

CRA25 500 25 393.0 5.3 

CRA50 500 50 381.0 8.2 

CRA75 500 75 364.0 12.3 

CRA100 500 100 357.0 14.0 

 

  

(a) Percentage increase in the ultimate load capacity of steel 

tubular columns with different heights 

(b) Percentage decrease in the ultimate load capacity of steel 

tubular columns with different percentages of recycled concrete 

aggregate (RCA) 

 

Figure 4. Ultimate load capacity of steel tubular columns 

 

 

  
(a) Failure modes of steel tubular columns with different 

heights (continuous) 

(b) Failure modes of steel tubular columns with different 

percentages of recycled concrete aggregate (RCA) 

 

Figure 5. Failure modes of steel tubular columns 
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The American Institute of Steel Construction (AISC) [26] 

suggested that the predicted steel tubular compressive strength 

capacity can be obtained using the following equation: 
 

PAISC = FyAs + FysrAsr + 0.85 fc' Ac 
 

where, 

As: Area of steel section (mm2). 

Fy: Steel section yield stress (355MPa in this search). 

Asr: Reinforcing bar area (mm2). 

Fyr: Reinforcing bars yield stress (MPa). 

Ac: Concrete area (mm2). 

f'c: Concrete compressive strength (25 MPa in this study). 

And if we apply our search results, the predicted strength is 

a constant value for all specimens and equal to (PAISC = 394.41 

KN). Since standard AISC equations do not specifically 

account for RCA replacement rates or slight variations in the 

slenderness ratio, and assume the use of conventional concrete 

rather than geopolymer concrete, estimates based on the 

standard code remain identical for all tested configurations. To 

bridge this gap—specifically regarding the evaluated 

dataset—and without defining a general design equation, a 

study-specific adjustment factor (K) was employed to calibrate 

the basic AISC equation, resulting in the proposed equation:  

 

Pproposed = K * PAISC 

 

where, 

K = 1.5 – 0.0009H – 0.153 (RCA). 

H: Height of column steel tubular (mm). 

RCA: Recycled concrete aggregate (for 25%, equal to 0.25 

and so on). 

Table 5 explains the experimental, AISC, and proposed 

ultimate loads of all specimens.  

 

Table 5. Experimental, American Institute of Steel 

Construction (AISC), proposed ultimate load 

 
Name of 

Specimens 

PAISC 

(KN) 
K 

Pproposed 

(KN) 

Pexp 

(KN) 

(Pexp / 

Pproposed) 

CH350 394.41 1.19 469 470 1.00 

CH400 394.41 1.14 450 450 1.00 

CH450 394.41 1.10 434 432 1.00 

CH500 394.41 1.05 414 415 1.00 

CH550 394.41 1.01 398 401 1.01 

CRA0 394.41 1.05 414 415 1.00 

CRA25 394.41 1.01 398 393 0.99 

CRA50 394.41 0.97 383 381 0.99 

CRA75 394.41 0.94 371 364 0.98 

CRA100 394.41 0.90 355 357 1.01 

 

3.2 Load–displacement behavior 

 

Strain gauges were placed in the parallel direction to the 

compression load at the mid-height of the columns to measure 

the column axial displacement. Figure 6 shows the load–axial 

displacement. For specimens with different height the test 

results showed typically four load–displacement 

characteristics: the first is the initial linear region at which the 

high initial stiffness where showed for the short columns and 

low with increased columns heights, the second is the 

transition or yielding region at which yield of steel and expand 

of geopolymer concrete starts, the third is the ultimate load 

region at which the ultimate load of short columns is height 

and decrease when increase the columns height, and fourth is 

the failure region at which the short columns failure due to 

local buckling and crushing and when the column height 

increase the failure tends to global buckling. For specimens 

with different percentage of RCA by NCA the test results 

showed typically four load – displacement characteristics: the 

first is the initial linear region at which the high initial stiffness 

of columns where showed when used low percentage of 

replacement NCA by RCA and reduced with increased the 

replacement percentage, the second is the transition or yielding 

region at which yield of steel and expand of geopolymer 

concrete starts, the third is the ultimate load region at which 

the ultimate load of columns is height when used low 

percentage of replacement NCA by RCA and decrease when 

increase the replacement percentage, and fourth is the failure 

region of columns which considered ductile failure when using 

low percentage of replacement NCA by RCA and tends to 

brittle or instability failure when increase the replacement 

percentage.  
 

 
(a) Steel tubular columns with different heights 

 
(b) Steel tubular columns with different percentages of 

recycled concrete aggregate (RCA) 

 

Figure 6. Load–axial displacement behavior of steel tubular 

columns 
 

3.3 Environmental limits and the scope of sustainability 
 

Although aggregate-based geopolymer concrete is a 

promising option for sustainable construction, a realistic 

assessment of its sustainability requires examining the 

environmental impacts of its constituent materials. The 

production of Na2SiO3 and NaOH solutions is an energy-

intensive process and a primary source of greenhouse gas 

emissions during geopolymer production. Furthermore, the 

heat-curing process (at 90 ℃ for 48 h) requires additional 

energy—whether electrical or thermal—which affects the net 

CO₂ savings compared to conventional concrete cured at 
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ambient temperatures. However, life-cycle research in the 

scientific literature indicates that relying on industrial by-

products (as is the case with geopolymer binders) can reduce 

total CO2 emissions compared to OPC mixtures, provided that 

curing efficiency is enhanced and activator concentrations are 

increased. Future research should involve a rigorous life-cycle 

assessment—from the start of production to the point of 

delivery—which is vital for accurately identifying these 

environmental trade-offs. 
 

 

4. CONCLUSION 
 

This search provided an experimental study on the use of 

environmentally friendly geopolymer concrete with RCA as 

an alternative to conventional concrete in filled steel tubular 

columns. The variables in this study include the different 

column heights and the percentage of NCA values replaced by 

RCA. From the test results, the following conclusions can be 

listed: 

1. Geopolymer concrete is considered an environmentally 

friendly material due to reducing the carbon footprint by using 

sustainable materials like fly ash compared with ordinary 

concrete. 

2. At higher temperatures, the process of polymerization 

will be complete, which leads to high compressive strength of 

geopolymer concrete. 

3. The filling of a steel tube with geopolymer concrete 

creates composite action between the compressive strength of 

geopolymer concrete and the tensile strength of the steel tube, 

which leads to confining the geopolymer concrete, delaying its 

crushing and preventing column buckling. 

4. The ultimate load capacity of steel tubular columns filled 

with geopolymer concrete gradually increases as the columns 

become shorter.  

5. The ultimate load capacity of steel tubular columns filled 

with geopolymer concrete decreased by a reasonable amount 

when using a higher percentage of RCA.  

6. The percentage increase in ultimate load capacity of steel 

tubular columns ranged from 3.5 to 17.2% when decreasing 

the column height in comparison with the control column. 

7. The percentage decrease in ultimate load capacity of steel 

tubular columns ranged from 5.3 to 14.0% when increasing the 

percentage of RCA in comparison with the control column. 

8. Due to the practical constraints of testing only a single 

sample for each parameter, the results of this study should be 

understood as indicators of behavioral trends; Therefore, it is 

highly recommended to conduct extensive statistical research 

and establish broader databases in future studies to facilitate 

the development of accurate empirical equations and validate 

them for use in practical design codes. 
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