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Abstract. This paper presents an experimental investigation to study the behavior of 12 recycled aggregate 
concrete-filled steel tubular (RACFST) short columns subjected to concentric axial loading. These columns 
formed from six different cross-sections involving: triangle, elliptical, and hexagon, whereas the other three 
sections included traditional forms for control purposes, involving: square, rectangular, and circular. The 
whole of the RACFST columns sections used is made of mild steel plates. All columns were divided into 
two groups and filled with recycled aggregate concrete. The steel tube thickness was the only parameter 
modified to study its effect properly. In addition, the study included the search for the best effective section 
with regard to the properties of stability and confinement, so these columns were designed so that the 
cross-sectional areas of steel tubes were approximately equal. Different data have been recorded in the 
experimental tests, including: the ultimate failure axial load, final failure stress, the reduction in the axial 
column length, failure patterns, and lateral displacement. Data obtained exhibited of RACFST columns with 
circular and elliptical sections, respectively, showed better stability, confinement for the concrete, and the 
ability to withstand greater final failure stress. On the other hand, the arrangement of all RACFST columns 
with polygonal sections in terms of bearing the ultimate failure stress was as follows: hexagonal (C.H.), 
square (C.S.), rectangle (C.R.), and triangle (C.T.). The reason for this was the increase in the number of 
corners of steel plates that formed the model. In another concept, this means that the greater the number 
of formed sides and the greater the angle between the sides (90° or more), the section can achieve more 
stability and confinement, respectively. In addition to these, the results showed, when the thickness of the 
steel tube increases, the concrete contribution ratio value decreases of the specimens examined. 

Citation: Haitham, A.S., Ali, H.N.A. Structural behavior of thin-walled steel short columns filled with 
recycled aggregate concrete. Magazine of Civil Engineering. 2025. 18(5). Article no. 13702. DOI: 
10.34910/MCE.137.2 

1. Introduction 
Recycled aggregate concrete-filled steel tubes (RACFST) are a type of composite construction 

consisting of two main sections: recycled concrete using recycled aggregate concrete (RAC) as a filler and 
hollow steel tube. These hollow steel tubes are manufactured in several ways, either by cold forming, steel 
plate welding, or hot rolling, as reported in Concrete-filled Tubular Members and Connections by X.-L. Zhao, 
L.-H. Han, H. Lu [1]. Common sections used in these columns are circular, square,  and rectangular and 
are often called “circle hollow section (CHS)”, “square hollow section (SHS)”, and “rectangle hollow section 
(RHS)”. Concrete-filled steel tubes (CFST) have many features and benefits for different buildings, including 
high resistance to force and fire, preferred ductility, and the unique ability to absorb energy, in addition to 
the lack of the need to use shutters during concrete construction, and as a result, reducing the cost and 
time of construction work. These advantages have been utilized in a wide field and led to the expanded use 
of this technique in civil engineering structures [2]. Through a previous statistical study concerning the 100 
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tallest buildings in the world according to materials, it was found, without a doubt, that the need to use these 
composite structures will increase shortly, while steel towers continue to decline, which calls for research 
in this regard [3]. 

The tensile strength of concrete is less than compressive strength. In addition, under two- or three-
axial restraint pressure, the compressive  strength is better. The tensile strength is high for steel structures, 
but the shape is likely to have local buckling under compression. 

In CFST, the properties of each material have been harnessed,  and working together leads to its 
wonderful benefits. The confining pressure of the concrete is provided by the steel tube, in turn, the concrete 
core reduces the local buckling of the steel tube. 

The ideal and commonly used forms of sections in steel columns filled with concrete are square, 
rectangular, and circular, as each type of these sections has its characteristics. The cross-section of the 
circular column gives strong confinement of the filled concrete, also the probability the local buckling 
occurred in SHS or RHS cross-sections even though CFST with SHS and RHS sections are still in great 
use in various construction sectors because it is easier to design and connect between columns and has 
high rigidity against sectional bending [2]. 

Other cross-sections with special shapes such as hexagonal, elliptical, and triangular are used for 
many reasons related to aesthetics, availability of raw materials, ease of manufacture, and low cost [4]. 
Therefore, the columns of the shapes of these sections were the focus of the researcher's study by 
comparing their behavior with the columns of commonly used sections such as circular, square, and 
rectangular. 

Previous studies showed that CFST column with elliptical section has higher strength and rigidity 
than hollow steel tube columns with the same cross-sectional shape. Concrete filler reduces the local 
buckling that may occur in steel tubes, which promotes the use of thin-walled CFST columns [5]. The short 
CFST column has shown that the shape of the hexagonal steel tube column approximates that of the 
circular column, as both work to confine the concrete more closely along the circumference thus enhancing 
the strength and ductility of the composite tube [6]. The effect of confinement was important in CFST  stub 
columns with circular sections filled with normal strength concrete (NSC), but in rectangular columns, the 
effect of confinement was not very significant, as the theoretical capacity of the cross-section was 
overestimated compared to its real capacity [7]. The intermediate CFST columns with octagonal cross-
sections showed the greatest final failure stress after when have been evaluated with all examined 
specimens [8]. The hierarchical arrangement in terms of sectional shapes of CFST columns associated 
with maximum bearing capacity and energy absorption capacity is circular, rectangular, and square. It also 
showed that the increase in the thickness of the steel tube leads to an increase in the maximum bearing 
capacity, energy absorption capacity, and stiffness [9]. 

Many previous experimental studies have proven the possibility and sufficiency of using RAC in 
structural buildings in various sectors of civil engineering, despite the initial shortcomings of recycled 
concrete related to the lack of some of its mechanical properties such as low compressive strength, 
modulus of elasticity, toughness, energy dissipation in return for strain greater peak, higher Poisson's ratio, 
creep, and shrinkage compared to natural aggregate concrete (NAC) [10–16]. Therefore, a lot of efforts 
have been made by previous researchers to enhance the using the mechanical behavior of RAC in 
construction structures. 

Chen et al. [17] reported that the researchers Konno et al. were the first in this field when introduced 
the idea of using recycled concrete as a filler in steel tubes. The target of this was to improve the mechanical 
properties of RAC.  

One of the most remarkable properties of recycled coarse aggregate (RCA) is its high ability to 
absorb water when it is not previously wet compared to natural coarse aggregate. RCA works to reduce 
the percentage of water in mixed concrete and thus increases the strength of the concrete [18]. 

This feature was confirmed by Chen et al. in [17], reached in their study that by increasing the content 
of the non-pre-wet coarse aggregate, the compressive strength of the RACFST columns is enhanced. Then 
by increasing the percentage of the wet coarse aggregate, the compressive strength of these columns 
decreases. At the same time, they have shown in their study that the use of RAC in CFST as a structural 
material is possible and safe. 

Safiuddin et al. [19] have shown that recycled coarse aggregate concrete (RCAC) can be used 
completely instead of natural coarse aggregate to obtain concrete with strength ranging 80–90 % of the 
strength of natural coarse aggregate concrete.  Azevedo et al. [20] explained that the resistance of a 
composite column depends not only on the compressive strength of concrete but as well on the ratio 
between the compressive strength of both steel and concrete, i.e. (fy/fc), besides to that, they stated the 
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confinement effect confirmed to be a significant factor in the strength of the RACFST column. Yang & Han 
[21]  presented experimental studies on the behavior of RACFST columns filled with RAC, they mentioned 
the failure of all specimens is failure buckling. Also, they illustrated that the failure patterns for those 
columns were similar to counterparts in CFST columns, and, the behavior of all tested specimens was 
ductile behaved. Yang & Han [22] showed that the behavior of failure patterns and compressive strength 
of RACFST columns were similar to that of hollow steel tubes filled with normal concrete. Also, they 
mentioned needing further investigation in this zone. 

Chen et al. [23]  showed that the failure modes of square RACFST columns were similar to CFST 
having the same cross-section filled with normal concrete (NC). Li et al. [24] mentioned the possibility of 
using RAC with CFST columns structural applications. Also, they mentioned that the researchers B. Qiu et 
al. presented experimental investigations regarding the behaviour of RACFST columns under the axial 
compression with square and circular cross-sectional shapes and made of thin walls. They explained that 
the patterns of failure and deformation of these columns are similar to those found in CFST columns filled 
with natural aggregate. In addition to that, there is also an accepted consensus that the structural behaviour 
of RACFST columns is slightly less than that of CFST columns filled with NAC. 

Wang et al. [25] showed that the experimental results listed a reduction in compressive strength of 
RACFST of a lower 10 %, this happened due to the use of RCA. Niu & Cao [26] – that the results showed 
the damage occurring and failure modes of RACFST columns with circular and squared cross-sections 
were similar to those of CFST columns filled with NC. Besides that, the results showed that the columns 
with circular cross-sections have the greater load-bearing capacity and better resistance to deformation 
compared to square-section columns that have the same cross-sectional area of concrete, material 
strength, and steel ratio. Also, using RAC instead of NC has a lesser effect on the axial compression of 
square columns compared to circular columns. 

Lyu et al. [27] showed that the compressive strength and modulus of elasticity of the circular and 
square RACFST columns decrease when using RCA instead of NC. Yang et al. [28], through their study of 
16 rectangular cross-sections RACFST columns subjected to axial stress, concluded that the deformation 
behavior and failure mode of these columns were similar to their counterparts of CFST columns filled with 
NC. Moreover, the authors stated that the RACFST column is a composite column that combines the 
mechanical efficiencies of CFST columns with the environmental and economic advantages of RAC. 

Here, it is important to be noted that the importance of this research lies in benefiting from each of 
the mechanical properties of recycled concrete and thin-walled hollow steel tubes. Improving these 
properties with the common work of both materials through composite columns and thus the effectiveness 
of these structural members increases. 

In addition, this study investigated some forms of special cross sections for thin-walled steel columns 
and tried to find the optimal section in terms of stability and confinement, while comparing it with the 
commonly used sections. Moreover, achieving the requirements of architecture from an aesthetic point of 
view, by providing sections with special shapes, while providing the required information about the 
possibility of using them in various sectors of civil engineering. 

Finally, in this research, RCA was used as fillers for these columns, due to its great importance in 
promoting environmental conservation. Through reducing the depletion of natural resources, preserving the 
environmental diversity of living organisms, reducing environmental pollution of the land and air, and 
reducing noise. Also, recycled aggregate (RA) is undoubtedly of great importance in several aspects, 
including reducing costs compared to continuing to use natural aggregate, and helping to get rid of the 
rubble of old or destroyed buildings due to wars and natural disasters. The possibility of using recycled 
concrete, including coarse aggregate, in the building and construction can effectively contribute to the 
promotion and development of sustainability. As it is known, achieving sustainability is a prerequisite for 
modern construction, and thus achieving comprehensive quality of use to achieve the well-being of 
humanity without compromising the natural resources that can be provided for future generations. 

By reviewing previous studies, it was noted that there was no extensive coverage to show the effect 
of changing the thickness of the steel tube on the ultimate stresses in the serviceability limits of RACFST 
columns. Especially when comparing these stresses for the same cross-section shape for all sections 
(circular, elliptical, hexagon, square, rectangular, and triangle), which have been used in the field of 
construction. In addition, the effect of the cross-section shape in terms of the number of ribs that formed 
the model's shape and the angles between these ribs on the ultimate bearing capacity of these columns 
has not been extensively studied. Therefore, here in this research, the effect of the variables mentioned 
above was studied. The following main goals in this manuscript are adopted. 

1. Researching the best effective cross-sectional shape for all RACFST columns when using RCAC 
concerning the properties of stability, confinement, and ultimate stress in the serviceability limits, 
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for special shapes such as hexagonal, elliptical, and triangular and compare them, with columns 
with conventional cross-sectional shapes such as circular, square, and rectangular. 

2. Investigating about the hierarchical arrangement in terms of the maximum capacity to withstand the 
ultimate stress in the serviceability limits for the RACFST columns with polygonal cross-sectional 
shapes such as hexagonal, squared, rectangular, and triangular. 

3. Provide practical experiments on the structural behavior of thin-walled steel short columns filled 
with RCAC under axial compression because so far, the numerical and experimental studies related 
to the compressive behavior of RACFST columns are insufficient. In addition, no design methods 
for local stability are available, for those columns. 

2. Materials and Method 
After a detailed study of the previous literature, the materials required for both mild steel plates and 

concrete made of RAC needed in the experimental work were identified and provided. Then, a total of 12 
samples were proposed. The shapes of the cross-sections of hollow steel tubes proposed for these samples 
and their details are shown in Fig. 1 and Table 1, respectively. 

2.1. Description of Hollow Steel Tubes Specimens 
The columns specimens that were used in this study are twelve RACFST columns with six different 

cross-sections, three of which are commonly used for comparison purposes, which are circular, square, 
and triangle. But the other remaining, are special sections, and they included the elliptical, the hexagon, 
and the triangle as shown in Fig. 1. 

To identify all RACFST specimens, these symbols (“C.C.”, “C.H.”, “C.E.”, “C.S.”, “C.R.”, and “C.T.”) 
were used, where the first letter represents the composite column specimen and the second letter denotes 
to circular, hexagonal, elliptical, square, rectangular, and triangle, respectively. 

 
Figure 1. Various cross sections of RACFST columns. 

All specimens were divided into two groups: the first group with a thickness of t = 1 mm, whereas 
the second group with a thickness of t = 2 mm. Sections of all RACFST columns were designed with 
approximately an equal external perimeter (P) so, thus this parameter does not affect the conclusions 
obtained from the cross-section shape effect analysis. The length (L) of each specimen was 300 mm, while 
the P of the cross-section of each column was 400 mm, with a difference of 2–3 %. The information for 
these specimens was recorded in Table 1. 
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Table 1. Data obtained from the proposed design of the RACFST columns models. 

Group no. Section's shape Symbols P 
mm 

L 
mm 

t 
mm 

As 
mm² 

Ac 
mm² 

G1 

Circle C.C. 408 300 1 408 13273 
Hexagonal C.H. 402 300 1 402 11663 

Ellipse C.E. 388 300 1 388 10053 
Square C.S. 400 300 1 400 10000 

Rectangle C.R. 402 300 1 402 8978 
Triangle C.T. 402 300 1 402 7772 

Group no. Section's shape Symbols P 
mm 

L 
mm 

t 
mm 

As 
mm² 

Ac 
mm² 

G2 

Circle C.C. 408 300 2 816 13273 
Ellipse C.E. 388 300 2 776 10053 

Hexagonal C.H. 402 300 2 804 11663 
Square C.S. 400 300 2 800 10000 

Rectangle C.R. 402 300 2 804 8978 
Triangle C.T. 402 300 2 804 7772 

2.2. Experimental Method and Properties of the Materials 
2.2.1. Ordinary Portland Cement 

Ordinary Portland Cement (OPC) in this experimental work was used as shown in Fig. 2. 

 
Figure 2. Ordinary Portland Cement used in this study. 

This type of cement was kept in a dry place to avoid exposure to moisture. The test results showed 
that the cement conformed to Iraqi Standard No. 5/1984 [29]. Tables 2 and 3 show the physical properties 
and chemical composition of cement, respectively. 

Table 2. Physical properties of OPC. 

Physical properties Test result 
Iraqi 

specification 
No. 5/1984 

Fitness (m2/kg) 398 Not less than 230 
Initial setting (min.) 174 Not less than 45 min. 
Final setting (hr.) 04:55 Not more than 10 hr. 

Compressive strength (MN/m2) for cement paste   
at 3 days of age 25.6 Not less than 15 
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at 7 days of  age 35.2 Not less than 23 
Table 3. Chemical composition of OPC. 

Compound 
composition 

Chemical 
composition 

Weight 
(%) 

Iraqi specification  
No. 5/1984 % 

Lime Ca O 62.6 – 
Silica SiO2 19.3 – 

Aluminum oxide  AL2O3 4.5 – 
Iron oxide Fe2O3 4.7 – 
Magnesia MgO 4.1 5 % max 

Sulfate SO3 1.8 2.5 % max 
Loss on ignition L.O.I 1.6 4 % max 

Insoluble residue I.R 0.6 1.5 % max 
Lime saturation factor L.S.F 0.9 0.66–1.02 

Tricalcium 
Aluminates 

C3A 4 – 

Tricalcium 
Silicate 

C3S 65.2 – 

Dicalcium 
Silicate 

C2S 6.1 – 

Tetra calcium 
alumina 
ferrite 

C4AF 14.5 – 

Chloride CL 0.04 0.1 max 
Aluminum oxide  

Iron oxide 
AL2O3 / Fe2O3 0.9 – 

2.2.2. Fine Aggregate (Sand) 
Fine aggregate with an optimum grain size of 4.75 mm has been used for the concrete mixtures in 

this investigation as shown in Fig. 3. 

 
Figure 3. Fine aggregate (sand) used in this study. 

The chemical and physical properties of this sand comply with what is required according to the Iraqi 
standard specification (IQS) No. 5/1984 [29]. The harmful, soft materials, the gradient, and chemical 
properties of this type of sand are shown in Tables 4 and 5, respectively. 

Table 4. Harmful and soft materials in fine aggregate (sand). 

Property Test result Specification limits % Iraqi 
specification No. 45/1984 

Material passing through 75 pm sieve 3.3 % < 5 % max. 
Sulfate content (SO3) 0.089 % < 0.5 % max. 
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Table 5. The grading of fine aggregate (sand). 

2.2.3. Recycled Coarse Aggregate (Gravel) 
The waste concrete, which resulted from the demolished concrete buildings, was the resource of the 

RCA. Concrete pieces with lengths ranging 400–500 mm was brought to the University of Karbala 
laboratory. After that, these pieces were smashed into small pieces by a laborer using a hand hammer. The 
aggregate used was determined to be with grading range 5–19 mm because the hollow steel tube samples 
were made with a small-scale size. This aggregate was separated by analyzing the sieve according to the 
above gradation. After that, the required quantities were weighed by using a sensitive electronic balance. 
These aggregates were soaked in water for 24 hours to get the saturated surface condition before mixing 
[28]. Fig. 4 illustrates the above steps in the preparation of RA. RCAC with NSC of 25 MPa was the material 
proposed as a filling material in all hollow steel tubes. 

 
Figure 4. Preparation stages of recycled coarse aggregate and devices used. 

Sieve size (mm) Passing accumulative % Specification limits % Iraqi specification No. 45/1984 
10 100 100 

4.75 97 100–90 
2.36 85 100–85 
1.18 71 100–75 
0.6 61 79–60 
0.3 32 40–12 

0.15 7 10–0 
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Tables 6 and 7 shows the gradient test results and the chemical properties of RCA (gravel) that 
comply with Iraqi Standard No. 45/1984 [30]. The test result found that the SO3 sulfite content (0.06 %) is 
acceptable within the limits of the Iraqi Standard mentioned above, which is allowing a maximum of 0.1 %. 

Table 6. Grading of coarse aggregate. 
Sieve size Grading of sample passing % Specification limits % Iraqi 

specification No. 45/1984 
19.5 100 95–100 
9.5 45 30–60 

4.75 4 0–10 
 

Table 7. Chemical properties of coarse aggregate. 

Property Test result Specification limits % Iraqi 
specification No. 45/1984 

Material Passing 75 pm Sieve 0.3 % < 3 % 

Sulfate content (SO3) 0.06 % < 0.1 % 

 

2.2.4. Water of Mixing 
Tap water was used in all preparations of a fresh green concrete mixture, as well as the curing 

process of all specimens. 

2.2.5. Trial Mixing to the Materials of Concrete 
After complete, from all these tests, three mixing trials of the materials of concrete have been carried 

out to find the best proportion to achieve the target compressive strength, which is 25 MPa. Firstly, three 
cubes of concrete with dimensions of 15 × 15 × 15 cm were cast for each mixture to evaluate the degree 
of compressive strength of the concrete according to BS 1881: Part 116-1989 as reported in [29]. After 24 
hours of casting these cubes, they were removed from their iron molds and placed in special water basins 
to complete the curing process for these samples. The average compressive strength of these cubes at the 
age of 28 days was taken through testing in the laboratory using a digital testing machine. Fig. 5 illustrates 
the above steps. In Table 8, the average value of the ultimate compressive strength of cylinder (f`c) and 
the average value of the ultimate compressive strength of cube (fcu) obtained from tests have been listed. 
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Figure 5. Steps of three mixing trials of concrete to achieve the target compressive strength. 

Table 8. Weights of mixing NC materials per cubic meter kg/m3. 

Trial no. 
Cement 

kg 
Sand 

kg 
R.C.A(Gravel) 

kg 
W/C Weight ratios 

for mixing 

Average 
fcu 
MPa 

Average 
f`c MPa 

1 350 650 850 0.40 1:1.857:2.43 27.075 21.65 
2 300 600 900 0.42 1:2:3 31.25 25 
3 375 600 1100 0.45 1:1.6:2.93 40 32 
 

After obtaining the target compressive strength of 25 MPa, where was the mixture selected with the 
ratio (cement: sand: RA) for 1 m3 was (300 kg/m3; 600 kg/m3; 900 kg/m3 is 1:2:3), respectively, with the 
water-cement ratio W/C = 0.42. Finally, three cylinders with a diameter of 15 cm and a height of 300 mm 
were cast, and the average splitting tensile strength after 28 days was taken according to ASTM C496 [29]. 
Fig. 6 illustrates the above steps. From this proportion, the average splitting tensile strength of this concrete 
mixture for three cylinders was 3.18 MPa. 
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Figure 6. Steps of pouring three cylinder and test of splitting tensile strength of concrete. 

2.2.6. Mechanical Properties of Steel Plate. 
To find the mechanical properties of the steel plate, which was used to manufacture the hollow steel 

tubes, standard coupon tensile tests have been carried out, which comply with the specification of American 
Steel Testing Materials (ASTM A370-22) (31). Fig. 7 shows the dimension of standard coupon as per 
ASTM-A370. 

 
Figure 7. Dimension of standard coupon as per ASTM-A370. 

The results of testing average ultimate failure stress, yield strength, and modulus of elasticity of three 
steel coupons with two thicknesses of 1 and 2 mm were 368 MPa, 258 MPa, 217 G Pa and 340 MPa, 
258 MPa, 217 G Pa, respectively. The information for these Standard coupons test was recorded in Tables 
9 and 10. 

Table 9. Properties of the steel coupon with a thickness of 1 mm. 

No. of 
coupon 

Yielding 
stress 
(Fy) 
Mpa 

Ultimate 
stress (Fu) 

M pa 

Elongation 
at 

fracture 
% 

Modulus of 
elasticity (Es) 

G pa 

Thickness 
(t) 

1 266 380 30.17 219 1 
2 257 366 31.22 217 1 
3 251 358 32.2 215 1 

Mean 258 368 31.19 217 1 
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Table 10. Properties of the steel coupon with a thickness of 2 mm. 

No. of 
coupon 

Yielding 
stress 
(Fy) 
Mpa 

Ultimate 
stress (Fu) 

M pa 

Elongation 
at 

fracture 
% 

Modulus of 
elasticity (Es) 

 G pa 

Thickness 
(t) 

1 268 353 27 220.8 2 
2 255 336 27.9 214.7 2 
3 251 331 29 215.5 2 

Mean 258 340 27.96 217 2 
 

 
Figure 8. Setup of steel coupons for a typical tensile test and types of equipment,  

and devices used. 

2.3. Manufacturing of Specimens 
Specimens of RACFST columns represented the RACFST are a type of composite construction 

consisting of two main sections: recycled concrete using RA as a filler and hollow steel tubes. In current 
analysis, these hollow steel tubes were manufactured by steel plate welding. 

2.3.1. Manufacturing of Hollow Steel Tubes 
Using the AutoCAD program, the cross sections of the columns were drawn according to the required 

measurements. After that, these cross sections and other parts of hollow steel tubes were cut from thin 
steel plates by using a CNC metal cutting machine as shown in Fig. 9. 
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Figure 9. Shows the CNC metal cutting machine setup, control system,  
and devices used, with cross-sections of specimens and other parts. 

Based on these sections, the hollow steel tubes were formed according to the required shapes. 

Each sample has been formed from two symmetrical parts so that its longitudinal welding is also 
symmetrical as shown in Fig. 10-8. 

A steel plate with a thickness of 2 mm and dimensions 20 × 20 mm was welded as a base for these 
specimens as shown in Fig. 10-4. This base provides three-side confining conditions and prevents the 
leakage of fine materials from the specimens for the concrete mixture and increases its stability. 
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Figure 10. Manufacturing steps of hollow steel tubes and types of equipment used. 

2.3.2. Pouring Stage of Hollow Steel Tubes 
According to [32], green concrete (GC) is a type of concrete that includes at least one component 

made from waste, has an environmentally friendly production process, boasts high performance, and a 
sustainable life cycle. GC mix was used, with RCA for mixing instead of using NCA. The GC mixture was 
designed with a compressive strength of 25 MPa. The hollow steel tubes were prepared and cleaned from 
the inside before pouring to achieve a strong bond between the concrete and the steel tube as illustrated 
in Fig. 11a. The tubes were filled with prepared concrete in three layers. Each layer was compacted when 
filled with a metal compacter bar with several blows ranging 25–35 times so that the number of blows was 
distributed evenly on the surface of the concrete to get rid of air voids and obtain well-compressed concrete. 
After completing the top layer of each tube, the surface of the mold was flattened using a steel trowel as 
illustrated in Fig. 11b. The specimens in the molds were protected with nylon covers to prevent the 
evaporation of water from the fresh concrete after pouring. These specimens were left for 24 hours in a 
place with a temperature of 15–20 °C for a period of 24 hours to dry, and away from any vibrations as 
shown in Fig. 11c. 
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Figure 11. Preparation of the pouring specimens process of RACFST columns. 

Finally, these samples were taken and immersed in a hot water basin at 60 °C for three days and 
then at 25 °C for a period of 28 days of age for completing the curing process as shown in Fig. 12a [33]. 
The base plates were removed from the samples after 48 hours after the completion of the pouring process 
for these samples as illustrated in Fig. 12b. 

 
Figure 12. Shows the process of curing concrete and removing bases plates from specimens. 

Moreover, the uneven surfaces of some samples were smoothed to ensure that the applied axial 
load was transmitted at the same time to both the steel tube and the concrete during the test as shown in 
Fig. 13. 

 
Figure 13. Shows smoothing surfaces of some samples. 
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2.4. Test Setup 
Before starting to apply axial compression on the samples, was checked that the test device and 

other connected devices with the control system are working properly. Next, was verified that the applied 
load could be applied to the specimens without occurring eccentricity. This was achieved by checking the 
flatness of the device surface. In addition to that, have been made sure that the center of the device's load 
cell matches the center of the sample to be examined. 

The test included a study of the failure's patterns, the ultimate load for each sample, the vertical 
deformation, the transverse deformation, the effect of steel tube thickness on the maximum load, and the 
effect of cross-section shape on value of the ultimate load. 

Three linear variable differential transformers (LVDT) devices have been used to measure the 
deflection in the sample due to the applied vertical load. One of them is to measure vertical deflection, the 
second is to measure the horizontal movement on the long side of the model and the third is to measure 
the horizontal movement on the other side of the model. All of them are installed in the middle of the column. 
The axial load was applied to all samples, in the same way. A hydraulic compressor presses the sample 
vertically from the top using the load cell. Fig. 14 shows the RACFST column with a rectangular cross-
section under the test. The load was regularly increased by 10 kN until failure or when a sudden collapse 
occurred to the specimen. Finally, the axial load was applied by a load cell with a maximum capacity of 
2000 kN linked to the computer. Fig. 15 shows one of the examined RACFST columns specimens in the 
testing machine with a schematic view with all details. 

 
Figure 14. Location of LVDT devices on RACFST column 

with a rectangular cross-section under the test. 
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Figure 15. Detail of the testing machine and schematic view setup  

for one of the RACFST columns. 

3. Result and Discussion 
3.1. Experimental Results 

Data on ultimate failure axial load (Nu) have been recorded in the experimental tests, while other 
information including: the ultimate stress (δu), strength index (SI), ductility index (DI), and concrete 
contribution ratio (CCR), which are discussed later in detail, were obtained by some mathematical 
approaches. The information for these specimens was recorded in Table 11. 

Table 11. Data obtained from the specimens test of RACFST columns. 

Group 
no. 

Sec. 
 shape 

Sym. P 
mm 

L 
Mm 

t 
mm 

As 
mm² 

Ac 
mm² 

Nu 
 kN 

δu 
MPa 

SI DI CCR 

G1 

Circ. C.C. 408 300 1 408 13273 556.534 241.2 1 2.02 5.28 
Hexa. C.H. 402 300 1 402 11663 430.763 206.9 0.857 1.63 4.15 
Elli. C.E. 388 300 1 388 10053 391.095 211.8 0.878 1.46 3.90 

Squa. C.S. 400 300 1 400 10000 329.261 177.6 0.736 1.58 3.19 
Rect. C.R. 402 300 1 402 8978 269.144 156.6 0.649 1.37 2.59 
Tria. C.T. 402 300 1 402 7772 189.758 122 0.505 1.44 1.82 

Group 
no. 

Sec. 
 shape 

Sym. P 
mm 

L 
Mm 

t 
mm 

As 
mm² 

Ac 
mm² 

Nu 
 KN 

δu 
MPa 

SI DI CCR 

G2 

Circ. C.C. 408 300 2 816 13273 614.530 218.1 1 1.54 2.91 
Elli. C.E. 388 300 2 776 10053 510.508 218.9 1.003 1.46 2.54 

Hexa. C.H. 402 300 2 804 11663 460.924 178.3 0.817 1.26 2.22 
Squa. C.S. 400 300 2 800 10000 390.701 165.9 0.760 1.78 1.89 
Rect. C.R. 402 300 2 804 8978 330.900 148.9 0.683 1.51 1.59 
Tria. C.T. 402 300 2 804 7772 278.710 135.4 0.621 3.78 1.34 
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3.2. Observation of Tested Specimens and Failure Patterns 
For all the tested columns have been behaved, ductile failure was noticed. The tested short RACFST 

columns failed due to the internal cracking that occurred in the core of the concrete and then the crash of 
the recycled concrete – where the sounds of this crashed concrete were heard when exceeding the middle 
stages of loading – and then the lateral expansion. Continuing with the loading, a local outward buckling 
occurred near the middle of the RACFST columns as a result of the thin steel plates yielding. In the later 
stages of the applied loading, more external local buckling occurred near the top and bottom edges of the 
tested columns. 

The failure patterns of all tested column specimens are shown in Fig. 16 for steel tube plates 1 and 
2 mm, respectively. In general, the section shape had a distinctive effect on patterns of failure that have 
occurred in tested specimens, as the failure patterns of polygonal cross-sections such as hexagonal, 
squared, and rectangular were slightly different from the patterns of circular and elliptical sections. 
Furthermore, the RACFST sample with a triangle cross-sectional shape had not similar failure behavior to 
the remaining shapes. For illustrate, the mechanism of failure for these columns has been shown below. 

Concerning the sample with a circular cross-section, swelling occurred in the lower half of the column 
due to the crushing of concrete, then the yielding of the steel resulting in local buckling near the upper end 
of the sample. Similarly, in the sample with an elliptical cross-section, the local buckling occurred in the 
middle of the column due to concrete crushing and expansion towards the steel tube. Moreover, local 
buckling occurred near the upper end of the sample during the last loading stages. 

 
Figure 16a. Failure patterns of tested RACFST columns of circular  
and elliptical cross section of steel tube thickness t = 1 and 2 mm. 

While the sample with a hexagonal cross-section, limited local buckling occurred only at the end of 
the upper third of the specimen's length. This behavior indicates that the RACFST column with a hexagonal 
cross-section is less damaged than the other columns when subjected to concentric axial loading up to the 
failure stage of the column. In the sample with a square cross-section, multiple local buckling occurred, 
starting from the end of the upper third of the column to its end. With loading continued, welding failure 
occurred in the middle region of the column (corner of the column) due to the weak ductility of the weld. In 
the sample with a rectangular cross-section, local buckling occurred at the beginning of the lower third of 
the column. 
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Figure 16b. Failure patterns of tested RACFST columns of a hexagonal  

and square cross-section of steel tube thickness t = 1 and 2 mm. 
The RACFST sample with a triangle cross-sectional shape had not similar failure behavior to the 

remaining shapes. Where simple local buckling occurred at the beginning of the lower third of the column. 
After that, with increasing load, local buckling occurred along the lower circumference of the base of the 
column. 

But the values of the plastic deformation limit (DL) of specimens were almost equal for the first and 
second groups. Except for the column with a circular cross-section, which gave higher results in a set of a 
thickness 1 mm. Besides, the column with a triangular cross-section gave a double value in a set with a 
thickness 2 mm as recorded in Table 11. 
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Figure 16c. Failure patterns of tested RACFST columns of a rectangle  

and triangle cross-section of steel tube thickness t = 1 and 2 mm. 

3.3. Load-Deformation Relationship Curves 
Fig. 17 shows the plots of experimental axial load (N) versus axial deformation (D1) in the axial (load 

– displacement) curve for each of the RACFST columns tested, which included both; an elastic phase and 
an elastic-plastic phase until to get the failure load. These diagrams show the stages of development of the 
axial load applied to the samples until the external local buckling of the RACFST is obtained up to the final 
strength of the column and beyond. 

The maximum axial load capacity of the cross-section related by the tested RACFST circular column 
and its slope in the relation of axial (load – displacement) curves was higher than all other RACFST columns 
as shown in Fig. 17. Anyway, the ultimate failure load here is not possible to be applied as a method of 
evaluation between the samples. This fact is because all the tested columns differ from each other in the 
concrete cross-section area of each column due to maintaining an equal cross-section area for all hollow 
steel tubes during the design despite the different shapes of these sections. Therefore, ultimate stresses in 
serviceability limits. This means using 80 % of the value of Nu to compute the values of these stresses-
were used to compare all RACFST columns, which are discussed later in detail. 
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Figure 17a. Diagrams of axial load (N) versus axial deformation (D1)  

of RACFST columns with steel tube thickness t = 1 mm. 

 
Figure 17b. Diagrams of axial load (N) versus axial deformation (D1)  

of RACFST columns with steel tube thickness t = 2 mm. 

 
a                                         b 

Figure 18. Diagrams of axial load (N) versus lateral deformation (D2)  
of all RACFST columns: a – t = 1 mm; b – t = 2 mm. 
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As shown in Fig. 14, the LVDT positions were installed at the mid-height of the tested RACFST 
columns. Thus, the relationship was drawn linking the Nu with the lateral deformation (D2) that occurred 
in the mid-height of the specimens as illustrated in Fig. 18. 

The lateral deflection values were mostly small in the areas close to the middle of the examined 
RACFST columns. The reason behind this was, initially the application of the load was axial without 
eccentricity, next, the fact that the columns were short. 

During the test and after the applied load reached its maximum value, the outer local buckling 
developed almost equally around the columns of a symmetrical cross-sectional shape. Then, the lateral 
displacement developed significantly after reaching the post-peak stage. Moreover, it was observed that 
the RACFST column with a hexagonal cross-section had lower lateral deformation values compared to 
other columns for both G1 and G2 groups. Besides, this column showed less damage, after being subjected 
to concentrated axial loading up to the failure stage of the columns. In addition, The RACFST column with 
a triangular cross-sectional shape had the highest values of transverse deformation, which were related to 
the failure patterns of these columns. In general, increasing the steel tube thickness in these columns 
resulted in a decrease in transverse deformation values. 

 
a                                         b 

Figure 19. Diagrams of axial load (N) versus lateral deformation (D3)  
of all RACFST columns: a – t = 1 mm; b – t = 2 mm. 

Fig. 19 shows the relationship between Nu with lateral deformation (D3) that occurred in the mid-
height of the specimens. It was observed that the transverse deformation values of the RACFST columns 
with circular and elliptical cross-sections were constant, which is due to the positions of the LVDT devices 
were perpendicular to the longitudinal welding of these models. That is, the longitudinal welding in this case 
gave additional strength to the steel tubes, which made the transverse deformation values to be constant 
throughout the period of applying the vertical load. In general, the transverse deformation values of models 
with 2 mm thick steel tubes were lower than their 1 mm thick counterparts. 

Based on the above information, it can be said that the cross-sectional shape of the RACFST 
columns did not affect obviously, the relationship of the load versus lateral displacement of the column. 
Except for the behavior of the RACFST column with a hexagonal cross-section shape which showed less 
damage, and has lower values of transverse deformation than other columns. 

3.4. Ultimate Axial Failure Load of RACFST Columns  
with Thickness of Steel Tube t = 1 and 2 mm 

The results of laboratory tests of RACFST columns of various cross-sectional shapes with tube 
thicknesses 1 and 2 mm have been recorded in Table 11. These columns were filled with NSC, using RCA, 
and were subjected to concentric loads. The results showed that the Nu was for the circular section column 
and the lowest for the triangular section column. All the maximum axial loads were represented graphically 
as shown below in Fig. 20. 
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a                                         b 

Figure 20. Ultimate axial failure load of all RACFST columns: a – t = 1 mm; b – t = 2 mm. 

3.5. Effect of Section Shape on Ultimate Stress in Serviceability Limits 
As said previously, sections of all RACFST columns were designed with approximately an equal P, 

as a result, the cross-section area of the steel tube was approximately equal for all columns. On the other 
hand, this led to a difference in the cross-section area of the concrete. Thus, it is suitable to calculate the 
strength for all RACFST columns by using the ultimate stress in serviceability limits. This means using 80 % 
of the value of Nu – to compute the values of these stresses, which happened in each column to compare 
all RACFST columns. These stresses were computed by converting the composite section into an 
equivalent section of steel to evaluate these columns rather than depending on the ultimate failure axial 
load. The ultimate stress δu in serviceability limits is calculated by the following Equation [8, 34]: 

,Nu
At

δ =                                                                             (1) 

where: At = As+Ac/n, n = Es/Ec, N equal to the 80 % of the ultimate failure axial load per column of 
RACFST columns obtained through the experiment, At represents the area of steel which equivalent to the 
cross-section area of each composite column, while n represents the modular ratio, n = Es/Ec, which 
equals 9.234 and depend on the properties of the materials used in this investigation. With normal-strength 
concrete, the elastic modulus has been compared with the ACI-318 [35] formula: 

4700 .Ec f c′=                                                                       (2) 

The ultimate stress in serviceability limits δu for each RACFST column is illustrated in Fig. 21. 

 
a                                         b 

Figure 21. Ultimate stress in serviceability limits of all RACFST columns: a – t = 1 mm; 
b – t = 2 mm. 
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In the first group with a thickness of 1 mm, the circular RACFST column showed better confinement 
of concrete and better bond stress between steel and concrete. It increased the effective compound effect 
in the member and thus its ability to bear greater ultimate stress in serviceability limits from the other cross- 
sections shapes of columns such as elliptical, hexagonal, square, rectangle, and triangle. Inversely, the 
column with a triangle cross-section showed less ability to bear the stress compared with all columns with 
other sections. 

Regarding the second group with a thickness of 2 mm, the results showed that all the columns 
maintained their arrangement about their ability to withstand ultimate stress in serviceability limits, while the 
column with an elliptical cross-section showed the ability to bear higher stress than other columns as a 
shown above in Fig. 21. 

The RACFST circular column exhibited superior concrete confinement and bond stress between the 
steel and concrete, leading to increased ability to withstand maximum pressure. The reason for this result 
was that this column was made of two pieces of steel plates, the dimensions of each piece are 
204 × 300 mm, and the dimension of 204 mm has been rotated in a half-circle shape, and 300 mm in height 
to form half of its circular column. The same work for the second piece so that the circular column is 
manufactured after welding them symmetrically from both sides along the length of the column. The welding 
positions of all hollow steel tubes used in this study are illustrated in Fig. 10-8. This rolling process was like 
a pre-stress for the steel and thus gave the circular shape a greater ability to bear the stress. Besides that, 
the circular shape was having the ability to generate better confinement of the concrete section compared 
to other columns sections. The same understanding above applies to the column with an ellipse cross-
section. 

Regarding the RACFST columns with polygonal sections, Fig. 21 shows that the ultimate stress for 
RACFST column with hexagonal cross-sectional shape (C.H.) has the highest bearing ultimate stress 
followed by a square (C.S.), rectangle (C.R.), and then a triangle (C.T.). Thus, a distinctive pattern was 
observed here with an increasing number of corners of steel plates for the model, that is mean, the greater 
the number of formed sides and the greater the angles between the sides are 90° or more, have been 
obtained cross-sectional shape for RACFST column had more stable and confinement, respectively. 

For example, the RACFST column with a hexagonal cross-sectional shape showed the highest 
ultimate stress. This section was made with a circumference of 402 mm equally distributed on six sides 
with two same sections so that they were symmetrically welded on both sides along the shape. This ribbing 
process was like a pre-stress work for the steel forming the model, which gave it an additional ability to 
bear greater stress. Also, the angles between both sides were 120°, which gave the shape greater ability 
to bear compression. Where the design of this model allowed the concrete components to overlap well with 
the steel mold, and it also reduced the possibility of occurred decay or gaps between the concrete 
components and the steel mold during pouring columns. The size of the RCA used in the concrete mix was 
with a gradient 5–19 mm to comply with the hollow steel tube samples which were made with a small-scale 
size. Therefore, the measurement of these angles for the RACFST column with a hexagonal cross-sectional 
shape gave this column a greater ability to withstand the applied compression. By increasing the area of 
confining the steel cross-section for filled concrete. 

As for the square-section column, it had a circumference of 400 mm distributed on four sides, and 
the width of each side was 100 mm, where the model was made of two halves in the form of L shape. They 
were welded longitudinally and symmetrically. The same interpretation applies to all RACFST columns with 
polygonal sections. 

3.6. Strength Index 
The ratio resulting from dividing the value of the ultimate stress of any examined column by the 

ultimate stress of the circular column is called the strength index (SI) and is used to investigate compression 
applied. It can be computed from Equation 2 as follows [8, 36]: 

,uSI
r

σ
=
σ

                                                                             (3) 

where σu represented the ultimate stress for a given column of RACFST columns, whereas σr represented 
the ultimate stress of the circular RACFST column. The SI of all tested RACFST columns is shown in 
Fig. 22, and listed in Table 11. For both groups, the results showed that when the SI values increase, the 
ultimate stress values for all RACFST columns also increase. 



Magazine of Civil Engineering, 18(5), 2025 

 
a                                         b 

Figure 22. Strength index of RACFST of all RACFST columns: a – t = 1 mm; b – t = 2 mm. 

3.7. Ductility Index 
Ductility is a mechanical property of the material that indicates the degree of plastic deformation, as 

it is considered an effective property of the material. The DI was defined as the ratio of the total axial 
shortening of a RACFST column as a result of the ultimate failure load during plastic phase loading to axial 
shorting up to 80 % of the failure load per column. This indicator was defined as reported in [7, 8, 36, 37]. 

.
80%

uDI ∆
=
∆

                                                                      (4) 

The DI values for all tested columns were listed in Table 11 while Fig. 23 showed a graph for these 
values. 

 
a                                         b 

Figure 23. Ductility index of all RACFST Columns: a – t = 1 mm; b – t = 2 mm. 

Regarding the first group with a thickness of 1 mm, Fig. 23 shows that the DI of the circular column 
is greater than the ductility of all other shapes, and this is likely due to the good confinement provided by 
the steel tube with the circular cross-section. This in turn reflects on the failure mechanism of the circular 
column, which thus determines the value of the DI. 

But the RACFST column with a rectangular cross-sectional shape exhibited the smallest value of DI. 
This is related to the failure pattern of the model, which results from the low capacity to withstand the stress 
of failure. 
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As for the second group with a thickness of 2 mm, the DI values for all columns were close except 
for the triangle column showed a much higher value than the other columns. This result was due to 
increasing the thickness of the steel 1–2 mm, which led to a decrease in the percentage of concrete 
contribution ratio (CCR) to bearing the ultimate failure load. Thus, increasing the amount of axial 
deformation that appeared clearly around the lower perimeter of the base of the triangle column. 

While the RACFST column with a hexagonal cross-sectional shape exhibited the smallest value of 
DI. As a result of the symmetry of its internal ribs and angles, and the fact that the cross-sectional area of 
the concrete came second after the circular section. These properties for this column increased its ability 
to withstand ultimate failure stress and thus was reflected in its failure pattern, which did not show obvious 
deformation during the stages of applying the load. 

In addition to that, all RACFST columns, which have conventional cross-sectional shapes such as 
square and rectangular with a thickness of 2 mm, appear to have high DI than their counterparts with a 
thickness of 1 mm due to the low CCR. Finally, the elliptical cross-section of RACFST exhibited the stability 
of the DI value for the two groups, which indicated the stability of the failure pattern of the model in both 
cases. 

3.8. Effect of the Thickness of the Steel Tube on 
3.8.1. Ultimate axial failure load 

For each column, the value of the experimental failure load was obtained. The final values were 
summarized in Table 11. Also, a comparison was drawn for these Nu for RACFST by using RCA and for 
the two groups with thicknesses 1 and 2 mm, and they were illustrated in Fig. 24. As expected, the column 
strength capacity increased by increasing the thickness of the steel tube for all columns. 

 
Figure 24. Comparison of the ultimate axial failure load of all RACFST columns. 

3.8.2. Ultimate axial stress 

The experimental ultimate stress in serviceability limits (δu) values were obtained for all columns and 
are listed in Table 11. These values were also compared for the two groups with thicknesses t = 1 and 
2 mm and they were drawn in Fig. 25. 
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Figure 25. Comparison of the ultimate stress in serviceability limits of all RACFST columns. 

3.8.3. Concrete contribution ratio 
The contribution of filled concrete for all specimens was analyzed using the CCR, which can be 

calculated from Equation (4) as reported in [7, 37]: 

exp.. . . ,
, ,

NC C R
As eff fy

=                                                                         (5) 

where N exp. represented the experimental ultimate failure load; As, eff, expresses the effective cross-
sectional area of the steel tube as stated by the Eurocode 3 model as reported in [38, 39], and fy 
represented the yield strength of the steel tube. The values of CCR were calculated for each column and 
their values are recorded in a Table 11 for both groups. 

The results, which have been obtained, support what was noted for the failure load. As expected, 
the CCR of RACFST columns with a steel tube thickness of 2 mm decreases as a result of the practical 
increase in the cross-sectional area of the steel. Regarding RACFST columns with triangular cross-
sections, the CCR values were the lowest, due to the smaller concrete area compared to the other columns. 

In general, for the two groups with a thickness of 1 and 2 mm, the results showed that the higher 
values of CCR led to an increase in the values of SI, accompanied by an increase in the values of ultimate 
stresses for all specimens. But by comparing the columns with the same sections, it was found that when 
the thickness of the steel tube increased, this led to a decrease in the values of CCR and thus a decrease 
in the ultimate stress for these columns due to the increase in the cross-section area for the steel tube. 

4. Conclusion 
This manuscript showed an experimental study of the behavior of twelve RACFST short columns 

under concentric axial loads. Two groups of thin-walled steel tubes with a thickness of 1 and 2 mm for 
different shapes of cross-sections were studied. Depending on the analysis of the data obtained from the 
investigational work of this study, the observing conclusions below were obtained. 

1. For all the tested RACFST short columns have been behaved, ductile failure was noticed. The 
tested short RACFST columns failed due to the internal cracking that occurred in the core of the 
concrete and then the crash of the recycled concrete – where the sounds of this crashed concrete 
were heard when exceeding the middle stages of loading – and then the lateral expansion. 
Continuing with the loading, a local outward buckling occurred near the middle of the RACFST 
columns as a result of the thin steel plates yielding. In the later stages of the applied loading, more 
external local buckling occurred near the top and bottom edges of the tested columns. 

2. The shape of the cross-section of the RACFST column had a clear effect on the failure patterns 
that occurred in the tested samples, where the failure pattern of the columns with polygonal cross-
sections such as hexagonal, and rectangular were slightly different from the failure pattern of the 
columns with circular or elliptical sections. But the failure pattern was so different in the RACFST 
column with a square cross-section where multiple local buckling occurred, starting from the end of 
the upper third of the column to its end. Also, the RACFST column with a triangular sectional shape 
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had behaviour not similar to the remaining shapes. Where the local buckling occurred along the 
lower circumference of the base of the column. 

3. Regarding the cross-sectional shape of the RACFST columns, no clear effect on the relationship 
between load and lateral displacement was observed. Except for the behaviour of the RACFST 
column with a hexagonal cross-section shape, which showed less damage, and has lower values 
of transverse deformation than other columns. After being subjected to concentric axial loading up 
to the failure stage of the columns. On the other hand, and in general, it was found that an increase 
in the thickness of the steel tube for these columns, results in lower values of transverse 
deformation. 

4. Regarding both groups G1 and G2 with steel plate thickness 1 and 2 mm, RACFST circular and 
elliptical columns, respectively, showed better stability and confinement of concrete, and the ability 
to withstand greater ultimate stress in serviceability limits. Thus, these shapes can create better 
confinement of the concrete section compared to other column sections. 

5. The results exhibited that the order of all tested RACFST columns with polygonal cross sections 
concerning the ultimate stress in serviceability limits was as follows: hexagonal (C.H.), square 
(C.S.), rectangle (C.R.), and triangle (C.T.). The order of capacity for these columns firstly was due 
to the increase in the number of ribs of steel plates that were being formed to form the model, 
secondly, the greater the angle between the sides of the steel plates, which formed the model 90° 
or more, the model can achieve additional stability and confinement. 

6. When the angles between the sides of steel plates, which formed the model, were 120° or more as 
in the RACFST column with a hexagonal cross-sectional shape, these angles gave the column 
additional ability to resist the axial load, by allowing the concrete components to overlap well with 
the steel mold, during pouring specimens to be examined. Thus, the possibility occurred decay or 
gaps between the concrete components and the steel tube is less. 

7. It was found that the ultimate stress values of these RACFST composite columns decrease with 
the increase in the thickness of the steel tube 1–2 mm due to the increase in the steel section area. 

8. When the thickness of the steel tube increases, the CCR value decreases due to the practical 
increase in the cross-sectional area of the steel tube. Finally, this led to a decrease in the ultimate 
stress for examined specimens. 

9. Regarding ductility, all RACFST columns for both groups with a circular section exhibited high-level 
ductile behaviour amongst wholly other shapes, whereas columns with a rectangle (C.R.) shaped 
cross-section exhibited a low-level rate of ductility. In addition to that, columns with conventional 
cross-section shapes that are circular and squared look to have a comparatively high value of DI. 
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