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Abstract 

The paper presents a novel method of reinforcing concrete columns using small-diameter steel tubes instead of traditional 

steel bars. The researchers conducted experimental investigations on twelve mid-scale circular concrete column specimens, 

which were divided into two groups consisting of six specimens each: short and long columns. Two of the specimens in 

each group were reinforced with steel bars, while the remaining four were reinforced with steel tubes filled with 

cementitious grouting material. The study proposed two concepts for cementitious grouted steel-tube reinforcement. The 

first concept utilized steel tubes with equivalent net areas to the steel bar areas used in the reference column, while the 

second concept used steel-tube reinforcement with the same diameter as the steel bars in the reference column. Nonlinear 

Finite Element (FE) analyses were conducted on experimental specimens using ABAQUS software. The results showed 

that using steel tubes with an area equivalent to that of steel bars instead of conventional columns increased the bearing 

capacity of reinforced concrete columns by 17%. Moreover, using steel tubes whose area matched 30% of the steel bar 

area achieved a bearing capacity of about 81% of the conventional concrete columns. The experimental and FE analysis 

findings indicate that this methodology can increase the bearing capacity of reinforced concrete columns when compared 

to traditional methods. The axial load-axial displacement curves, axial load-axial strain curves, and failure load of the FE 

model all demonstrated good convergence with the experimental data. 
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1. Introduction 

Reinforced concrete RC columns are critical structural elements in buildings. Solid steel bars are traditionally used 

longitudinally and transversely in concrete column reinforcement. A composite column is used to increase the ductility 

and bearing capacity of the columns. The economic advantage of composite columns includes providing large load 

capacity with smaller cross-sectional areas. Especially for high-rise structures, these kinds of columns are mentioned to 

be widely used. They also achieve higher strength, more stiffness, better protection against fire, and inherent ductility 

[1–3]. Three methods of composite columns are commonly used in concrete structures, mainly the encased steel-section 

columns (i.e., the steel section is encased in concrete), the concrete-filled steel tube columns CFST (the exterior steel 

section is in-filled with concrete), and the encased concrete-filled steel tube columns (the interior steel section is in-

filled with concrete and used as a main reinforcement). 

In the first method, both the steel and the concrete resist the load by interacting together through friction and chemical 

bonds. The encased steel-section column offers high strength, good fire resistance, corrosion protection, and significant 

resistance to lateral loads [4, 5]. Composite columns with structural steel provide improved ultimate axial load resistance 
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compared to conventional reinforced concrete columns [6]. Depending on the requirements for structural stiffness, 

strength, and ductility, various sectional shapes, such as H-sections, cruciform sections, twin or embedded sections, and 

tube sections, can be used in the CES columns [7]. The configuration of the encased steel section has a clear impact on 

the confining effect. Columns with a tube-shaped steel section provide better confinement, resulting in increased 

ductility and ultimate axial capacity of the columns [8, 9]. However, the compressive strength of concrete has increased, 

resulting in a higher load-carrying capacity but reduced ductility in encased composite columns [9]. 

In the second method, the full use of the properties of steel and concrete is achieved by using concrete-infilled steel 

tube columns (CFST). CFST sections, which are constructed from produced steel tube sections and concrete filling, 

have been widely used as a vertical bearing component. The main advantages offered by CFST include increased 

strength, ductility, significant cost savings, fire resistance, and quick installation due to the fact that the CFST column 

does not require the use of a reinforced cage or formwork [10–14]. The stability of the steel tube is enhanced by the 

concrete inside it. Furthermore, the steel tube effectively provides lateral confinement for the concrete. The confinement 

of steel tubes can increase normal and high-strength concrete's strength and ductility [15–18]. A few stirrups can be used 

in concrete-filled steel tube columns because the steel tube confines the concrete in a triaxial state [14]. In general, the 

strength of circular steel tube (CFST) columns is influenced by various factors. The thickness of the steel tube and the 

presence of longitudinal and hoop reinforcement tend to increase the ultimate strength, while the slenderness ratio has 

the opposite effect. Compared to other sectional shapes, circular steel tube columns tend to have a higher axial load and 

ductility [20]. Moreover, the bearing capacity of the CFST columns can be enhanced by increasing the compressive 

strength of the concrete [21]. To further increase the ultimate strength of CFST columns, various approaches can be 

taken. For instance, self-compacting concrete made with fly ash and silica fume [22], fiber-reinforced concrete [23], and 

micro-steel fiber concrete [24] have been found effective. Micro-steel fiber concrete has the added benefit of improving 

ductility and delaying local buckling of the column [24]. 

In the third method of reinforcement for columns, steel tubes of small diameters can replace longitudinal steel bars 

in normal reinforced concrete RC columns. For the same cross-sectional area, the circular steel tubes of small diameters 

achieve a higher second-moment area and radius of gyration than the steel bars. For that, the reinforcement of concrete 

columns in this method gives a higher stiffness and critical buckling load than the traditional reinforcement for concrete 

columns. The yield, ultimate strength, and ductility of the concrete columns under compression load can all be improved 

by filling these tubes with concrete [25, 26]. This is due to the concrete infill steel tube's ability to postpone local 

buckling and change the tube wall’s failure from an inward to an outward direction [27]. In their study, Hadi et al. [28] 

examined the behavior of columns that were reinforced with steel tubes under compression load. The researchers 

observed that the ductility of these columns improved significantly and that their ultimate strength was comparable to 

that of columns that were reinforced with traditional reinforcement. This was despite the fact that the yield tensile 

strength of steel bars is typically higher than that of steel tubes. 

Because of all of the above, few studies have yet been conducted on this method of reinforcement. The steel tube 

with a small diameter infilled with cementitious grouting materials used as longitudinal reinforcement for columns may 

enhance the axial compression strength and the ductility of the column due to the confinement offered by the infill 

grouting material inside the steel tubes. For that, a new concept and parameters were used in this study to cover this 

method of reinforcement extensively. Also, this study treated the problem of using plain steel tubes in concrete column 

reinforcement because of the slip of the tubes in concrete. 

The objective of the present study is to carry out an experimental and numerical investigation to assess the ultimate 

capacity of columns with tubes infilled with cementitious grouting material reinforcement. The first section of the study 

will involve experimental work to determine the impact of reinforcement type, spiral pitch, and slenderness ratio on 

ultimate load capacity, axial deformation, axial strain in longitudinal reinforcement, and failure mechanism. For 

verification of the predicted results, an analytical finite element model will be developed using ABAQUS software. 

2. Experimental Program 

2.1. Specimens Design 

Twelve mid-scale circular column specimens were categorized into two groups, short and long concrete columns. 

All specimens have a diameter of 170 mm and two different heights of 750 and 1750 mm. The height-to-diameter (H/D) 

ratio for the first group (six short columns) is equal to 4.4 (i.e., greater than the ACI318-19 code limitation [29], which 

stated that member with a ratio of H/D less than or equal to 3 used primarily to support axial compressive load 

categorizes as a pedestal), while the slenderness ratio (𝑘 𝑙𝑢 𝑟⁄ ) for the second group (six long columns) is equal to 41 

(i.e., higher than the ACI318-19 code limitation, which stated that the slenderness effects can be neglected for columns 

braced against sidesway if (𝑘 𝑙𝑢 𝑟⁄  ≤ 34 + 12(𝑀1/𝑀2)). The specimens were designed and tested under a uniaxial 

compression load. All column specimens were reinforced transversally with spiral reinforcement ∅6 𝑚𝑚 with spiral 

pitches of 50 or 75 mm. The pitch was chosen to satisfy the ACI requirements [29]. In each group, two specimens were 

reinforced with six longitudinal steel bars of ∅16 mm, which are considered reference specimens. The other two 
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specimens were reinforced with six longitudinal steel tubes with an outer diameter of 16 mm (the gross cross-sectional 

area of the infilled cementitious grouting material steel tube is the same as the conventional steel bar area). The 

remaining two specimens were reinforced with six longitudinal steel tubes with an outer diameter of 25.4 mm (in which 

the wall cross-sectional area of the steel tube is the same as the steel bar area). The details of tested column specimens 

and reinforcement are shown in Table 1 and Figure 1.  

Table 1. Reinforcement details of tested specimens 

Group 

No. 
Specimen ID 

Specimen length 

(mm) 

Diameter of steel bar 

or steel tube (mm) 

Wall thickness of 

steel tube (mm) 

Longitudinal 

reinforcement ratio (%) 

Spiral 

pitch (mm) 

Transverse 

reinforcement ratio (%) 

Group 1 

S-SB16-P50 

750 

16 
- 

 
5.31 

50 1.74 

S-SB16-P75 75 1.16 

S-ST16-P50 
16 1.3 1.59 

50 1.74 

S-ST16-P75 75 1.16 

S-ST25.4-P50 
25.4 2.8 5.31 

50 1.74 

S-ST25.4-P75 75 1.16 

Group 2 

L-SB16-P50 

1750 

16 - 5.31 
50 1.74 

L-SB16-P75 75 1.16 

L-ST16-P50 
16 1.3 1.59 

50 1.74 

L-ST16-P75 75 1.16 

L-ST25.4-P50 
25.4 2.8 5.31 

50 1.74 

L-ST25.4-P75 75 1.16 

*In the specimen type, (S) refers to the short column, (L) refers to the long column, (SB) refers to the steel bar reinforcement, and (ST) refers to the steel tube reinforcement. The 

numbers (16) and (25.4) refer to the outer diameter of the steel bar and steel tube, respectively. The letter and number (P50) refer to a 50 mm pitch while (P75) refers to a 75 mm 

pitch. 

 

Figure 1. Cross-section and reinforcement details of column specimens 

Because steel tubes of small diameters should be filled with concrete, cementitious grouting materials with high 

flowability were used to infill the tubes without any segregation. The steel tubes were filled with cementitious grouting 

material before installation in the specimens. After that, to prevent the slip of the plain steel tube in the concrete, the 

surface of the steel tube was roughened using epoxy and sand. Epoxy resin was utilized as the adhesive for this purpose. 

Before coating, the steel tubes were cleaned with sandpaper to remove the rust from their surfaces. The coating was 

applied to the surface of each steel tube with a paintbrush. 

2.2. Material Properties 

A target design cubic strength of 30 MPa at 28 days of age was used to cast all specimens using normal-strength 

concrete. Cementitious grouting material with a high compressive strength was used to infill all steel tubes, where the 

average compressive strength of 50 × 50 × 50 mm cube’s dimensions at 28 days age and at the time of testing was 78.2 

MPa and 83.3 MPa, respectively. The mechanical properties of steel bars and tubes are tabulated in Table 2. 

Table 2. Mechanical properties of steel bar and steel tube reinforcement 

Type of steel 
Nominal outer 

diameter (mm) 

Actual Area 

 (mm2) 

Yield strength  

(MPa) 

Ultimate strength  

(MPa) 

Steel bars 
6 26.42 489 624 

16 197 428 542 

Steel tubes 
25.4 198.8 316 413 

16 60.03 322 414 
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2.3. Test Setup and Instrumentation 

All reinforced column specimens were tested in a 200 T capacity hydraulic testing rig under uniaxial compression 

load (Figure 2). Two loading end caps were designed and fabricated to achieve the pin-pin end supports (Figure 3). The 

two ends of the RC specimens were strengthened by one layer of carbon fiber reinforced polymer (CFRP) sheet of 100 

mm width for short columns and 150 mm width for the long columns, and an overlap of 100 mm to prevent local 

crushing failure during the axial compression tests. All specimens had four strain gauges connected at the mid-height 

section, two for measuring the axial strains in the concrete and the other two for measuring the axial strains in the two 

opposing longitudinal reinforcements (bars or tubes). The axial displacement of the column specimens was measured 

with linear variable differential transformers (LVDT). 

 

Figure 2. Test setup and instrumentation 

 

Figure 3. Loading caps 

3. Finite Element Modeling 

3.1. Material Constitutive Relationships 

Three-dimensional nonlinear finite element analyses were performed using the ABAQUS Commercial software 

package [30] for simulations of RC columns. In this study, the concrete damaged plasticity CDP model included in 

mentioned software is chosen to simulate the inelastic behavior of concrete and cementitious grouting material [31].  

Constitutive models for steel and concrete are needed to carry out the numerical analysis. Seanz constitutive model 

[32] for the uniaxial compressive stress-strain of concrete was adopted (Figure 4). 
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Figure 4. Uniaxial stress-strain model for concrete 

𝜎𝑐 =
𝐸𝑜𝜀𝑐

1+(𝑅+
𝐸𝑜
𝐸𝑠
−2)

𝜀𝑐
𝜀𝑜
−(2𝑅−1)(

𝜀𝑐
𝜀𝑜
)
2
+𝑅(

𝜀𝑐
𝜀𝑜
)
3  (1) 

in which: 

𝑅 =
𝐸𝑜(

𝜎𝑜
𝜎𝑢
−1)

𝐸𝑠(
𝜀𝑢
𝜀𝑜
−1)2

−
𝜀𝑜

𝜀𝑢
  

(2) 

𝐸𝑠 =
𝜎𝑜

𝜀𝑜
  (3) 

where 𝐸𝑜is the initial modulus of elasticity of concrete; and 𝜎𝑐 and 𝜀𝑐 are the concrete compressive stress and strain; 𝜎𝑜 

and 𝜀𝑜 are the peak compressive stress of concrete and its corresponding strain; Two assumptions which were proposed 

by Elwi & Murray [32] were adopted in this study including 𝜎𝑜/𝜎𝑢 = 4 and 𝜀𝑢/𝜀𝑜 = 4. 

A stress-strain model of concrete confined by circular steel tubes can be employed for FE modelling to model the 

cementitious grouting material inside the steel tubes. The model adopted by Tao et al. [33] was used in this study (Figure 

5). A three-stage model is proposed to represent the strain hardening/softening of concrete confined by circular steel 

tubes. In the initial stage (from point O to point A), see Figure 5), the following model is used: 

𝜎𝑐 = 𝑓𝑐
′ 𝐴𝑋+𝐵𝑋2

1+(𝐴−2)𝑋+(𝐵+1)𝑋2
  (4) 

where 𝑋 =
𝜀𝑐
𝜀𝑐𝑜⁄ ; 𝐴 =

𝐸𝑐 𝜀𝑐𝑜

𝑓𝑐
′  ; 𝐵 =

(𝐴−1)2

0.55
− 1 

𝜀𝑐𝑜 = 0.00076 + √(0.626 𝑓𝑐
′ − 4.33) × 10−7  (5) 

where 𝜎𝑐, 𝜀𝑐are stress and strain of concrete, 𝑓𝑐
′, 𝜀𝑐𝑜 are peak stress and strain of unconfined concrete, 𝐸𝑐: modulus of 

elasticity of concrete and 𝜀𝐶𝐶 is the peak strain of confined concrete is determined by the following equation at point B 

(Figure 5): 

 

Figure 5. Uniaxial stress-strain model for grouting material 
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𝜀𝑐𝑐 = 𝜀𝑐𝑜 𝑒
𝑘 (6) 

where; 

𝑘 = (2.9224 − 0.00367 𝑓𝑐
′) (

𝑓𝐵

𝑓𝑐
′)
0.3124+0.002 𝑓𝑐

′

  (7) 

𝑓𝐵 is the concrete's confining stress at point B, as indicated by the Equation 8. 

𝑓𝐵 =
(1+0.027𝑓𝑦) 𝑒

−0.02
𝐷
𝑡

1+1.6 𝑒−10(𝑓𝑐
′)4.8

   (8) 

Where 𝑓𝑦is the yield strength of the steel tube, D and t are the outer diameter and thickness of the steel tube. For the 

concrete model's descending part (BC), which is determined by: 

𝜎 = 𝑓𝑟 + (𝑓𝑐
′ − 𝑓𝑟) exp [− (

𝜀 − 𝜀𝑐𝑐

𝛼
)
𝛽

 ;        𝜀 ≥ 𝜀𝑐𝑐          (9) 

where: 

𝑓𝑟 = 0.7(1 − 𝑒
−1.38 𝜉𝑐) ;        ≤ 0.25 𝑓𝑐

′    (10) 

𝛼 = 0.04 −
0.036

1+𝑒6.08𝜉𝑐−3.49
  (11) 

𝛽 = 1.2 for circular CFST columns, and the confinement factor is 𝜉𝑐 =
𝐴𝑠𝑓𝑦

𝐴𝑐 𝑓𝑐
′. 

The constitutive relationship for both longitudinal and transverse steel bars used an elastic perfectly plastic model. 

While the following stress-strain model was used for steel tubes [34], see Figure 6: 

 

Figure 6. Stress-strain model for steel tube 

𝑓(𝜀) =

{
  
 

  
 
𝐸 𝜀 ;                                                                                                          𝜀 < 𝜀𝑦                      

𝑓𝑦  ;                                                                                                      𝜀𝑦 < 𝜀 < 𝜀𝑠ℎ                

𝑓𝑦 + (𝑓𝑢 − 𝑓𝑦)

{
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)

[1+400(
𝜀−𝜀𝑠ℎ
𝜀𝑢−𝜀𝑠ℎ

)
5
]

1
5

}
 

 

;               𝜀𝑠ℎ < 𝜀 < 𝜀𝑢                 
      (12) 

where 𝑓, 𝜀 are tensile stress and strain of steel; 𝐸 is Young’s modulus of steel; 𝑓𝑦, 𝜀𝑦 are yield stress and strain of steel; 

𝜀𝑠ℎ is the hardening strain (𝜀𝑠ℎ = 0.1
𝑓𝑦

𝑓𝑢
− 0.055; 0.015 ≤ 𝜀𝑠ℎ ≤ 0.03); 𝑓𝑢,is ultimate tensile stress of steel and 𝜀𝑢 is 

ultimate tensile strain of steel (𝜀𝑢 = 0.6 (1 −
𝑓𝑦

𝑓𝑢
)). 

3.2. Boundary Condition and Load Application 

Pin-ended supports are the boundary conditions that were employed to simulate all column specimens. On one 

support, the displacements were constrained in all directions (x, y, and z) (hinge support). While the second support 

allowed for vertical displacements in the y-axis but restricted displacements in the x and z-axes. On the bottom 

surface of the column, the load was applied utilizing the displacement control approach with a 0.05 mm increment 

step. 
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3.3. Element Types and Mesh Configuration 

The 3D concrete solid element, an 8-node linear brick element (C3D8R) with reduced integration, was adopted to 

model concrete, grouting material, and spirals. The steel bar was modelled using a standard 3-dimensional 2-node wire 

truss element (T3D2). While shell elements 4-node with the reduced integration S4R were used to model steel tubes. 

The embedded property was used to simulate the reinforcement (steel bar, steel tube with cementitious grouting material, 

and spiral reinforcement) in surrounding concrete. Except for the longitudinal steel bar reinforcement, which was 

discretized with a 40-mm mesh size, 20 mm mesh size was used for plain concrete, grout, steel tube, and spiral. This 

size of mesh was chosen to achieve the closest behavior to the experimental results. 

4. Experimental Results and Verification 

4.1. Load Displacement Response 

The test results summary is tabulated in Table 3. Due to their different yielding stress, the steel tubes (ST16 and 

ST25.4) contribution to the axial capacity of the tested short and long columns (ST16-P50, ST16-P75, ST25.4-P50, and 

ST25.4-P75) was less for 26 and 25%, respectively, in comparison to the steel bars (SB16) contribution in the reference 

specimens (SB16-P50 and SB16-P75). 

It is worth mentioning that in short and long columns reinforced with ST16, in which the steel tube area is 30% of 

the steel bar area, the maximum axial load of columns S-ST16-P50, S-ST16-P75, L-ST16-P50, and L-ST16-P75 attained 

72, 71, 81 and 75% of the maximum load of the reference columns, respectively. This is a result of the significant 

confinement that the circular steel tubes provided for the cementitious grouting material, which increased the strength 

of the grout and increased the columns' ability to support more external load.  

In short and long columns reinforced with ST25.4, in which the steel tube area is the same as the steel bar area, the 

maximum axial load of columns S-ST25.4-P50, S-ST25.4-P75, L-ST25.4-P50, and L-ST25.4-P75, exceeded the 

ultimate axial load of the reference column by 6, 5, 17 and 13%, respectively. 

In a comparison test between two concepts for cementitious grouted steel-tube reinforcement, it was found that 

columns reinforced with 16mm outer diameter steel tubes achieved an ultimate strength of 68%, 68%, 69%, and 66% 

for S-ST16-P50, S-ST16-P75, L-ST16-P50, and L-ST16-P75 respectively, when compared to the ultimate strength of 

the specimens reinforced with 25.4mm outer diameter steel tubes, which were S-ST25.4-P50, S-ST25.4-P75-C, L-

ST25.4-P50, and L-ST25.4-P75, respectively. 

On the other hand, increasing the spiral pitch in column specimens from 50 mm to 75 mm led to a decrease in the 

maximum experimental axial load, as illustrated in Figure 7. Furthermore, from the test results, it was observed that the 

maximum experimental axial load of long columns was less than that for the short column with the same design 

parameters; this is associated with the slenderness ratio's effect on the axial capacity of the tested specimens, see Figure 

8. Additionally, as the slenderness ratio increases, the experimental results show that the column's axial displacement 

increases (see Figure 9). 

 

Figure 7. Effect of spiral pitch on the axial capacity of tested specimens 
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Figure 8. Effect of slenderness ratio on the axial capacity of tested specimens  

 

Figure 9. Effect of slenderness ratio on the axial displacement of tested specimens 

Table 3 illustrates a comparison between the experimental and FE results for circular column specimens. Since the 

ratio (𝑃𝑒𝑥𝑝 𝑃𝐹𝐸𝑀⁄ ) is typically near to one, there is an acceptable agreement between numerically predicted values and 

those obtained experimentally. On the other hand, Figures 10 and 11 show the comparison between the FE axial load-

axial displacement diagrams and those obtained experimentally. It can be observed from the figures that the stiffness of 

the FE curves for all tested specimens is higher than that of the experimental curves. This is because ABAQUS software 

assumes a perfect bond between the concrete and internal reinforcement, which is not the case in reality. However, the 

curves for the ascending part of the load-axial displacement curves demonstrate a reasonable convergence between the 

test and numerical results. 

Table 3. Experimental and FE analysis results 

Group No. Specimen ID 

Test Results FE Results 

𝑷𝒆𝒙𝒑/𝑷𝑭𝑬𝑴 𝑷𝒆𝒙𝒑 

(kN) 

∆𝒆𝒙𝒑 

(mm) 

𝑷𝑭𝑬𝑴 

(kN) 

∆𝑭𝑬𝑴 

(mm) 

Group 1 

S-SB16-P50 1205 2.91 1244 2.67 0.97 

S-SB16-P75 1154 2.79 1166 2.38 0.99 

S-ST16-P50 863 2.23 900 2.34 0.96 

S-ST16-P75 819 2.33 821 1.99 0.99 

S-ST25.4-P50 1278 3.02 1205 2.47 1.06 

S-ST25.4-P75 1209 2.76 1141 2.21 1.06 
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Group 2 

L-SB16-P50 974 3.99 1064 3.86 0.92 

L-SB16-P75 922 3.76 977 3.52 0.94 

L-ST16-P50 789 4.16 817 3.98 0.97 

L-ST16-P75 690 3.82 729 3.4 0.95 

L-ST25.4-P50 1138 4.28 1140 4.2 0.99 

L-ST25.4-P75 1043 3.98 1071 3.78 0.97 

  

    

  

Figure 10. Load-axial displacement diagrams of short columns 
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Figure 11. Load-axial displacement diagrams of long columns 

4.2. Load-Strain Diagrams 

The axial load versus axial strain according to the strain gauge readings at mid-height of concrete columns are 

illustrated in Figure 12 and Figure 13 for short and long columns, respectively. According to the data, only the specimens 

reinforced with steel bars (S-SB16-P50, S-SB16-P75, L-SB16-P50, and L-SB16-P75) showed an elastic behavior, since 

they did not reach the yield strain value. During this stage of performance, the load increased linearly as the strain 

increased. On the other hand, after the elastic stage, the axial load–strain curves of the specimens reinforced with steel 

tubes entered the yield stage, and the curve’s slope started to decrease gradually, indicating that the steel tube began to 

yield. The strain in steel tubes of specimens S-ST16-P50, S-ST16-P75, S-ST25.4-P50, S-ST25.4-P75, L-ST16-P50, L-

ST16-P75, L-ST25.4-P50, and L-ST25.4-P75 have attained the yield strain at an applied axial load of 0.86, 0.81, 0.8, 

0.81, 0.84, 0.88, 0.83, and 0.86% from the maximum load. This is due to the fact that the yield strength of the steel bar 

is greater than the yield strength of the implemented steel tube. For this reason, the specimens with steel bars 

reinforcement failed by compression failure mode. At a certain applied load, specimens with the same design parameter 

showed higher strain as the slenderness ratio increased. This was due to reducing the depth of the compression zone of 

the section by increasing the secondary moment. On the other hand, Figures 12 and 13 illustrate that the FE outcomes 

of the load–axial concrete strain results matched well with the tested strain data. 
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Figure 12. Axial load-axial strain diagrams for short columns 
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Figure 13. Axial load-axial strain diagrams for long columns 

The failure mode of all experimental specimens was dominated by compression failure. Concrete cover spalling was 

observed at mid-height of almost all tested columns due to successive increases of applied loading, with no buckling 

observed in steel bars or tubes. The failure modes for all tested column specimens are shown in Figures 14 and 15 based 

on experimental and FE analysis findings. In all cases of short columns, the failure matched well with that seen in the 

experimental failure mode. In all columns, the failure occurred at the section located at mid-height of the tested 

specimens, except for specimens L-SB16-P50, L-SB16-P75, L-ST16-P50, and L-ST16-P75 specimens, the failure 

happened at the section located at the quarter length of the tested columns. A comparison of the failure zones of the 

experimental and the FE models illustrates the degree of agreement between the tested and the modeled specimens.  

 

 

Figure 14. Failure mode of the experimental and FE analysis short columns 
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Figure 15. Failure mode of the experimental and FE analysis long columns 

5. Conclusions 

This article has presented a new form for longitudinally reinforced concrete columns. The columns with small-

diameter cementiously grouted steel tube reinforcement under uniaxial compression load were investigated 

experimentally and numerically in this study. Based on the experimental results and FE analysis, the following 

conclusions are drawn: 

 The load-carrying capacity of the columns with small-diameter steel tube reinforcement, having a steel cross-

sectional area that is equivalent to the steel bars area used in reference specimens, increased compared to concrete 

columns reinforced with steel bars. While the loading capacity of concrete columns reinforced with steel tubes, 

having a cross-sectional area equal to not more than 30% of the steel bars area used in reference specimens, may 

be achieved at 81% of the load-carrying capacity of the reference columns. 

 It is worth mentioning that in short and long columns reinforced with ST16, in which the steel tube area is 30% of 

the steel bar area, the maximum axial load of columns S-ST16-P50, S-ST16-P75, L-ST16-P50, and L-ST16-P75 

attained 72, 71, 81, and 75% of the maximum load of the reference specimens, respectively. 
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 In short and long columns reinforced with S25.4, in which the steel tube area is the same as the steel bar area, the 

load carrying capacity of specimens S-ST25.4-P50, S-ST25.4-P75, L-ST25.4-P50, and L-ST25.4-P75 exceeded 

the ultimate axial load of the reference column by 6, 5, 17, and 13%, respectively. 

 The maximum axial load decreased with the increase of spiral pitch from 50 to 75 mm in column specimens. 

Additionally, it was found that long columns with the same design parameters had lower maximum axial proposed 

loads than short columns; this is related to the slenderness ratio's effect on the loading capacity of the tested 

specimens. 

The accuracy of the proposal model has been well confirmed by the close value of the axial compressive load, axial 

strain, and failure mode obtained from the FEM analysis as compared with the experimental results. 
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