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INTRODUCTION 

To increasing the strength of concrete in structures in the 

marine environment, there are two methods commonly 

used, namely internal and external reinforcement. One of 

the method of external strengthening, known as Steel Tube 

Confined Concrete (STCC), which involves the use of steel 

tubes as concrete reinforcement. Reinforcement using 

STCC on column piers as external confinement provides 

advantages, such as higher compressive capacity due to the 

confining effect and better ductility [1][2][3][4]. CFST is a 

fairly popular external confinement that has been widely 

applied to structures and structures in the marine 

environment [5][6][7][8]. The main difference between 

STCC and Concrete-Filled Steel Tube (CFST) is that 

STCC in steel tubes does not carry axial loads directly, 

thereby reducing the risk of local buckling. When concrete 

and steel tubes are loaded simultaneously, the steel tubes 

will provide less confinement than specimens that are only 

loaded on the concrete core, so that the effectiveness of 

STCC on the steel tubes that restrain the concrete core is 

maximized. CFST is not effective in bridge structures due 

to connection difficulties, meanwhile STCC can be applied 

effectively in beam-column or column-foundation 

connections to avoid direct axial loads and facilitate 

implementation [9][10]. 

The use of conventional carbon steel in STCC causes 

problems such as corrosion, therefore the use of stainless 

steel material (SSTCC) is very suitable for structures in the 

marine environment. Although stainless steel material has 

high initial cost, its maintenance costs are low making it a 

cost-effective choice [11]. Stainless steel material is 

suitable for structures in marine environments due to its 

corrosion resistance, fire resistance, and also has an 

aesthetic appearance [12][13]. The combination of 

confinement with STCC and stainless steel material makes 

it a better choice of reinforcement, which has been done by 

several previous researchers [14][15]. The mechanical 

properties of stainless steel are more variable than carbon 

steel and STCC using stainless steel material shows a 

stress-strain relationship curve without yield areas 

compared to carbon steel [16][17]. 

Initial imperfection is an initial defect given to a column 

before loading, where initial imperfection can influence the 

behavior of the column under loading and is considered in 

modeling to predict more accurate results [18][19][20]. 

External confinement in concrete allow defects to occur, 

such as a very large shear band in a column leading to shear 
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failure. This occurs if the shear stress applied to the shear 

band area exceeds the shear capacity of the material. In the 

shear band area, uneven distributed shear can occur and 

lead to poor load redistribution and trigger failure [21]. The 

shear band area in STCC is an area that experiences shear 

with higher intensity so that there is a significant change in 

the stress distribution that occurs due to the applied 

pressure [22]. Failure in the shear band area can be caused 

by various factors, one of which is an improper assembly 

process which causes premature failure, such as the 

welding quality of the steel tube which affects the stress 

distribution and material properties, giving rise to residual 

stress [23]. Specimen modeling should take into account of 

initial imperfection in the shear band area so that the 

modeling results are closer to actual failure conditions.  

Surface contact between concrete elements and steel 

tube elements in STCC which is a physical and mechanical 

connection, where in this case the concrete is reinforced 

with steel contained in the steel tube. Surface contact 

between two different material properties can cause surface 

sensitivity between elements in the form of higher slip 

when the two elements meet the interface when subjected 

to load, especially in concrete elements and steel tube 

elements. Modeling surface contact between concrete 

elements and steel tube elements using Mohr-Coloumb 

plasticity with Zero Thickness Element is one of the 

numerical modeling methods used in finite element 

analysis to represent the interface interaction between 

concrete and steel tubes in STCC. This modeling allows a 

more accurate simulation of the STCC behavior under 

loading by assuming the interaction effect between 

concrete and steel tubes to obtain better results [24]. 

Several previous studies carried out analyzes regarding the 

sensitivity of surface contact on concrete elements and steel 

tube elements [25]. 

Previous research regarding finite element modeling in 

STCC has been carried out by [26][27]. Experimental 

research on STCC comparing the use of steel tubes with 

stainless steel and carbon steel as confinement for concrete 

has been carried out by [14]. Numerical analysis using the 

3D-NLFEA program has been carried out by several 

previous studies to simulate modelling [28][29][30]. The 

3D-NLFEA program is a program developed by 

[31][32][33][34][35][36][37]. In this study, finite element 

analysis will be conducted to obtain load–displacement and 

stress–strain curves for validating the experimental results 

reported in [15], while considering initial imperfections 

and surface contact sensitivity. The STCC columns with 

square cross-sections will be modeled by varying the steel 

type, steel tube thickness, and concrete strength. For this 

purpose, the 3D-NLFEA package will be employed in the 

numerical simulations. 

 

RESEARCH SIGNIFICANCE 

This study investigates the behavior of square cross-section 

concrete columns confined by steel tubes made of stainless 

steel and carbon steel. The test specimens are subjected to 

concentric loading. The specimens are modeled using 

nonlinear finite element methods to generate load–

displacement and stress–strain relationship curves, which 

are subsequently compared. The modeling is carried out 

using the 3D-NLFEA package, with SALOME employed 

as the pre-processor and ParaView as the post-processor. 

The analysis considers initial imperfection parameters in 

the shear band region, as well as surface contact sensitivity 

between the concrete and steel elements using zero-

thickness elements. The modeling includes variations in 

steel type, steel tube thickness, and concrete strength. 

 

METHODOLOGY 

The research methodology begins with modeling square 

cross-section concrete column specimens confined by 

stainless steel tube confined concrete (SSTCC) and carbon 

steel tube confined concrete (CSTCC), which are validated 

against experimental results. The modeling process 

employs the 3D-NLFEA program, with SALOME used as 

the pre-processor and ParaView as the post-processor. 

Initial imperfection parameters and surface contact 

sensitivity are considered to validate the load–

displacement and stress–strain relationship curves, along 

with specimen variations, including steel type, steel tube 

thickness, and concrete strength. A detailed explanation of 

the research methodology is presented in the following 

sections. 

 

A. SPECIMEN GEOMETRY, MATERIAL 

PROPERTIES, AND 3D-MODELING 

The geometric data and material properties of the concrete, 

steel tubes, and steel blocks were adopted from the 

experimental study reported in [15]. The specimens had a 

height (H) of 450 mm and a width/diameter (D) of 150 mm, 

resulting in a slenderness ratio of 3.0. The study considered 

variations in steel type (stainless steel and carbon steel), 

steel tube thickness (2, 3, and 4 mm), and concrete strength 

(25 and 32 MPa). A total of eight specimens were modeled, 

consisting of six SSTCC specimens and two CSTCC 

specimens. Carbon steel tubes were used for comparison, 

with thickness corresponding to the largest tube thickness. 

For each configuration, two identical specimens were 

prepared, denoted as a and b. The details of the SSTCC and 

CSTCC specimens are presented in Table 1. 

Table 1 Detail Specimen of SSTCC and CSTCC 

Specimen 

Variation 

Type 

Concrete 

strength (fc) 

Steel Tube 

Thickness (tD) 

MPa mm 

SS2N Stainless 25 2 

SS2H Stainless 32 2 

SS3N Stainless 25 3 

SS3H Stainless 32 3 

SS4N Stainless 25 4 

SS4H Stainless 32 4 

CS4N Carbon 25 4 

CS4H Carbon 32 4 

 

The material properties of the test specimens are based 

on variations of the concrete strength (normal strength 25 

MPa and high strength 32 MPa), as shown in Table 2. The 

material properties of stainless steel and carbon steel for 

variations in tube thickness are shown in Table 3. 
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Table 2 Material Properties of Concrete 

Strength grade 
fc 

(MPa) 

Ec 

(MPa) 
POS 

Density 

(kg/m3) 

Normal strength 25 22612.12 0.2 2200 

High strength 32 37388.33 0.2 2200 

 

Table 3 Material Properties of Stainless Steel Tube and 

Carbon Steel Tube 

Type 
tD 

(mm) 

fy 

(MPa) 

Es 

(GPa) 
POS 

Density 

(kg/m3) 

Stainless 2 335 193 0.283 8000 

Stainless 3 401 193 0.283 8000 

Stainless 4 406 193 0.283 8000 

Carbon 4 325 200 0.26 7850 

Carbon 4 282 200 0.26 7850 

 

Figure 1 shows the geometry of square cross-section 

concrete column specimen confined by steel tube made of 

stainless steel (SSTCC) and carbon steel (CSTCC). The 

specimen loading is in the form of concentric axial 

compressive load subjected only to the concrete core and 

the steel tubes as concrete restraints. Steel blocks of 50 mm 

thick are installed on the top and bottom of the concrete 

with steel block material properties shown in Table 4. 

 

 
Figure 1 Specimen of Square Cross-section 

 

Table 4 Material Properties of Steel Block 

Notation Steel Block 

fy (MPa) 433 

Es (GPa) 206 

Poisson’s ratio 0.3 

Density (kg/m3) 7850 

 

The modeling of SSTCC and CSTCC specimens are 

using 3D-NLFEA program with pre-processor and post-

processor using SALOME and ParaView. 

        
  (a)   (b)   (c)  (d) 

Figure 2 Specimen meshed model of SS4N in SALOME : 

(a) concrete, (b) tube, (c) steel block, (d) STCC 

 

Figure 2 shows the specimen model in the SALOME 

program of the SS4N specimen, namely stainless steel type, 

square cross section, tube thickness 4 mm, and normal 

concrete strength which has the number of elements 13681 

and the total number of nodes 20552. The boundary 

conditions are using displacement control with increments 

set to -0.01 mm at the top end, and at the bottom end set in 

all directions. 

 

B. PARAMETER OF INITIAL IMPERFECTION IN 

SHEAR BAND AREA 

Shear band areas will form in STCC columns where 

significant deformation occurs. This is because 

imperfections in the column cannot be avoided, therefore 

the imperfection parameters must be taken into account 

from the start to obtain more realistic results. Imperfection 

is a decrease in material in a shear band area that is 

systematically reduced to represent the initial imperfection 

that exists in the actual condition of the specimen [38]. The 

initial imperfection area of the shear band in the STCC 

column uses random material properties, namely the Box-

Muller random number generator method which is also 

carried out by [20] which can be seen in equation 1. 

f
yi

 = f
ym

+σfy
     (1) 

σfy
 =√2 log (

1

x1
) cos (2πx2)    

x1 = rand(0,1) ;   x2 = rand(0,1)  

Where 𝑓𝑦𝑖 is the yield stress for the i-th mesh element, 

𝑓𝑦𝑚 is the average yield stress, 𝜎𝑓𝑦
 is the standard deviation 

of the average yield stress, 𝑥1 and 𝑥2 are random number 

generators varying from zero to one. The average values of 

yield strength are as follows: 

f
ym

 = f
y
 + α σfy = f

y
 + α (Ωfy

f
y
) = (1 + α Ωfy

) f
y
 

Where α is the standard deviation reflecting the 

probability of material failure of 5% so that the constant 

value for α is 1.64, Ω𝑓𝑦
 is the material variation coefficient. 

The initial imperfection given in the shear band area is 

the material property that will be derived in the shear band 
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area which is implemented into the analysis model. The 

imperfections parameters inputted in the modeling using 

the 3D-NLFEA program are the thickness of the shear band 

(w) and the angle of inclination of the shear band (α) 

according to experimental conditions of 45⁰ to 60⁰. Figure 

3 shows a visualization of the failure mode of the SS4N 

specimen by taking into account the initial imperfection 

parameter in the shear band area. 

 
Figure 3 Visualization of imperfection in shear band area 

 

C. PARAMETER OF SURFACE CONTACT 

SENSITIVITY  

Sensitivity is defined by the shear stress capacity of the 

concrete–steel interface prior to slip, which depends on the 

friction coefficient between the two materials. The 

interface behavior is modeled using the Mohr–Coulomb 

plasticity model, which describes inelastic material 

behavior based on cohesion and friction angle governing 

shear resistance under effective normal stress. Zero 

thickness elements (ZTE) are employed to represent direct 

contact interaction without physical thickness. The 

application of the Mohr–Coulomb model with ZTE in 

STCC has been reported in [39] as expressed in Equation 

(2): 

f = τ1 
n + τ2

n - (c - σn tan ϕ) n + (c - ξ tan ϕ) n    (2) 

Where 𝜏1 and 𝜏2 are the principal shear stresses, 𝑐 is 

cohesion, 𝜙 is the friction angle, 𝜉 is the bond strength 

(uniaxial tensile strength), and 𝑛 is the elliptic curve control 

parameter (default = 2). In the 3D-NLFEA modeling, the 

ZTE parameters include cohesion strength, uniaxial tensile 

strength, and friction angle. The square cross-section 

specimen modeling in SALOME is shown in Figure 4. 

    
 (a)   (b)  (c) (d) 
Figure 4 Modeling square cross-section interface elements 

in SALOME: (a) concrete, (b) tube, (c) interface, (d) steel 

block 

 

RESULTS AND DISCUSSIONS  

Figures 5 to 13 present the load–displacement curves with 

variations in steel tube material, steel tube thickness, and 

concrete strength grade. Figure 5 shows the SS4N 

specimen for a comparison of load-displacement curves 

based on modeling results and experimental results without 

initial imperfections and zero thickness elements. A peak 

load of 1574.98 kN at a displacement of 3.86 mm is 

obtained, while based on experimental results a peak load 

of 704.48 kN at a displacement of 4.15 mm is obtained. 

Comparison of peak load based on modeling results and 

experimental results is 123.57 %. 

Figure 6 shows a comparison of load-displacement 

relationship curves of SS4N specimens and is taking into 

account initial imperfections and surface contact sensitivity 

based on modeling results and experimental results. It can 

be seen that based on the modeling results of the SS4N 

specimen, a peak load of 722.56 kN at a displacement of 

3.98 mm is obtained, while based on experimental results a 

peak load of 704.48 kN is obtained at a displacement of 

4.07 mm. Comparison of peak load based on modeling 

results and experimental results is 2.57 %. It can be seen in 

Figure 7 that based on the modeling results of SS4H 

specimen, a peak load of 922.08 kN at a displacement of 

4.22 mm is obtained, while based on experimental results a 

peak load of 942.83 kN is obtained at a displacement of 

3.49 mm. Comparison of peak load based on modeling 

results and experimental results is 2.20 %. 

 

 

Figure 5 Comparison of experiment and modeling curve 

without imperfection and zero thickness element of SS4N 

 

 

Figure 6 Comparison of experiment and modeling curve 

with imperfection and zero thickness element of SS4N 
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Figure 7 Comparison of experiment and modeling curve 

with imperfection and zero thickness element of SS4H 

 

Figure 8 shows that based on the modeling results of 

SS3N specimen, a peak load of 577.07 kN at a 

displacement of 4.02 mm is obtained, while based on 

experimental results a peak load of 545.36 kN is obtained 

at a displacement of 2.41 mm. Comparison of peak load 

based on modeling results and experimental results is 5.81 

%. As shown in Figure 9, it can be seen that based on the 

modeling results of SS3H specimen, a peak load of 837.75 

kN at a displacement of 4.22 mm is obtained, while based 

on experimental results a peak load of 796.26 kN is 

obtained at a displacement of 2.09 mm. Comparison of 

peak load based on modeling results and experimental 

results is 5.21 %. 

 
Figure 8 Comparison of experiment and modeling curve 

with imperfection and zero thickness element of SS3N 

 
Figure 9 Comparison of experiment and modeling curve 

with imperfection and zero thickness element of SS3H 

Figure 10 shows that based on the modeling results of 

SS2N specimen, a peak load of 560.44 kN at a 

displacement of 3.14 mm is obtained, while based on 

experimental results a peak load of 533.48 kN is obtained 

at a displacement of 2.09 mm. Comparison of peak load 

based on modeling results and experimental results is 5.05 

%. Figure 11 shows that based on the modeling results of 

SS2H specimen, a peak load of 718.16 kN at a 

displacement of 2.48 mm is obtained, while based on 

experimental results a peak load of 750.7 kN is obtained at 

a displacement of 1.53 mm. Comparison of peak load based 

on modeling results and experimental results is 4.33 %. 

 

 

Figure 10 Comparison of experiment and modeling curve 

with imperfection and zero thickness element of SS2N 

 

 

Figure 11 Comparison of experiment and modeling curve 

with imperfection and zero thickness element of SS2H 

 

Figure 12 shows that based on the modeling results of 

CS4N specimen, a peak load of 667.98 kN at a 

displacement of 4.42 mm is obtained, while based on 

experimental results a peak load of 671.47 kN is obtained 

at a displacement of 4 mm. Comparison of peak load based 

on modeling results and experimental results is 0.52 %. 

Figure 13 shows that based on the modeling results of 

CS4H specimen, a peak load of 712.19 kN at a 

displacement of 3.24 mm is obtained, while based on 

experimental results a peak load of 711.74 kN is obtained 

at a displacement of 3.92 mm. Comparison of peak load 

based on modeling results and experimental results is 

0.06%. 
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Figure 12. Comparison of experiment and modeling curve 

with imperfection and zero thickness element of CS4N 

 
Figure 13. Comparison of experiment and modeling curve 

with imperfection and zero thickness element of CS4H 

 

The analysis of initial imperfections in the shear band 

region (shear band thickness, w, and angle, α) is presented 

in Table 5. Random material variation indicates that a 10% 

imperfection produces load–displacement results closest to 

the experimental data. Surface contact sensitivity between 

concrete and steel (Table 6), evaluated through cohesion 

strength (C), uniaxial tensile strength (ξ), and friction angle 

(ϕ), shows that C = 0.7 MPa, ξ = 1.0 MPa, and ϕ = 15° 

provide the best agreement with experimental results. 

The comparison of peak loads for SSTCC and CSTCC 

specimens (Table 7) demonstrates good correlation 

between numerical and experimental results. The SS4N 

specimen exhibits the highest peak load, with 722.56 kN 

(numerical) and 704.48 kN (experimental), resulting in a 

2.57% difference. Increasing steel tube thickness (2, 3, and 

4 mm) consistently enhances peak load capacity in both 

numerical and experimental results. Similarly, higher 

concrete strength leads to greater peak loads, as observed 

in SS4H compared to SS4N, while maintaining close 

agreement between numerical predictions and 

experimental data. 

 

Table 5 Effect of Variation in imperfection to the predict 

peak load 

w 

(mm) 
𝜶 

Imperfect 

(%) 

Peak Load (kN) 

Experiment 3D-NLFEA 

15 45 5 704.48 713.90 

15 45 10 704.48 722.56 

15 45 15 704.48 732.90 

 

Table 6 Effect of Variation in c, ξ and 𝜙 to the predict 

peak load 

C 

(MPa) 

ξ 

(MPa) 

𝝓 

(MPa) 

Peak Load (kN) 

Experiment 3D-NLFEA 

0.6 1.0 15 704.48 688.50 

0.7 1.0 15 704.48 722.56 

0.8 1.0 15 704.48 761.38 

 

Table 7 Comparison Peak Load of SSTCC and CSTCC 

Specimen 
Peak Load (kN) Difference 

(%) Experiment 3D-NLFEA 

SS2N 533.48 560.44 5.05 

SS2H 750.70 718.16 4.33 

SS3N 545.36 577.07 5.81 

SS3H 796.26 837.75 5.21 

SS4N 704.48 722.56 2.57 

SS4H 942.83 922.08 2.20 

CS4N 671.47 667.98 0.52 

CS4H 711.74 712.19 0.06 

 

The 3D-NLFEA results show very close agreement 

with the experiments, with differences ranging from 0.06% 

to 5.81%. Overall, the numerical model reliably predicts 

the peak load capacity of both SSTCC and CSTCC 

specimens. 

Figures 14 shows that based on the modeling results of 

the SS4N specimen, a peak stress of 47.47 MPa is obtained, 

while based on experimental results a peak stress of 

45.40 MPa is obtained. The difference in peak stress 

between modeling and experimental results is 4.55%. 

Figure 15 shows that based on the modeling results of the 

SS4H specimen, a peak stress of 51.15 MPa is obtained, 

while based on experimental results a peak stress of 

50.03 MPa is obtained. The difference in peak stress 

between modeling and experimental results is 2.24%. 

 

 
Figure 14. Stress–Strain Relationship of SS4N 
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Figure 15. Stress–Strain Relationship of SS4H 

 

Figures 16 shows that based on the modeling results of 

the SS3N specimen, a peak stress of 33.28 MPa is obtained, 

while based on experimental results a peak stress of 

31.01 MPa is obtained. The difference in peak stress 

between modeling and experimental results is 7.32%. 

Figure 17 shows that based on the modeling results of the 

SS3H specimen, a peak stress of 41.30 MPa is obtained, 

while based on experimental results a peak stress of 

38.39 MPa is obtained. The difference in peak stress 

between modeling and experimental results is 7.57%. 

 

 

Figure 16. Stress–Strain Relationship of SS3N 

 

 
Figure 17. Stress–Strain Relationship of SS3H 

 

 

Figures 18 shows that based on the modeling results of 

the SS2N specimen, a peak stress of 26.77 MPa is obtained, 

while based on experimental results a peak stress of 

24.90 MPa is obtained. The difference in peak stress 

between modeling and experimental results is 7.53%. 

Figure 19 shows that based on the modeling results of 

the SS2H specimen, a peak stress of 33.22 MPa is obtained, 

while based on experimental results a peak stress of 

35.16 MPa is obtained. The difference in peak stress 

between modeling and experimental results is 5.52%. 

 

 

Figure 18. Stress–Strain Relationship of SS2N 

 

 

Figure 19. Stress–Strain Relationship of SS2H 

 

Figure 20 shows that based on the modeling results of 

the CS4N specimen, a peak stress of 35.31 MPa is 

obtained, while based on experimental results a peak stress 

of 34.24 MPa is obtained. The difference in peak stress 

between modeling and experimental results is 3.11%. 

Figure 21 shows that based on the modeling results of the 

CS4H specimen, a peak stress of 51.00 MPa is obtained, 

while based on experimental results a peak stress of 

49.93 MPa is obtained. The difference in peak stress 

between modeling and experimental results is 2.14%. 
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Figure 20. Stress–Strain Relationship of CS4N 

 

 

Figure 21. Stress–Strain Relationship of CS4H 

 

Table 8 Comparison Peak Stress of SSTCC and CSTCC 

Specimen 
Peak Stress (MPa) Difference 

(%) Experiment 3D-NLFEA 

SS2N 24.90 26.77 7.53 

SS2H 35.16 33.22 5.52 

SS3N 31.01 33.28 7.32 

SS3H 38.39 41.30 7.57 

334N 45.40 47.47 4.55 

SS4H 50.03 51.15 2.24 

CS4N 34.24 35.31 3.11 

CS4H 49.93 51.00 2.14 

 

Overall, the numerical results demonstrate good 

agreement with the experimental data for both SSTCC and 

CSTCC specimens in terms of peak stress prediction. 

Based on Table 8, the differences between experimental 

and 3D-NLFEA peak stress values range from 2.14% to 

7.57%. The largest deviation is observed in SS3H (7.57%), 

followed by SS2N (7.53%) and SS3N (7.32%), while the 

smallest difference occurs in CS4H (2.14%). In general, the 

numerical predictions tend to be slightly higher than the 

corresponding experimental values. Nevertheless, the 

relatively small percentage differences indicate that the 

3D-NLFEA model provides accurate and consistent 

predictions of the peak stress for both SSTCC and CSTCC 

specimens. 

The failure modes obtained from the ParaView analysis 

(Figures 22–25) demonstrate that incorporating initial 

imperfections significantly improves the accuracy of the 

numerical predictions. Models without initial 

imperfections tend to overestimate the peak load and show 

a more uniform stress distribution, which does not fully 

represent the experimentally observed localized crushing 

and buckling. In contrast, the inclusion of shear band 

imperfections produces earlier strain localization and 

failure patterns that closely match the experimental results. 

     

 (a) (b)  

Figure 22. SS4N Specimen with Imperfection and ZT: (a) 

without imperfection, (b) with imprefection 

 

         

 (a) (b)  

Figure 23. SS4H Specimen with Imperfection and ZTE: 

(a) without imperfection, (b) with imprefection 

 

          

 (a) (b)  

Figure 24. CS4N Specimen with Imperfection and ZTE: 

(a) without imperfection, (b) with imprefection 
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 (a) (b)  

Figure 25. CS4H Specimen with Imperfection and ZTE: 

(a) without imperfection, (b) with imprefection 

For the SS4N specimen, the initial imperfection was 

introduced at mid-height, while for SS4H, CS4N, and 

CS4H specimens, it was located near the upper end, 

consistent with the experimentally observed critical 

regions. The calibrated surface interaction between the 

concrete core and steel tube successfully captured the 

confinement mechanism, including concrete dilation and 

corresponding stress development in the steel tube. 

Overall, the modeling approach effectively reproduced 

both the deformation patterns and failure modes observed 

experimentally. 

The research findings indicate that the 3D-NLFEA 

numerical model is capable of adequately representing the 

behavior of steel tube–confined concrete columns 

compared to the experimental results, particularly in the 

elastic stage up to near the peak load. The load–

displacement and stress–strain curves exhibit consistent 

trends, with relatively small deviations in peak load and 

peak stress values. Increasing the thickness of the steel tube 

significantly enhances both the load capacity and peak 

stress due to the increased confinement pressure applied to 

the concrete core. Furthermore, the use of higher-strength 

concrete results in greater compressive capacity; however, 

the post-peak response tends to become steeper due to 

stress concentration at the corners of the square cross-

section. In terms of material type, specimens confined with 

stainless steel tubes demonstrate higher peak capacity 

compared to those with carbon steel tubes, indicating a 

more effective confinement mechanism in enhancing the 

compressive strength of the composite system. 

Regarding the initial compressive stiffness, the analysis 

shows that the influence of steel tube confinement during 

the early elastic stage is relatively insignificant. The slope 

of the curve in the initial linear phase is nearly similar 

across all specimen variations, whether confined with 

stainless steel or carbon steel tubes. This finding suggests 

that the initial response of the system is predominantly 

governed by the elastic modulus of the concrete core, while 

the confinement effect becomes more pronounced only 

after significant lateral expansion of the concrete occurs in 

the nonlinear stage. Therefore, the primary contribution of 

the steel tube lies in improving peak capacity, ductility, and 

post-peak stability rather than increasing the initial elastic 

stiffness. 

 

CONCLUSIONS 

This study investigated the structural behavior of square 

cross-section concrete columns confined with stainless 

steel and carbon steel tubes using a three-dimensional 

nonlinear finite element analysis (3D-NLFEA) framework. 

The model incorporated initial geometric imperfections 

within the shear band region and surface contact sensitivity 

parameters to improve predictive accuracy. Numerical 

simulations conducted without accounting for initial 

imperfections resulted in an overestimation of peak load 

compared to experimental findings. In contrast, the 

inclusion of initial imperfections led to significantly 

improved correlation, accurately capturing both the 

experimental load–deformation response and the observed 

failure mechanisms. 

The parametric investigation identified the optimal 

shear band configuration as a thickness of 15 mm and an 

inclination angle of 45°, combined with a 10% reduction in 

concrete compressive strength and steel yield strength to 

represent material imperfections. For surface contact 

modeling, the most reliable agreement with experimental 

results was achieved using a cohesion strength of 0.7 MPa, 

a uniaxial tensile strength of 1.0 MPa, and a friction angle 

of 15°. Quantitative comparison demonstrated strong 

consistency between numerical and experimental 

outcomes, with differences of 3.22% in load–displacement 

responses and 5.00% in stress–strain behavior, while peak 

load discrepancies remained below 6% across all 

specimens. The findings further confirm that stainless steel 

confinement provides higher peak load capacity than 

carbon steel confinement. Moreover, increasing steel tube 

thickness and concrete compressive strength consistently 

enhances the ultimate load-carrying capacity of the 

composite column system. 
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