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ABSTRACT 

 

 

In a structural system, column is a vertical structural member whose longitudinal 

dimension exceeds the lateral dimension of the section. The column failure modes 

include short column compression failure and long column buckling failure. In the 

overall design process mechanics, column buckling is a special and inquisitive 

emphasis with which the loss is not attributed to the material strength. As in the 

factory plants and process facilities, it is a common practice to use RHS Columns 

as structural elements, however the behavioral changes on buckling of RHS 

Columns as consequence of combination of variations parameters such the 

boundary conditions, wall thickness, columns lengths and especially on structural 

openings in the cut-out configuration, shape, size, location and numbers are not 

well understood. Thus, in this project, parametric study was conducted to predict 

the buckling of RHS Columns with varying parameters using Finite Elements 

Analysis and the finding are compared results obtained using the proposed 

approach in Eurocode 3. In this paper finite element analysis is done by using 

general purpose ABAQUS software to investigate the behavior of rectangular 

hollow steel column with openings. In the numerical studies, steel grade S275, 

S355and S460 of rectangular hollow steel columns with sharp corners were used 

in the constriction of the specimens which have dimensions of cross section 

(100×60)mm, (120×80)mm, (300×200)mm and (450×250)mm with different type 

of column length 4,6 and 8m height were modelled for all four different boundary 

conditions. To analyze the influence of the slenderness ratio, size and position of 

openings on the buckling potential and ultimate strength of the RHS columns,  

numerical analysis considering three different orientations of the opening 

dimension were studied, representing 50×50mm, 60×60mm and 70×70mm. A very 

strong association was found between numerical simulations and theoretical 

studies based on Eurocode 3. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 CHAPTER OVERVIEW 

 

In this chapter, the overview study of the buckling phenomena and a series of 

previous experimental studies have been carried out into the behavior under axial 

compression of structural steel RHS members were discussed. Furthermore, this 

chapter is also discussing the problem statement , objective , scope of studies and 

research significance.  

 

1.2 BACKGROUND 

 

The square and rectangular hollow section of structural steel (SHS and RHS) 

elements are widely used as structural components in the construction sector due 

to their aesthetic appearance and exquisite  structural qualities, particularly under 

predominantly compressive loading. Product from SHS and RHS are usually 

produced by hot-rolling processes , cold-forming or welded four plates into a box 

shape. With the increasing use in the construction of high-strength steel SHS and 

RHS, the development of satisfactory rules to ensure their safe and efficient 

specification is eessential. Figure 1.1 shows the steel column failure under 

compression which lead to column buckling. In this article, the prediction of the 

buckling of RHS columns using Finite Element Analysis is studied. A series of 

previous experimental studies have been carried out into the behavior under axial 

compression of structural steel RHS members. Meng, X., and  Gardner, L. (2020) 

performed laboratory experiments on hot-rolled SHS and RHS columns, and 

buckling experiments on cold formed SHS and RHS compression members were 

performed and recorded by Gardner, L., Fieber, A., & Macorini, L. 

(2019),Ellobody, E. (2007) and Ahmed, S., & Ashraf,M. (2017).Several studies 

have also been conducted by the Committee for International Development and 

Education on the Construction of Tubular Structures (CIDECT) to investigate the 

column buckling behaviour of members of SHS and RHS, including those by 
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Gardner, L., & Nethercot, D. A. (2004),Gonçalves, R., & Camotim, D. 

(2004),Hradil, P., & Talja, A. (2014), and Huang, Z., Li, D., Uy, B., Thai, H.-T., 

& Hou, C. (2019), in which a significant number of hot-rolled and cold-foot 

buckling experiments are conducted. Extensive laboratory testing has also been 

carried out, for example, by Gardner, L., & Young, B. (2019),Ranawaka, T., & 

Mahendran, M. (2010) and Wang, Y., Wang, Z., Yin, F., Yang, L., Shi, Y., & Yin, 

J. (2016) on welded box section columns, although these sections are outside the 

range of the current study. This parametric study uses computer simulations to 

confirm the validity of Finite Elements Analysis Methods of Buckling RHS 

Columns using the theoretical approach specified in Eurocode 3 by modifying the 

column cross sections, wall thickness, opening size, numbers, and opening 

positions of  RHS Columns and then validating the results of Finite Elements 

Analysis Methods of Buckling RHS Columns. Finite-element (FE) designs are 

then developed, validated, and used to generate additional numerical data. 

Subsequently, the column structure rules in EC3 are evaluated using the FE data 

and reveal some limitations. Finally, the existing EC3 design method and the 

stimulus outcome will be examined for reliability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 : Steel Column Failure under compression 
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1.3 PROBLEM STATEMENT  

 

In the Factory plants and process facilities, it is a common practice to use RHS 

Columns as structural elements, however the behavioral changes on  Buckling of 

RHS Columns because of variations parameters such the boundary conditions, 

wall thickness, columns lengths and structural openings in the cut-out 

configuration, shape, size, location and number, are not well understood. Thus, in 

this study, parametric study will be conducted to predict the Buckling of RHS 

Columns with vary parameters (especially different size of opening in the column) 

using Finite Elements Analysis and compared the result with the proposed 

approach in Eurocode 3. 

 

 

In addition, physical studies are relatively time-consuming and the results of 

geometric imperfections and residual column pressures are difficult to test 

experimentally most of the time. Finite Element Analysis (FEA) therefore plays 

an important role in engineering practise, as it is relatively inexpensive and time-

efficient especially when cross-sectional geometric parametric research is 

involved. The aim of this analysis is to examine the RHS steel column's buckling 

behaviour and failure modes under axial loading analytically. 

 

1.4 OBJECTIVE 

 

The main objectives of this project and study are listed below: 

 

i. To carry out parametric study using computer simulations by varying the column  

cross  sections, wall thickness, opening size, numbers, and opening locations and 

determine their effects on buckling of RHS Columns. 

 

ii. To validate the results of Finite Elements Analysis Method of buckling of RHS 

Columns using theoretical approach recommended in Eurocode 3. 
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1.5 SCOPE OF STUDY  

 

In this study, the scope was mainly focused on the hot rolled steel with variations 

parameters such as the boundary conditions, wall thickness, columns lengths and 

structural openings in the cut-out configuration, shape, size, location and number. 

Thus, to evaluate the parameters a parametric study will be conducted to predict 

the Buckling of RHS Columns using Finite Elements Analysis by ABAQUS 

software. Then, the obtained result will be compared with the recommended 

approach in Eurocode 3. 

 

1.6 REASERCH SIGNIFICANCE 

 

The findings of this study will relate the percentage error between theoretical and 

simulation studies in the failure of hot-rolled RHS column under compression with 

variations parameters such the boundary conditions, wall thickness, columns 

lengths and structural openings in the cut-out configuration, shape, size, location 

and number. By conducting this analysis, the design engineer can predict the 

strength and the failure of the column in according to avoid column failure majorly 

in industrial area. To obtain the result a parametric study was conducted using 

Finite Element Analysis (FEA) by using ABAQUS software. This method 

effective by doing computer simulation to predict the failure of column. Where 

physical studies are relatively time-consuming and the results of geometric 

imperfections and residual column pressures are difficult to test experimentally 

most of the time. Finite Element Analysis (FEA) therefore plays an important role 

in engineering practise, as it is relatively inexpensive and time-efficient especially 

when cross-sectional geometric parametric research. Thus, through this study in 

further this simulation result has to be take into account to calculate the buckling 

of the RHS column with studied parameters especially structural opening in the 

column.   
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1.7 CHAPTER SUMMARY  

 

In this Chapter 1, the overview study of the buckling phenomena and a series of 

previous experimental studies have been carried out into the behavior under axial 

compression of structural steel RHS members were discussed. Furthermore, this 

chapter were also discussing the problem statement , objective , scope of studies 

and research significance. The next Chapter is discussed about the literature review 

of the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

CHAPTER 2 

LITERATURE REVIEW 

 

2.1 CHAPTER OVERVIEW 

 

In this chapter, literature review of the studies is carried out under general 

overview in steel column buckling. Then, this chapter also discussed the type of 

column failure under two different category failure which is local and overall 

buckling. Moreover, the fundamental of finite element model and its element type 

also explained in this chapter. 

 

2.2 GENERAL OVERVIEW 

 

The limited state design approach based on the probabilistic principle has now 

been increasingly developed and implemented by structure design requirements. It 

is well understood that limit states can describe the structural performance of a 

structure or structural members. There are two kinds of limit states, which are the 

ultimate limit states and the serviceability limit states, that should be included in 

architecture. For the former, adequate ultimate load carrying ability (strength and 

stability) should be designed for the structure. Therefore, the measurement of its 

ultimate load carrying capacity is an important step in the structural construction 

of the limit sate design process. Unfortunately, this form of final load is not easy 

to get. 

 

 

In general, the ultimate load bearing capability of the column or frameworks of 

hot-formed compression steel depends on the stiffness situation involved in elastic 

plasticity and broad deformation. There is no closed-form solution and there is a 

need for numerical methods. The buckling of real hot-formed column steel is found 

to consist of three buckling modes, which are local buckling, specific column 

buckling, and dynamic local-overall buckling. 
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On the behaviour of column buckling and ultimate strength of the complete 

buckled column, a significant number of theoretical research and construction 

approaches have been published (Kwon, Y. B., & Seo, E. G. 2013 and Batista, E. 

d. M. 2009). In the previous hot-rolled column design, the average buckling of the 

column was typically separately evaluated. The relationship between local 

buckling and overall column buckling is overlooked in all these treatments, and 

some problems are therefore developed, such as in the construction of practical 

hot-rolled steel column, when the design load of the column is much less than the 

permissible load of the overall column buckling, the hot-rolled column portion is 

always determined by the allowable column ratio; it is not rational and certain 

resources are lost. 

 

2.3 TYPE OF RHS COLUMN FAILURE  

 

Kinds of buckling are available: local buckling and overall buckling. As the small 

steel elements are strained in their planes, local buckling occurs (Zhang, L., & 

Tong, G.-S. 2011). The failure mode can be avoided with this in mind, and to 

properly use the steel strength until the steel hits its yield stress. Figure 2.1 shows 

the effect of buckling is important to its strength in the case of slender column. 

 

 

In the case of long or slender columns, general buckling usually occurs. The 

weakness is expressed by sideways bending where the global equilibrium is more 

fragile for the individual columns, when the columns appear to collapse due to 

flexural buckling (Toneff, J. D., Stiemer, S. F., & Osterreder, P. 1987). This 

deficiency happens when the state of a stable balance is no longer possible in the 

system between the internal and external forces (Vieira, L., Gonçalves, R., & 

Camotim, D. 2018).The slenderness ratio affects the behavior of these columns, 

with the slenderness sometimes leading to the so-called second order effects. 
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Figure 2.1: Type of steel column failure 

(Zhang, L., & Tong, G.-S. 2011) 

 

 

2.4 FINITE ELEMENT MODEL 

 

FEM is a very effective method that solves a wide variety of problems in numerical 

terms. The basic idea is that a body or structure may be separated into "finite 

elements" called smaller elements with finite dimensions. The original body or 

form is then known as an assemblage of these elements, called "Nodes" or "Nodal 

Points," attached to a finite number of joints. To obtain the properties of the 

wopening body, the properties of the elements are formulated and mixed. The 

equilibrium equation for the entire structure or body is then derived by integrating 

each element's equilibrium equation, so that continuity is maintained at each node. 

The requisite boundary conditions are then applied, and the equilibrium equation 

is solved to achieve the required component, depending on the application, such 

as stress, strain, temperature distribution or velocity flow. Thus, instead of solving 

the problem in one operation for the entire structure or entity, attention is primarily 

dedicated to formulating the properties of the constituent elements in the process. 

In all fields, a standard technique is followed to integrate the components, solve 
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the equations and test the necessary variables. In multiple instances, the modular 

structure of the procedure is therefore well used. Table 1 shows the comparison 

between Finite Element and Finite Strip Methods according to (Mohammed, A., 

& Afshan, S. ,2019). 

 

 

The oldest paper on the non-liner finite elements seems to be one the aircraft sector 

draws substantially from (Zhao, X.-L., Hancock, G. J., & Trahair, N. S. 1995). 

Most of the other early work on geometric non-linearity was mainly related to the 

problem of linear buckling and was carried out by others. Finite element analysis 

(FEA) was conducted in conjunction with the experimental work using a 

commercial finite element bundle, ABAQUS, to further study the behavior of the 

composite RHS column structures. Due to costly experimental projects, the use of 

numerical models is widely recognized as a substitute. To predict the structural 

reaction and simulations using the ABAQUS software kit, some researchers have 

followed the finite element analysis method to model the RHS columns, since it 

was found to be the most favored structural modelling method.
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Table 1 : Comparison between Finite Element and Finite Strip Method 

(Mohammed, A., & Afshan, S. ,2019) 

Category Finite Element Finite Strip 

 

Applicability 

Applicable to any geometry, state of 

boundaries and variety of substance. 

Extremely polyvalent. 

In static analysis, it is most used for 

strictures of two simply supported ends 

opposite and with or without 

intermediate elastic supports. It is used 

for systems with both boundary 

conditions and distinct supports in 

dynamic analysis. 

 

 

 

Number of equations 

Typically, huge numbers of relatively 

large bandwidth equation and matrix. 

Due to constraints of computational 

resources, it can be very costly and 

often difficult to figure out solution. 

 

Currently massive numbers with a 

relatively large bandwidth and matrix 

equation. It can be very expensive and 

often impossible to work out a solution 

due to computing resource limitations. 

 

Input data 

Huge numbers of input data and errors 

are easier to produce. Automatic mesh 

and load generation schemes are 

required. 

Due to the minimal number of mesh 

lines involved due to the decrease in 

dimensional processing, there is a very 

small volume of input data. 
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                        Table 1 (Continued)  

 

 

 

 

 

 

 

 

 

 

Output data 

 

Huge output volumes. Both nodal 

displacement and element stresses are 

printed as a norm. Even certain lower 

order elements will not generate right 

stresses at the nodes and averaging 

stress or consequence interpolation. 

 

 

Just those positions where 

displacement and stresses are required, 

and the performance accordingly can 

be easily defined. 
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2.4.1 ELEMENT TYPE 

 

When trying to collect accurate data, the correct choice of element form and mesh 

is critical. When modelling the  steel tube, most researchers choose various types 

of element, although few choose the use of only one type of element to model 

both steel tube. To model the hollow section, non-linear analysis of numerical 

models carried out by Ellobody and Young (2006) on SHS and RHS columns was 

performed by selecting element forms of 4-noded double shell components with 

reduced integration, S4R to model the steel tube element. Another research 

undertaken by Ellobody et al. (2006), however, witnessed a stable element form of 

S5R chosen to reflect both the steel tube . In the analysis of the axially loaded RHS 

columns, the element form was found to be more effective, according to this report. 

Notably, this was determined after several different kinds of elements were 

attempted to mimic the behavior of the RHS columns. In studies by Hu et al. (2003) 

and Johansson and Gylltoft (2002), a three-dimensional FE model based on a solid 

element form was developed by the implementation of the same methodology.
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2.5 SUMMARY OF LITERATURE REVIEW 

 

Table 2 shows the summary of literature review, which discuss the overview of the research. 

 

Table 2: Summary of Research Gap 

 

 

 

No Type of 

Column 

Effect On Parameters Research Gap Reference 

1 

SHS 

(Square hollow 

section) 

 

Grade 
S460,S770 

 Opening of columns 

do not consider 

 

Did not use computer 

simulation 

Xin Ming 

and 

Leroy 

Gardner,2020 

 

Dimension 
100×100×4  & 120×

120×6.3 

Boundary 

Condition 
P-P 

Method Experiment + EC3 

2 

SHS 

(Square hollow 

section) 

 

Grade S460,S690 

Did not consider the 

other 3 type of 

boundary conditions 

 

Opening of columns 

do not consider 

 

Jie 

Wang,PhD. 

and 

Leroy 

Gardner,2017 

 

Dimension 

50×50×5 ,70×70×

6.3 ,100×100×5 

& 

50×50×5, 100×100

×5.6 

Boundary 

Condition 
P-P 

Method 

Experiment + FEA 

+EC3 
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Table (Continuous)  

 

3 

RHS 

(rectangular 

hollow section) 

 

Grade 
S350,S410 

 

Did not consider the 

other 3 type of 

boundary conditions 

 

Opening of columns 

do not consider 

 

Did not use computer 

simulation 

 

L. Gardner  , 

D.A. 

Nethercot,2003 

 

Dimension 

60×40×4 ,100×50×

(2,3,4,6) & 120×80×

(3,6) & 150×100×4 

Boundary 

Condition 
P-P 

Method 
Experiment +EC3 

 

4 

 

SHS , RHS 

(Square hollow 

section and 

rectangular 

hollow section ) 

Grade S460,S410 

Did not consider the 

other 2 type of 

boundary conditions 

 

Opening of columns 

do not consider 

 

American 

Journal of Civil 

Engineering.Vol. 

2, No. 3, 2014, 

pp. 102-108. 

 

Dimension 
60×60×3.6  & 

90×40×3.6 

Boundary 

Condition 
P-P, F-Free 

Method FEA + EC3 

5 

SHS , RHS 

(Square hollow 

section and 

rectangular 

hollow section ) 

Grade S350 
 

Focus on shorter 

column less than 2m 

Opening of columns 

do not consider 

 

Shameem 

Ahmed, 

Mahmud 

Ashraf,2017 

 

Dimension 
100×60×3.6  & 

120×80×4 

Boundary 

Condition 
P-P,F-F and F-P 

Method Experiment + FEA 
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    2.5.1 CRITICAL LITERATURE REVIEW 

 

In this part, the summary of  research gap is presented in Table 2. Firstly, the first 

research gap found in this study was opening of columns do not considered and 

the computer simulation does not consider by Xin Ming,(2020). Secondly, the 

limited boundary conditions are tested especially pinned-pinned support by Wang, 

Leroy,(2017).Thirdly, shorter span column was tested by Ahmed and 

Ashraf,(2017).According to American Journal of Civil Engineering Vol. 2, only 

two type of boundary conditions is tested and opening of columns do not 

considered. 

 

2.6 CHAPTER SUMMARY  

 

In this Chapter 2, literature review of the studies is carried out under general 

overview in steel column buckling. Then, this chapter also discussed the type of 

column failure under two different category failure which is local and overall 

buckling. Moreover, the fundamental of finite element model and its element type 

also explained in this chapter. Furthermore, in next chapter methodology of the 

study is discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



20 

 

CHAPTER 3 

METHODOLOGY 

 

3.1 CHAPTER OVERVIEW 

 

In this chapter, the results of critical load and failure modes obtained by finite 

element for rectangular hollow  cross-section were obtained in this analysis. The 

channel sections are compared with the underlying theory that Eurocode 3 

recommends. In the other hand, Figure 3.1 (a) (b) shows the overall FYP flow and 

the Finite Element Analysis flow that must be passed on by the project to meet the 

project's targets. 
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Figure 3.1 (a) : Overall FYP flow 
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Figure 3.1 (b) : Finite Element Analysis (FEA) flow 

 

 

3.2 EUROCODE 3 : BUCKLING 

 

The construction of steel members in the buckling of the cross section is one of the 

most crucial characteristics. In deciding the design strength and stiffness of the 

members, the impact of local buckling is taken into account. Using definition of 

effective width and effective thickness of individual elements vulnerable to local 

buckling, the effect of cross-sectional properties is measured. The method of 

calculation depends, for instance, on stress levels and the distribution of various 

components. The code ENV 1993-1-3 specifies that yield stress is used in ultimate 

resistance measurements and only serviceability verification is used, actual stress 

Start 

Create 3D solid model 
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values are used due to serviceability limit loading. Therefore, the basic formulas 

for the successful measurement of the width of the flat plane element without 

compression stiffeners are presented in general form, in compliance with the 

specific alternative ENV code rules: 

 

 

 

 

 

 

 

 

 

Where is the element's width reduction factor, λp relative slenderness, bp width, σc 

maximal compressive tension, and k buckling factor. The model stress (xfy) for a 

compressed member is generally based on total buckling (flexural or flexural-

torsional). In some circumstances, σc will have the value fy in compression or 

bending. Obviously, the secure simplification σc = fy can be used at any time, and 

it is also advised to prevent iteration. For internal and external compression 

components, the reduction factor ρ is calculated according to the table. 

 

3.3 LOCAL RESISTANCE OF CROSS-SECTION  

 

The compression resistance Nsd must not be greater than the equivalent resistance 

of the cross-section NcRd: 

 

 

 

 

By assuming a uniform compression stress of fy / γm1 in the equation, Aeff is the 

effective region of the cross-section. In simultaneous compression and bending, 

the additional moment due to change en of the centroidal axis is called if the 

centroid of the effective cross-section does not coincide with the centroid of the 
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gross section. However, according to a variety of sources, this effect is generally 

considered as negligible. 

 

3.4 GLOBAL BUCKLING RESISTANCE OF MEMBERS 

 

If the point of loading coincides with the centroid of the effective cross-section 

dependent on uniform compression, the member is subject to concentric 

compression. Nsd is the compression design value. 

 

 

Where the effective areas of the cross-section Aeff is conservatively based on 

uniform compressive stress equal to fy / γm1 according to ENV 1993-1-3. The x 

factor is the required buckling resistance reduction factor value:  

 

 

Where the subscripts y, z, T, and TF denote varying buckling forms, such as 

flexural buckling of the member about the related y and z axes, and torsional-

flexural buckling. Factor x is calculated as follows according to ENV 1993-1-3: 

 

 

 

 

 

 

 

 

Depending on the required buckling curve and λ in the relative slenderness for the 

relevant buckling mode, is an imperfection factor. The relationship between 

various buckling curves and the corresponding values of α is shown in Figure 3.2. 

Using ENV 1993-1-3, the buckling curve is obtained. The cross-section diagnostic 

models in Table 3.2 are very limited. The correct buckling curve, however, is 

obtained from the Table 3 for any cross-section. In any mode, the critical buckling 

stress is determined in a traditional way using equations, e.g., from the ENV 1993-
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1-3 code. Especially because the cross-sectional properties are calculated for cross-

section, these equations for critical buckling stresses are more suitable for every 

day design. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Different buckling curve corresponding imperfection factors 

 

Table 3: Selection of buckling curve for a cross-section 
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3.5 DEVELOPMENT OF FINITE ELEMENT METHOD 

 

The ABAQUS finite element non-linear analysis software is used to model the 

rectangular hollow section column with different parameters for critical loads, 

axial shortenings and failure modes. To achieve the ultimate load and failure 

modes of the column models, a non-linear analysis was conducted by integrating 

both geometric and material non-linearities. The calculated cross-section lengths, 

material properties, and original geometric imperfections from the test are modeled 

in the finite element model (FEM). Along with base metal thickness, the model 

was based on the contour’s measurements of the cross-sections. However, the 

model did not include the residual stresses and the rounded corners of the channel 

segment. This is due to the limited values of the estimated membrane and residual 

stresses that were less than 3 percent and 7 percent of the evidence stress. The 

method of finite elements is a computational method for solving complex systems 

that can be difficult to solve with closed solutions. As a finite number of elements, 

assembled in a structural system (discretee a continuous system), every solid or 

arrangement can be idealzed. As the initial spectrum is separated into an analogous 

patchwork with the use of two and three-dimensional structural components, the 

analysis itself is an approximation. 

 

 

As part of the research methodology, the material properties of the spectrum are 

preserved by the elements. This technique is a versatile instrument that can be used 

to examine any of the two three-dimensional structural elements. The industrial 

multipurpose software kit ABAQUS is being used in current studies. It is possible 

to sum up the finite element process protocol in three stages. Structural 

idealzaction, or discretezaction, is the first step. The subdivision of the initial 

member into a member into a set of similar finite elements was idealzed. This 

phase is taken special consideration, for the finite elements constructed must 

simulate the conduct of the original continuum. Using a finer discretization scheme 

that leads to a denser mesh covering the problem geometry, stronger results are 

usually obtained. 
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In theory, the solution of the problem will converge to the exact solution (exactly 

within the expectations of the underlying classical theory) as the mesh size of 

properly formulated elements is successively decreased. It is also necessary to 

choose elements that are consistent in deformation with adjacent elements. If 

consistency was not reached, the components would distort each other 

individually, thus causing openings or overlaps within the model i.e., allowing a 

spectrum to break the compatibility condition). This would lead to a much more 

fluid idealzaction than the actual spectrum. In addition, large stress concentrations 

at the nodal points would evolve if compatibility were not reached. The 

accumulation of tension will make the problem's solution deviate much more from 

the positive resolution. 

 

 

The second step in the finite element process is to determine the properties of the 

elements. This involves designing the stiffness matrix to form a force-

displacement relationship for the original member for the given components. By 

comparing the forces applied to the nodes to the resultant deflection, the force-

displacement relationship encapsulates the characteristics of the components. For 

obtaining correct findings from the study, this stage is essential. The following 

equation relates the force vector {F} to the displacement vector {d} using the 

stiffness matrix of the system {K} :[F] = [K] [d]. 

 

 

The actual structural analysis of the element assemblage is the third and final step 

of the finite element process. To evaluate the structure, three conditions must be 

met. Equilibrium, compatibility, and the relationship of force-displacement must 

all be satisfied. To satisfy the demands, two simple methods can be used. Those 

methods include the method of force and displacement method , which can be used 

to evaluate the components structurally. In any case, the ruling structure can be 

solved directly using any of a variety of effective solution algorithms, as long as 

the structural system or continuum is elastic. This is not the case in a nonlinear 

analysis and the equilibrium direction must also be traced in an iterative and 

gradual way. 
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3.6 BOUNDARY CONDITION 

 

The FEM simulated the channel with columns of hollow box cross-sections 

compressed between ends. With the exception of the transitional degree of freedom 

in the axial direction at the top end of the column, the two fixed-ended, pinned-

ended, pinned-free ended and fixed-free ended boundary conditions are modelled 

by limiting all the degrees of freedom of the nodes at both ends. Table 4 shows 

the ‘K’ value for each type of boundary conditions. This is due to the load added 

at the column's top end. In either direction, the nodes other than the two ends are 

able to translate and rotate. 

 

Table 4 : K value for each type of boundary condition 

 

 

 

 

 

 

 

 

 

 

 

 

3.7 METHOD OF LOADING  

 

The method of loading used in the study of finite elements (FEA) is similar to that 

used in the calculation. For the study of the columns, the displacement control 

technique is used. By defining a displacement for the nodes at the top end of the 

grid, the ultimate axial load is applied to the column. The displacement is morally 

equivalent to the column bucking. 

 

 



28 

 

3.8 PROCESS OF MODELLING USING ABAQUS 

 

• Geometry  

 

The Figure 3.3 and 3.4 define a cross-section to be analysed. Then, the material 

properties in which for the case of steel column the value was taken as 

E=210000MPa and for the steel poison ratio chosen 0.3. 

 

 

 

 

 

 

 

Figure 3.3: Geometry of column 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Material Properties 
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• Meshing Apply Constraint and Loading  

 

After importing the column geometry into the ABAQUS Software, the column was 

meshed to the required fineness, with a preference for high speed for convenience. 

In addition, face meshing on the column was used to fine-tune the mesh for the 

simulation, resulting in a smoother mesh. In terms of the set parameters, the green 

surface in Figure 3.5 above highlights the boxed column area. Furthermore, the 

light-green shade at both ends of the column is set to pre-set loading. This 

boundary conditions are set such that a column with both ends fixed is created and 

simulated. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5:Meshing on column surface area 

 

 

• Processing and Solving 

 

Since this simulation includes linear buckling, the structural and buckling 

equations will be assembled and solved separately using the ABAQUS Software. 

The discrete mechanics are then combined at the same time until they achieve 

equilibrium. The simulation is programmed to search for and solve for six distinct 

mode forms. The method is replicated by following the steps below. Figure 3.6 

shows the result of simulation output. 
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Figure 3.6: Result of FEA buckling column 

 

3.9 GANTT CHART 

 

The results of critical load and failure modes obtained by finite element for 

rectangular hollow  cross-section were obtained in this analysis. The channel 

sections are compared with the underlying theory that Eurocode 3 recommends. 

The progress of this project and the weekly tasks already completed within 25 

weeks of the first and second final year projects as seen in Table 5. The Gantt 

Chart shows the mission schedule and the stations that must be passed on by the 

project to meet the project's targets. 
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Table 5 :Gantt Chart (FYP I & II) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.10 CHAPTER SUMMARY  

 

In this chapter, the results of critical load and failure modes obtained by finite 

element for rectangular hollow  cross-section were obtained in this analysis. The 

channel sections are compared with the underlying theory that Eurocode 3 

recommends. In the other hand, the overall FYP flow and the Finite Element 

Analysis flow that must be passed on by the project to meet the project's targets. 

In the next chapter the results and discussion part were presented. 
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CHAPTER 4 

RESULTS & DISCUSSION 

 

4.1 CHAPTER OVERVIEW 

 

The critical load that affects local and global buckling of columns has been 

measured using the finite element method for various models. The findings were 

validated using feature codes Euro-codes 3. The values were compared, and the 

results were displayed in the form of tables and charts, demonstrating how the 

critical load varied as some parameters were modified. 

 

 

The author has divided this chapter into two parts, the first of which focuses on the 

results obtained in calculating critical buckling loads and comparing them to the 

simulation results obtained from finite element analysis. As a result, this analysis 

involves four different cross sections with three different column lengths, as well 

as four different boundary conditions: fixed-fixed, pinned-pinned, fixed-pinned, 

and fixed-free. In comparison, the analysis is put through its paces with three 

separate steel grades: S275, S355, and S460. ABAQUS software is used to develop 

the models. The simulation findings are compared to the theoretical results using 

the Euro-code 3 methodology. The second section applies finite element analysis 

to analyze the buckling behavior of RHS steel columns in the increasing number 

of openings in the column surface with three different opening sizes. 
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4.2 ULTIMATE BUCKLING LOAD OF RHS COLUMN 

 

The RHS cross-section properties is calculated manually according to Euro-code 3 are presented in Table 6,where the table below 

shows the moment of inertia, area, modulus of elasticity, aspect ratio and the radius of gyration for all three different column length 

and column grade S275, S355 and S460. 

 

Table 6: Cross-Section Properties of RHS Column 
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4.2.1 COMPARISON BETWEEN THEORETICAL AND NUMERICAL 

APPROACH ON ULTIMATE BUCKLING LOAD 

 

In this part, RHS cross-section column with heights of 4,6 and 8m with three 

different  thickness are simulated for each cross-section. Under four different 

conditions, the buckling load and its associated critical buckling values of the long 

column under consideration are measured. In this kind of long column, four 

different cross-section types are numerically measured using ABAQUS software 

for RHS structural steel section, and the analysis approach is Eigenvalue. The 

ultimate loads corresponding to aspect ratio of column and percentage differences 

between theoretical method and numerical method are presented in Figures below.  

 

 

The Figure 4.1 until Figure 4.9 represents the theoretical (Pcr) versus simulation 

(Pcr) for RHS column corresponding to 4,6,8m column for all three type of steel 

grade such as S275,S355 and S460. The results show when the column length is 

constant, an increase in thickness of column, the average percentage different 

between theoretical and simulation for each type of boundary conditions is 

presented in Table 6 to Table 14. 
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Figure 4.1: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S275 – 4m 

 

Table 7: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S275 – 4m 
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Figure 4.2: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S275 – 6m 

  

Table 8: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S275 – 6m 
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Figure 4.3: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S275 – 8m 

 

Table 9: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S275 – 8m 
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Figure 4.4: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S355 – 4m 

 

Table 10: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S355 – 

4m 
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Figure 4.5: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S355 – 6m 

 

Table 11: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S355 – 

6m 
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Figure 4.6: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S355 – 8m 

 

Table 12: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S355 – 

8m 
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Figure 4.7: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S460 – 4m 

Table 13: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S460 – 

4m 
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Figure 4.8: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S460 – 6m 

 

Table 14: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S460 – 

6m 
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Figure 4.9: Theoretical (Pcr) VS Simulation (Pcr) for steel column grade S460 – 8m 

Table 15: Percentage Different Between Theoretical VS Simulation for RHS Column Corresponding to steel grade S460 – 

8m 
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Figure 4.10: Simulation results of RHS column for 4m – S275
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Figure 4.11: Simulation results of RHS column for 6m – S275 
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Figure 4.12: Simulation results of RHS column for 8m – S275 
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Figure 4.13: Simulation results of RHS column for 4m – S355 
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Figure 4.14: Simulation results of RHS column for 6m – S355 
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Figure 4.15: Simulation results of RHS column for 8m – S355 
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Figure 4.16: Simulation results of RHS column for 4m – S460 
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Figure 4.17: Simulation results of RHS column for 6m – S460 
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Figure 4.18: Simulation results of RHS column for 8m – S460 
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In this part Table 16  presents summary of the average percentage difference of 

buckling capacity of RHS column versus different steel grade, which is S275,S355 

and S460,the length is constant for all three length: 4m,6m and 8m. The properties 

and thickness of column are constant .The results show the percentage difference 

between theoretical and simulation buckling capacity of RHS column accordance 

to different steel grade. 

 

Table 16: Summary of Average Percentage Different Corresponding to Steel 

Grade and Boundary Conditions 

 

 

 

 

 

 

 

 

 

S2
7

5
 

Boundary 

Condition 

Average Percentage Difference,% 

4m 6m 8m 

F-F 3.99 9.93 8.02 

P-P 6.60 8.60 5.90 

F-P 7.96 7.16 6.98 

F-Free 5.55 5.01 4.02 

     

     

S3
5

5
 

Boundary 

Condition 

Average Percentage Difference,% 

4m 6m 8m 

F-F 1.29 3.97 2.19 

P-P 1.43 5.06 6.50 

F-P 1.13 1.78 3.84 

F-Free 0.77 10.41 6.74 

     

S4
6

0
 

Boundary 

Condition 

Average Percentage Difference,% 

4m 6m 8m 

F-F 0.29 0.55 0.93 

P-P 0.94 1.99 3.37 

F-P 0.50 1.21 1.74 

F-Free 3.33 6.70 10.51 



51 

 

Thus, from the results obtain from the Table 16. The critical boundary condition 

with higher percentage difference for steel grade S275 was fixed-fixed support for 

column length 6m with 9.93% difference between theoretical and numerical 

approach. For steel grade S355 the critical boundary condition with higher 

percentage difference was fixed-free support for column length 6m with 10.41% 

different. For steel grade S460 the critical boundary condition with higher 

percentage difference was fixed-free support for column length 8m with 10.51% 

different. Therefore, from here we can conclude that the critical boundary 

condition with higher percentage difference found for fixed-free support. The other 

boundary conditions were obtained less percentage difference compared to fixed- 

free support. 
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4.3 ANALYSIS OF BUCKLING BEHAVIOR OF RHS STEEL COLUMNS IN THE INCREASING NUMBER OF 

OPENINGS 

 

The RHS cross-section properties is shown according to Euro-code 3 are presented in Table 17 ,where the table below shows the 

opening dimensions, number of openings and cross-section details for all three different column length and this analysis is conducted 

for steel grade S275. 

 

Table 17: Cross-section properties, openings dimensions and number of openings of the column 

Profile  

Depth Width 
Wall 

thickness 
Area 

Dimension of 
Openings, mm 

No. of Openings 
h b t A 

[mm] [mm] [mm] [mm2] 

RHS 100 x 60/3.2 100 60 3.2 983.04 

50×50,60×60 and 
70×70 

Without Opening, 1 Opening,2 Opening 
and 3 Opening 

RHS 100 x 60/6.3 100 60 6.3 1857.24 

RHS 100 x 60/8 100 60 8 2304 

RHS 120 x 80/4 120 80 4 1536 

RHS 120 x 80/8 120 80 8 2944 

RHS 120 x 80/10 120 80 10 3600 

RHS 300 x 200/8 300 200 8 7744 

RHS 300 x 200/10 300 200 10 9600 

RHS 300 x 200/16 300 200 16 14976 

RHS 450 x 250/8 450 250 8 10944 

RHS 450 x 250/10 450 250 10 13600 

RHS 450 x 250/16 450 250 16 21376 
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Figure 4.19 represent the geometry of the RHS column and the location of the column 

openings. In this part the column is tested with three different size of openings such as 

50×50,60×60 and 70×70mm openings. This test was conducted for steel grade S275 and 

for column length which were 4m. The aim of this numerical simulation was to determine 

the reduction difference for the increasing in opening numbers and opening sizes. 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Geometry of RHS column and opening location 
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Figure 4.20: Summary of the buckling capacity of RHS column with 

variable numbers of openings corresponding to Fixed-Fixed boundary 

condition 
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Figure 4.21: Summary of the buckling capacity of RHS column with 

variable numbers of openings corresponding to Pinned-Pinned boundary 

condition 
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Figure 4.22: Summary of the buckling capacity of RHS column with 

variable numbers of openings corresponding to Fixed-Pinned boundary 

condition 
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Figure 4.23: Summary of the buckling capacity of RHS column with 

variable numbers of openings corresponding to Fixed-Free boundary 

condition 

0.00

1000.00

2000.00

3000.00

4000.00

5000.00

6000.00

7000.00

0.05 0.11 0.13 0.05 0.10 0.13 0.04 0.05 0.08 0.03 0.04 0.06

C
ri

ti
ca

l b
u

ck
lin

g 
lo

ad
,P

cr

Aspect Ratio,t/B

EFFECT ON NUMBER OF OPENINGS FOR RHS COLUMN 
CORRESPONDING TO FIXED-PINNED SUPPORT (Opening 50×50mm)

Without Opening

1 Opening

2 Opening

3 Opening

0.00

1000.00

2000.00

3000.00

4000.00

5000.00

6000.00

7000.00

0.05 0.11 0.13 0.05 0.10 0.13 0.04 0.05 0.08 0.03 0.04 0.06

C
ri

ti
ca

l b
u

ck
lin

g 
lo

ad
,P

cr

Aspect Ratio,t/B

EFFECT ON NUMBER OF OPENINGS FOR RHS COLUMN 
CORRESPONDING TO FIXED-PINNED SUPPORT (Opening 60×60mm)

Without Opening

1 Opening

2 Opening

3 Opening

0.00

1000.00

2000.00

3000.00

4000.00

5000.00

6000.00

7000.00

0.05 0.11 0.13 0.05 0.10 0.13 0.04 0.05 0.08 0.03 0.04 0.06

C
ri

ti
ca

l b
u

ck
lin

g 
lo

ad
,P

cr

Aspect Ratio,t/B

EFFECT ON NUMBER OF OPENINGS FOR RHS COLUMN 
CORRESPONDING TO FIXED-PINNED SUPPORT (Opening 70×70mm)

Without Opening

1 Opening

2 Opening

3 Opening



58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24: Simulation results of RHS column with versus number of 

opening sizes 50mm×50mm 
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Figure 4.25: Simulation results of RHS column with versus number of 

openings size 60mm×60mm 
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Figure 4.26: Simulation results of RHS column with versus number of 

opening sizes 70mm×70mm 
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4.3.1 THE EFFECT OF OPENING SIZE  

 

The buckling load versus the aspect ratio, t/B with a constant size is seen in Figure 

4.20-4.23, with the length of opening equivalent to 50mm×50mm, 60mm×60mm, 

and 70mm×70mm. The outcomes can be seen in Figure 4.20-4.23, where the 

buckling load decreases by 15% as the number of openings is increased when the 

opening size is varied. 

 

From the precedes results, the following remarks are records:  

• The typical failure mode for all the stimulated hollow specimens was global 

buckling, as can be observed. 

• The stimulated analysis indicates that increasing the opening dimension reduces 

the ultimate loads of the stimulated column by 15%. 

• The findings show a 94.7% reduction in load due to a decrease in column thickness 

while the opening sizes remain stable at 50mm50mm, 60mm60mm, and 

70mm70mm. 

• In addition, a good linear graph with decreasing column thickness can be observed. 

 

4.3.2 EFFECT OF OPENING NUMBERS  

 

The buckling load versus the number of openings with a constant size is seen in 

Figure 4.20-4.23, with the length of opening equivalent to 50mm×50mm, 

60mm×60mm, and 70mm×70mm. The buckling load decreases by 18.74 % as the 

opening number is increased while the opening size remains unchanged, as seen in 

Figure 4.20-4.23. 

 

• It can be found that increasing the number of openings has a major impact on the 

ultimate loads and deformation of stimulated columns, reducing load capacity by 

18.74 %, but column length has a slight impact on ultimate loads and deformation 

of measured columns. 

 

• Openings with dimensions of 50mm×50mm result in a 16.95 percent reduction in 

ultimate load, while openings with dimensions of 60mm×60mm result in an 15.25 
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% reduction, a difference of 1.7 % as applied to the 4m column. Meanwhile, an 

opening with dimensions of 70mm×70mm ,reduces ultimate load by 17.45%, 

which is greater than the 0.5 % and 2.2 % reductions in 4m and 6m column lengths. 

 

•  

4.3.3 EFFECT OF BOUNDARY CONDITIONS IN PRESENTS OF 

OPENING 

 

The buckling load versus the boundary conditions with a constant size is seen in 

Figure 4.20-4.23, with the length of opening equivalent to 50mm×50mm, 

60mm×60mm, and 70mm×70mm. The outcomes can be seen in Table 18, where 

the buckling load decreases rapidly for boundary condition fixed-pinned and fixed-

free by 8.12 % and 11.26% as the number of openings is increased when the 

opening size is varied. 

 

Table 18: Summary of average percentage difference according to difference 

boundary conditions  

 

 

4.4 CHAPTER SUMMARY 

 

The critical load that affects local and global buckling of columns has been 

measured using the finite element method for various models. The findings were 

validated using feature codes Euro-codes 3. The values were compared, and the 

results were displayed in the form of tables and charts, demonstrating how the 

critical load varied as some parameters were modified. The first of which focuses 

on the results obtained in calculating critical buckling loads and comparing them 

to the simulation results obtained from finite element analysis. As a result, this 

S2
7

5
 Boundary Condition 

Average Percentage Difference,% 

50 × 50 60 × 60 70 × 70 

F-F 1.37 2.82 3.92 

P-P 1.64 3.78 4.16 

F-P 2.56 5.11 8.12 

F-Free 4.69 7.88 11.26 
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analysis involves four different cross sections with three different column lengths, 

as well as four different boundary conditions: fixed-fixed, pinned-pinned, fixed-

pinned, and fixed-free. In comparison, the analysis is put through its paces with 

three separate steel grades: S275, S355, and S460. ABAQUS software is used to 

develop the models. The simulation findings are compared to the theoretical results 

using the Euro-code 3 methodology. The second section applies finite element 

analysis to analyze the buckling behavior of RHS steel columns in the increasing 

number of openings in the column surface. Thus, the critical boundary will be 

fixed-free support and the critical length will be 6m.In next chapter the conclusion 

and recommendation part are discussed.   
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CHAPTER 5 

CONCLUSION 

 

5.1 CHAPTER OVERVIEW 

 

This chapter, conclude the entire studies which were on the prediction of buckling 

of the RHS Column using Finite Element Analysis and compared with the 

recommended approach Eurocode 3. Where, in this chapter the result and 

recommendation are discussed. 

 

5.2 THEORETICAL AND NUMERICAL SIMULATION RESULTS 

 

The objective of the study which are to carry out parametric study using computer 

simulations by varying the column  cross  sections, wall thickness, opening size, 

numbers, and opening locations and determine their effects on buckling of RHS 

Columns and to validate the results of Finite Elements Analysis Method of 

buckling of RHS Columns using theoretical approach recommended in Eurocode 

3 were achieved. In conclusion, buckling loads are heavily influenced by the 

material properties and column geometry. Except for the column length, buckling 

loads are proportional to modulus of elasticity, weight, and all other column 

geometry parameters. The critical load values of various cross-sections of column 

are determined using Eigenvalue analysis, and they are almost identical, with the 

only difference being in percentages that are not surpassed by more than 0.8 

percent. Since it is used for the total cross sections of the column it had regular 

shapes, the numerical solution of the columns is ideal for calculating the critical 

load. The buckling analysis of a column with one end set and the other ends open 

shows minimal difference in critical buckling load. In this paper, an ABAQUS 

modelling analysis of a RHS steel column has been presented. Furthermore, it 

covers research gap which investigates the relationship of simulation result with 

the recommended approach Eurocode 3.  
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From the results of RHS columns analysis, the following conclusions obtained:  

✓ The typical failure mode for all the tested hollow specimen was the global 

buckling.  

✓ The tested results indicated that the increasing of openings dimension leads to 

reduction in ultimate loads of tested column.  

✓ The increasing of openings number has significant effect on the ultimate loads 

and deformation of stimulated steel columns, decreasing of load capacity, but 

length of column has limited effect on the ultimate loads and deformation of  

columns.  

✓ When the opening position is constant an increase in thickness of column, the 

local buckling and global buckling occur in the smaller thickness. when he 

increased the size of the openings, the ultimate load is reduced .  

 

5.3 RECOMMENDATION 

 

Given that results obtain from the simulation-based project are extremely 

subjective due to the input data which comes from the user themselves, it must be 

verified through actual lab experiment before it can be applied in the real-world. 

Thus, for those who will continue this work, it is recommended to conduct a lab 

experiment and compare the obtained results with this research. From there, a 

further refinement can then be done on the simulation parameter itself and increase 

its relative reliability for future applications in industry. 
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APPENDIX 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Theoretical and Numerical results of critical buckling load for steel grade S275 
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Theoretical and Numerical results of critical buckling load for steel grade S275 
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Theoretical and Numerical results of critical buckling load for steel grade S355 
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Theoretical and Numerical results of critical buckling load for steel grade S355 
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Theoretical and Numerical results of critical buckling load for steel grade S355 
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Theoretical and Numerical results of critical buckling load for steel grade S355 
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Theoretical and Numerical results of critical buckling load for steel grade S460 
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FEA results of RHS column with increasing in opening numbers 
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