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stiffener 

 Rut Su : NONLINEAR FINITE ELEMENT ANALYSIS OF STEEL PIPE WITH 
STIFFENER PLATE. Advisor: Asst. Prof. SAWEKCHAI TANGARAMVONG, Ph.D. 

  
This thesis presents the numerical studies of steel hollow section columns 

connected to corbels under industry crane loads, and the stiffening design using 
steel plates to enhance the maximum loading capacity against premature local 
buckling failures. The influences of inelastic material properties and geometry 
nonlinearity on the overall load carrying capacity of the columns were considered. 
Square hollow section columns were modelled in 3D using standard eight-node 
solid finite elements using an ANSYS software. The plate stiffener design algorithm 
involving variation of plate thicknesses was coded in MATLAB with a direct 
application programming interface to ANSYS. The full history of elastoplastic 
structural responses of the column was mapped out, and described its intrinsic 
local buckling behaviors at the contact forces. In essence, this study showed the 
two major tension and compression failures associated with the slendernesses of 
column section. Two strengthening techniques, namely external ring stiffener and 
internal plate fabrication, were proposed to extend the overall load carrying 
capacity and hence the service life of the column. The applications of the 
proposed analysis and design schemes were illustrated through standard 
warehouse structures. 
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CHAPTER 1 INTRODUCTION 
1. Background and Motivation. 
Design of steel structures is a combinatorial process between architecture, 

safety and integrity. Good design complies with various performance criteria posed by 

all stakeholders at optimal resources. The design of steel hollow structural section 

(HSS) members has gained popularity among designers. The close section geometry 

enhances its ability to behave well under compression as well as its combination 

with flexural and torsion forces, whilst it only costs the minimum self-weight. In view 

of strength consideration, the steel hollow sections as depicted in Figure 1.1. 

Wardenier, Packer et al. (2002) provide the higher load capacity than the open 

sections. Such physical property has made the steel hollow sections suitably 

employed for various structures and infrastructures, especially those with some 

special requirements as long-span capability. 

 
Figure 1.1 Comparison of compression capacity for sections of equal mass (Kurobane 

2004). 

One of the main drawbacks that unfortunately limits the general usage of steel 

hollow sections is the occurrence of physically instabilizing local buckling failures 

under concentrated forces. A specific example is a steel HSS column with corbel 

supporting heavily industry crane loads of warehouses. The thin surface of HSS 
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members has made itself prone to the premature failure caused by the eccentrically 

applied loads. 

The intrinsic behaviors of steel sections undergoing local buckling phenomena 

are rather sporadic. These have yet been precisely described by standard 

mathematical formulations. The approximate or empirical based equations were 

developed for local buckling responses of steel open sections under compression 

and/or flexural forces, as well as their strengthening procedures to enhance the 

overall member capacity. However, both the response equations and strengthening 

methods have yet been maturely studied for the steel hollow sections. Whilst some 

strengthening techniques using steel plates welded to the main column are 

implemented by individuals’ experience, only limited works on the intrinsic 

behaviors and (at least numerical) justification are systematically available. 

The aforementioned comments motivate the work presented herein. In 

essence, the thesis proposes the nonlinear numerical analysis and design using 3D 

finite element (FE) methods to describe the behaviors of steel HSS columns under 

intensively applied forces. Two strengthening techniques using steel plates, namely 

internal and external fabrications, were studied. The applications of the proposed 

analysis and retrofitting design methods are illustrated through the steel columns 

with corbel supporting industry crane loads, usually designed for standard 

warehouses. 

The outline of the thesis is as follows. In the next Chapter 2, the literature 

reviews on the design standards prescribing the column stiffening techniques are 

provided. Chapter 3 then implemented the nonlinear 3D FE analyses of various steel 

HSS columns under crane load. The design and analysis of unstiffened and stiffened 

columns with steel plates were implemented using the commercial FE analysis 

software, called ANSYS. A simple design algorithm was coded in MATLAB 

environment to appropriately adjust stiffening plate properties. The analysis and 
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design results are reported and discussed in Chapter 4. Finally, concluding remarks 

are drawn in Chapter 5. 
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2. Research Objective. 
The two main objectives of the present research are 

(1) To investigate the intrinsic behavior of the hollow steel columns supporting 
heavily loaded cranes, which consider as static forces by performing non-linear stress 
analysis. 
(2) To suggest the stiffening design model of the hollow steel columns that can 
safety support the heavily loaded cranes. 

3. Scope of Research. 
(1) The material employed cold formed steel with Square Hollow Section. 
(2) Chord width ratio ( )  between column and beam connection are equal to 1. 
(3) Perform stress analysis by using plastic hinge concept confined safety at Nodal 
point, which considered as a 3D Solid model. 
(4) Stiffen the steel column with the plate and standard of steel is TIS SS400. 
(5) Consider the industry-purpose crane load as static forces. 
(6) Grade of steel to consider is TIS SS400 and ASTM A36 with yield stress is equal 
to 235 and 250 MPa, respectively. 
(7) Size of Geometry was selected from standard steel profiles in the company. 
(8) The effects of residual stress and initial crookedness are ignored. 

4. Research Significant and Innovative. 
This research performs nonlinear analysis considering elastic perfectly plastic 

material properties between connection of the column and beam connection. The 

complex geometry can be analyzed automatically by using commercial finite 

element software and computational languages. Then perform the safety assessment 

and stiffened joints using the plastic analysis method. 
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5. Research Design and Methodology. 
(1) Equivalent Static Load Calculation. 

For the intensive crane load we can simplify as a static load by calculated the 

maximum wheel load in each side of the crane, since the bridge girder of the crane 

have two wheels then we can multiply the wheel load by two and applied 

maximum wheel load on the geometry. 

(2) Stress analysis of 3D Hollow-Section Column with corbel under crane load. 
Perform 3D finite element analysis with eight nodes solid element. Non-linear 

with large deformation is used in the model Aim of this part is study behavior at the 
connection between column and corbel under the maximum static wheel load. The 
geometry of column to model in finite element program will be use in catalog from 
company. 
(3) Design of column strengthening. 

Since to local buckling occurred at the connection between column and 
corbel. We need to improve the stiffness of this hollow steel column to insure 
against local buckling. Perform the safety assessment and stiffened joints using the 
stress analysis with 2 designs of stiffened model that can improve strength of hollow 
steel columns called internal plate fabrication and external ring stiffener. 
For both of strengthening technique with stiffener plate, perform non-linear analysis 
by changing the thickness of stiffener plate. The results are plotted in load-deflection 
curve by tracking the displacement at the end of braced member. 
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CHAPTER 2 LITERATURE RESEARCH. 
1. Crane loads and Joint Detail. 
1.1 Typical Runway Crane Load. 
Crane Load can be determined according to MBMA (2012), columns that 

affected by crane loads must be designed to resist the loads and prevent the local 

or global buckling. The detail of the EOT crane on a corbel can be represented with 

Figure 2.1. The following main loads are needed to determine: 

 
Figure 2.1 The portal frame with the EOT crane on a corbel (Thompson 2007). 

1.1.1 Vertical Force: 
The vertical force can be considered as wheel load. The magnitude of wheel 

load will occur when the crane is lifting its rated capacity load. This load may differ 

from wheel to wheel, depending on the relative positions of the crane components 

and the lifted load. When the maximum wheel load is not specified for bridge cranes 

with hook type hoists, it may be conservatively approximated from the crane loads 

as follows:  

b

RC HT 0.5CW
WL

NW

+ +
=  

Where 
WL = Maximum wheel load. 
RC = Rated capacity of the crane. 
HT = Weight of hoist with trolley. 
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CW = Weight of the crane excluding the hoist with trolley. 
NWb = Number of end truck wheels at one end of the bridge. 

1.1.2 Lateral Force: 
The lateral force on bridge crane runway beams shall be calculated as 20 

percent of the sum of the rated capacity of the crane and the weight of the hoist 

and trolley. The lateral force can be considered to act horizontally at the traction 

surface of a runway beam. 

1.1.3 Longitudinal Force: 
Runway beams, including monorails, their connections, and the longitudinal 

bracing system shall be designed to support horizontal forces calculated as 10 

percent of the maximum wheel loads excluding vertical impact. Longitudinal forces 

shall be assumed to act horizontally at the top of the rails and in each direction 

parallel to each runway beam (MBMA 2012). 

 
Figure 2.2 The main component of EOT cranes (Thompson 2007). 

1.1.3 Crane Loading Conditions 
From MBMA (2012), location and lateral movement of the trolley can have 

some influence to the maximum wheel load. Crane loading condition can be shown 

in Figure 2.3 including the following four conditions: 

(1) The maximum wheel load at the left end truck and the minimum wheel load 
at the right end truck, acting simultaneously with the lateral force acting to the left. 
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(2) The maximum wheel load at the left end truck and the minimum wheel load 
at the right end truck, acting simultaneously with the lateral force acting to the right. 
(3) The maximum wheel load at the right end truck and the minimum wheel load 
at the left end truck, acting simultaneously with the lateral force acting to the left. 
(4) The maximum wheel load at the right end truck and the minimum wheel 
load at the left end truck, acting simultaneously with the lateral force acting to the 
right. 

 
Figure 2.3 Crane Loading Conditions (MBMA 2012). 

1.2 Connection Detail 
According to Ting, Shanmugam et al. (1991), beam-to-column connections in 

steel frames can be classified into three categories, ~ viz. types 1, 2 and 3. A type 1 is 

called a rigid connection that connection is assumed to be capable of transferring 

the full moment. This type of connection will result in a more economical beam 

design, but the column will have to be checked for the extra moment imposed. A 

type 2 connection is the simple connection where no moment is transferred 

between the beam and the column. A type 3 connection, also known as a semi-rigid 

connection, transfers only a portion of the moment between the beam and the 

column. 

Nowadays, there has been enlarged use of hollow structural sections (HSS) in 

recent years. In particular, HSS are predominantly available in three shapes: 

rectangular hollow sections (RHS), square hollow sections (SHS), and circular hollow 

sections (CHS). Moment connections in tubular structures have many features and 

can be shown in Figure 2.4. 
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Figure 2.4 Designation of moment connections with hollow section members 

(Kurobane 2004). 

 According to Wardenier, Packer et al. (2002), connection between corbels and 

hollow sections is similar to I beam attached with column in T-joint connection. 

Beam-to-column connections can be welded or bolted. This thesis will focus mainly 

on unstiffened welded connections between CHS or SHS columns and I-section 

beams, as shown in Figure 2.5. 

 
Figure 2.5 Unstiffened I-beam-to-CHS or SHS connections (Wardenier, Packer et al. 

2002). 

  

1
4

1
3

5
1

7
6

4
6



 

C
U
 
i
T
h
e
s
i
s
 
6
0
7
0
2
8
7
0
2
1
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
0
1
0
8
2
5
6
2
 
1
9
:
1
2
:
5
7
 
/
 
s
e
q
:
 
1
3

10 
 

1.3 Beam to column connection 
1.3.1 Introduction 

From the sixties to the eighties, expansive experimental researches had been 

performed on different types of connections using rectangular hollow steel section 

(RHS) members. The studies had been primarily focused on welded uniplanar 

connections where RHS was used both for chord and braced member, such as X-, T, 

and K-joints in RHS. Those connections had been tested with axial loading, in-plane 

bending and out-of-plane bending moments. The experimental and analytical work 

regarding weld connections in structural hollow sections before 1982 had been 

summarized by Wardenier (1982). 

1.3.2 I-beam to RHS column connections 

In 1981, a total of 10 uniplanar I-beam to RHS column T-joints loaded by in-

plane bending moments had been tested in Kanatani, Fujiwara et al. (1981). The test 

results provided useful information on the behavior of unstiffened RHS moment 

connections. Kanatani indicated that generally four local failure modes, i.e. chord 

face yielding, chord side wall failure, local buckling of brace flanges and punching 

shear, can be expected for this type of connection. The connection strengths of the 

Japanese tests are summarized in Table 1. Some of the results deviate somewhat 

from those given in Kanatani, Fujiwara et al. (1981) due to the fact that peak loads 

were used. 

Table 1 Summary of the test results for I-beam to RHS connections (Kanatani, 
Fujiwara et al. 1981). 

Test 
specimens 

Chord 
b0 x h0 x t0 

(mm) 

I-beam 
h1 x b1 x tw x t1 

(mm) 
  2  

0yf  
(N/mm2) 

,expuM  
(KNm) 

H1 
200x200x6 

148x100x6x9 0.50 
33.3 383 

8.4 
H2 300x150x6.5x9 0.75 42.2 
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H3 300x200x6x9 1.00 91.6 

H4 400x200x8x13 1.00 106.7 
H5 

200x200x9 

148x100x6x9 0.500 

22.2 340 

19.5 

H6 300x150x6.5x9 0.75 76.0 

H7 300x200x6x9 1.00 137.7 
H8 

200x200x12 

148x100x6x9 0.50 

16.7 378 

31.8 

H9 300x150x6.5x9 0.75 122.7 

H10 300x200x6x9 1.00 187.0 

 

Where   is chord-width ratio ( )1 0/b b , 2  is width to thickness ratio of the 

column ( )0 0/b t , 0yf  is yield stress of the columns and ,expuM  is experimentally 

determined ultimate strength for connection loaded by in-plane bending moments. 

2. Von-Mises Stress 
2.1 Definition of Yield strength 
Yield strength or yield stress is the material property defined as the stress at 

which a material begins to deform plastically whereas yield point is the point where 

nonlinear (elastic + plastic) deformation begins. Before stress goes to the yield point, 

the material will deform elastically and will return to its original shape when the 

applied stress was removed that is elastic behavior. Once the stress reaches the yield 

point and passed, the material will deform permanently and non-reversible to its 

original shape we call as a plastic or inelastic behavior. Figure 2.6 illustrated the 

components of stress and strain curve. 
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Figure 2.6 Stress-Strain Curve. 

Failure of engineering materials can be classified into ductile and brittle failure. 

In reality, most of the metals are ductile and fail due to yielding. The yield strength 

can characterize their failure also. For example, ceramics and glasses are brittle and 

fracture or rupture when the stress exceeds the yield point a bit. Their behaviors of 

stress and strain are linear up to the point of failure and they fail instantly. 

In the 2007 edition of the North American Specification, the generic term yield 

stress is used to denote either yield point or yield strength, the yield stresses of 

steels listed in the North American specification range from 165-552 MPa. There are 

two general types of stress-strain curves as shown in Figure 2.7. One is of sharp-

yielding type and the other is of gradual-yielding type. 
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Figure 2.7 Stress–strain curves of carbon steel sheet or strip: (a) sharp-yielding for hot-

rolled; (b) gradual yielding for cold-formed (Yu 2000). 

2.2 Index Notations 
According to Jones (2009), the mechanic continuum have general notion of 

stress that was create by Cauchy , we called as a Cauchy stress tensor ij  or simply 

call as a stress tensor as shown in Figure 2.8. In three dimension of infinitesimal 

body, state of stress be given by the three normal stresses xx yy zz, ,    and 

tangential stresses(shearing stress) XY XZ YZ, ,   . That can be represented in matrix as 

XX XY XZ

YX YY YZ

ZX ZY ZZ

   
 
  

 
      

We already known that in the matrix form of stress tensors, the stress must be 

symmetry to satisfy the equilibrium condition that is, xy yx =   xz zx =  and yz zy =  . 

 
Figure 2.8 Stress components acting on infinitesimal cube. 
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2.3 Maximum Distortion Energy Theory (von Mises yield criterion) 
This criterion is based on the determination of distorsion energy in given 

material of the energy associated with change in the shape of that material. The von 

Mises yield criterion can be also formulated in terms of the von Mises stress or 

equivalent tensile stress vσ . The von Mises stress is a scalar value that can be 

computed from the Cauchy stress tensor that already described in section 2.2. 

According to this theory, a given structure will be safe as long as von Mises stress is 

still less than the yield strength, yσ . The properties of von Mises stress is used to 

predict yielding of material under complex loading from the result of uniaxial tensile 

tests. According to Von Mises (1913), the yield criterion can be written in term of 

stress components in general form as 



−−+)−+)−+)−(
 = 

 )(6(( 2

XZ

2

YZ

2

XYXXZZZZYYYYXX
V

 
In three-dimensional solid mechanic, the general form of von-Mises stress can 

be reduced and written in term of principal stress as 

1 2 2 3 3 1
V

( (  ( −  ) +  −  ) +  −  )
  = 

   
This equation can be represented as a cylindrical to define the yield surface 

that displayed in Figure 2.9. That is a circle with radius 2  when   is a yield stress 

of the material under pure shear loading, i.e., 1 2 = − =  . The magnitude of yield 

stress in pure shear,   is y

3


 that shown in Figure 2.10. 
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Figure 2.9 Mises versus Tresca yield surfaces (Jones 2009). 

 
Figure 2.10 Mises yield criterion for biaxial stresses (Jones 2009). 

3. Finite element. 
3.1 Introduction 
Finite element methods are a computer-based numerical technique, and can 

be used to calculate deflection, stress, vibration, buckling and many other 

phenomena of many structural engineering problems. The methods can also be used 

to analyses either small or large-scale deflection under loading or applied 

displacement; and can reduce costs in physical tests. Thus, finite element methods 

have been extensively used in steel structure analyses. In the finite element method, 

a structure is divided into many small simple blocks or elements (finite element 

discretization). The behavior of an individual element can be described with a 

relatively simple set of equations. The equations, describing individual element 

behavior, are joined into a large set of equations that describe the behavior of the 

whole structure. The computer can solve this large set of simultaneous equations. 

From the solution, the computer extracts the behavior of individual elements, and 
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obtains the stress and deflection of every part of the structure. The stresses will be 

compared to the allowed value of stress for materials to be used, to check if the 

structure is sufficiently strong. However, the most difficult part of finite element 

analyses from the practice point of view is to develop an accurate model which can 

correctly represent the whole structural system. Thus, the creation of a reliable finite 

element model is a primary aim for any structure analysis (Wu 2013). 

3.2 SOLID185 Homogeneous Structural Solid Element Description. 
Finite element commercial software (ANSYS) was provided SOLID185 as a three 

dimensional solid element. This element can be used to modeling many 3-D solid 

structures. From Figure 2.11 illustrated the infinestimal element that defined by eight 

nodes and the isotropic material properties. Each node have three degree of 

freedom ,viz., translations in the nodal x, y and z directions. The general coordinate 

system in this element is along gobal directions. 

 
Figure 2.11 Finite Element SOLID185 geometry (ANSYS 2017). 

4. Cold-Formed Structural Steels. 
4.1 General Remark 
In steel construction market, we can separate the steel member into two 

types. The first type includes hot-rolled shapes and members built-up of plates 

while the second type includes cold-formed members obtained from roll forming. 

The used in cold-formed steel structural members ranges from 0.4mm to 6.4mm, 

1
4

1
3

5
1

7
6

4
6



 

C
U
 
i
T
h
e
s
i
s
 
6
0
7
0
2
8
7
0
2
1
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
0
1
0
8
2
5
6
2
 
1
9
:
1
2
:
5
7
 
/
 
s
e
q
:
 
1
3

17 
 

The mass-produced cold-formed products have yielding stresses within the range of 

250 to 600 MPa, ultimate stresses within the range of 300 to 720 MPa (Henriques De 

Sena Cardoso 2015). 

The main differences between hot-rolled sections and cold-formed sections 

are shown below (Yu 2000, Henriques De Sena Cardoso 2015). 

(1) Both of them have the same materials and processing time, in which cold-
formed section is a kind of economical steel, the weight of cold formed is relatively 
light. 
(2) High slenderness values for the cross-section walls (ratio width/thickness), the 
cold-formed allows local buckling, which can make full use of bending bearing 
capacity. While, hot-rolled steel does not allow local buckling. 
(3) The free torsional rigidity of hot-rolled steel is higher than that of cold 
formed. 
(4) Hot-rolled sections have smaller corner radii, they generally also have a larger 
cross-sectional area then cold formed hollow sections. This advantages become 
more significantly with greater wall thicknesses. 
(5) Cold formed sections have greater brittleness in the conner.  The tensile test 
is used to measure ductility using speciments in a longitudinal direction, in cold 
formed sections, ductility is essentially reduced, the below graph Figure 2.12 that 
indicating differences in ductility. 

 
Figure 2.12 The relationship between strain and stress of cold-formed and hot-rolled 

sections. 
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(6) Comparing the buckling loads on 3m columns of hot-rolled and cold formed 
hollow sections that are subjected to the same 500kN axial compression. The 
diagrams in Figure 2.13 illustrate that cold-formed sections will save more material 
than hot-rolled sections.  

 
 Figure 2.13 The practical effects by comparing the buckling loads on columns of 

hot-rolled and cold-formed hollow sections. 

Therefore, the analysis and design of cold-formed steel structures is more 

demanding than other structural elements and the main complexity is associated 

with the buckling behavior. 

4.2 Local Buckling of Columns. 
All column section consisted of plate elements. These plate elements can 

buckle locally before the overall buckling of the column occurs. Local buckling is an 

extremely important facet of cold formed steel sections on account of the fact that 

the very thin elements used will invariably buckle before yielding. 

Figure 2.14 illustrated plate with high value of width to thickness ratio (b/t) will 

buckle under lower critical stress than plates with low b/t value. However, it can 

carry more load and reached the maximum load in the post-buckling strength region. 

Plate with high b/t value will have larger reserved strength than the plate with low 

b/t. 
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Figure 2.14 Comparison of Plate strength and various b/t ratios (Thepchatri 2017). 

4.3 Inelastic Buckling Analysis 
According to Mangat (1969), after solving differential equation by using 

Laplace’s operator. The general equation for local buckling is 

( )( )

2

2212 1 /
cr

k E
f

b t




=

−
 

where 
2

mb a
k

a mb

 = + 
 

 that is plate buckling coefficient, a  and b  are length 

and width of plate respectively and m  is a number of half sine wave in the x axis. 

Plots of k  with /a b  with various values of m  are displayed graphically in Figure 

2.15. It is noted that for simple support (S.S.) plate the k  has the minimum value of 

4 for all cases. 

 
Figure 2.15 Graph of k vs a/b with various m values (Thepchatri 2017) 

The k  values for different plate boundary conditions are depicted in Figure 

2.16. It clearly shown that the boundary conditions along the loaded edges do not 
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change the k  value from simply support case. The above equation is for the elastic 

local buckling stress, for inelastic range we get 

( )( )

2

, 2212 1 /
cr in

k E
f

b t

 


=

−
 

where /tE E = , tE  is a tangent modulus of elasticity and E  is Young’s 

modulus. 

 
Figure 2.16 k values for different plate boundary conditions. 

4.4 Design Concept of Structural Steel Members. 
(1) The design flexural strength for box section 

AISC 360-16 (2016) classified compression elements members subject to 

flexure in to 3 categories are. compact section ( )p  , noncompact section 

( )p r     and slender section ( )r   when  need to considered separately in 

flanges f  and webs w  element. For flanges element 1.12 /pf yE F =  and

1.40 /rf yE F = . For webs element 2.42 /pw yE F =  and 5.70 /rf yE F = . 
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From AISC (2016) The nominal flexural strength, nM  shall be the lowest value 

obtained from Eq.(1), Eq.(2), Eq.(3) and Eq.(5) according to the limit states of yielding 

(plastic moment), flange local buckling, web local buckling under pure flexure. 

For compact section the moment capacity is equal to plastic moment of the section 

n p yM M F Z= =          (1) 

For section with noncompact flange nominal moment capacity is 

( ) 3.57 4.0
y

n p p y

f

Fb
M M M F S

t E

 
= − − −  

 
      (2) 

For section with slender flange nominal moment capacity is 

n y eM F S=           (3) 

where Z  is plastic section modulus about the axis of bending, S  is elastic section 

modulus about the axis of bending and eS  is effective section modulus determined 

with the effective width. The effective width, eb  is determined as Eq. (4). 

0.38
1.92 1

/
e f

y f y

E E
b t

F b t F

 
= −  

 
       (4) 

For section with noncompact webs nominal moment capacity is 

( ) 0.305 0.738
y

n p p y

w

Fh
M M M F S

t E

 
= − − −  

 
     (5) 

Where h  is depth of web and wt  is thickness of web. There are no HSS for section 

with slender webs. 

(2) The design compressive strength for SHS. 
According to AISC 360-16 (2016), the specification classified compression 

elements members subject to axial compression in to 2 categories viz. non-slender 

element section ( )r   and slender element ( )r   when  is width to-thickness 
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ratios of compression elements ( )/b t  and 1.4 /r yE f = . The nominal 

compressive strength for non-slender element compression members, nP  shall be 

determined based on Eq. (6) 

n cr gP F A=           (6) 

The critical strength, crF  is determined as follows 

when / 2.25y eF F   

/(0.658 )y eF F
cr yF F=          (7) 

when / 2.25y eF F   

0.877cr eF F=           (8) 

where eF  elastic buckling stress determined according to Eq.(9). 

2 2/ ( / )e cF E L r=          (9) 

where cL is effective length of member ( KL ) and r is radius of gyration. 

The nominal compressive strength for slender-element compression members shall 

be determined with Eq. (10) 

n cr eP F A=           (10) 

where eA is summation of the effective areas of the cross section based on reduced 

effective widths. The effective width, eb  for slender elements is determined as Eq.(11) 

and Eq. (12) 

when y
r

cr

F

F
   

eb b=            (11) 

when y
r

cr

F

F
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11
el el

e

cr cr

F F
b b c

F F

 
= −  

 
        (12) 

where b  is width of the element, 1c  is effective width imperfection adjustment factor 

equal to 0.2 for square and rectangular HSS, 2c  is equal to 1.38 for square HSS and 

elF  is elastic local buckling stress determined by 
2

2
r

yc F




 
 
 

. 

(3) The design specification for combine axial force and bending moment. 
AISC 360-16 (2016) provided load combination under compression and flexure 

force in doubly symmetric members shall be limited by Eq. (13) and Eq. (14) 

when 0.2r

c

P

P
  

8
1.0

9

ryrxr

c cx cy

MMP

P M M

 
+ +   

 

        (13) 

when 0.2r

c

P

P
  

1.0
2

ryrxr

c cx cy

MMP

P M M

 
+ +   

 

        (14) 

For allowable strength design method (ASD) 

where rP  is required axial strength of columns, cP  is available axial strength of 

columns ( )/n cP  , 
rM  is required flexural strength of columns, 

cM  is available 

flexural strength of columns ( )/n bM  , 
c  is safety factor for compression equal to 

1.67, 
b  is safety factor for flexure equal to 1.67, x  is subscript relating symbol to 

major axis bending and y  is subscript relating symbol to minor axis bending. 

Term on the left-hand side from Eq. (13) and Eq. (14) called as stress ratio. The 

column can be resisted the load if stress ratio is less than 1. The load collapse from 

specification code can be determined from Eq. (15). 
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1
AISC

SR
 =           (15) 

where 
AISC  is load collapse or safety factor in an engineering sense from 

specification code and SR is Term on the left hand side from Eq. (13) and Eq. (14). 

4.5 Column plastification. 
The plastification of the I-beam to RHS column connection is not only 

determined by the connection of the flanges but also by the column depth. In 

general, the plastic failure of a steel HSS column connected to corbel loaded in-

plane bending moments can be classified in to 2 categories. The first one is chord 

face yielding behavior. Another failure behavior of the I-beam to RHS column 

connection is chord side wall failure. 

4.5.1 Chord face yielding 

For chord face yielding failure, a simplified analytical yield line model is display 

in Figure 2.17. Lu (1997) provided the ultimate moment strength formulae describing 

the chord face yielding behavior by Eq. (16) 

2

1, , 0 0

4
(0.5 0.7 )

1 0.9
u xb y mM f t h


= +

−
      (16) 

 
Figure 2.17 Chord face yield line model (Lu 1997). 

4.5.2 Chord side wall failure 
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According to Lu (1997), for 1 = , the connection strength can be based on 

chord side wall failure. The analytical model for chord side wall failure and strength 

formulae are shown in Figure 2.18, Eq. (17) and Eq. (18). 

( ) ( )1, , 1 0 0 0 1 12 5u xb yM t t f t h t= + −   for 1 1 02 5h t t +    (17) 

( )2

1, , 1 0 0 00.5 5u xb yM h t f t= +    for 1 1 02 5h t t +    (18) 

 
Figure 2.18 Chord side wall failure (Lu 1997). 

where   is the ratio of overall branch width to chord width for square HSS ( )1 0/b b , 

1b  is width of overall branch, 0b  is width of the square HSS column, 0yf  is yield 

stress of the square HSS member, 0t  is wall thickness of the square HSS column, mh  

is 1 1h t−  , 1h  is depth of a branch member and 1t  is thickness of the flange of a 

branch member  

The load collapse from Lu ( ref ) can be determined from Eq. (15) by 

substituting nM  into 1, ,u xbM , where the stress ratio is computed in Eq. (13) or (14). 

5. Non-linear analysis for estimating limit loads. 
5.1 Arc-length method 

5.1.1 Introduction. 
Riks (1979) provided an incremental approach to the solution of buckling and 

snapping problems called arc-length method. The arc-length method is suitable for 

nonlinear static equilibrium solutions of unstable problems. A structure can become 

unstable when a load reaches its buckling value or when nonlinear material 

becomes unstable. Application of the arc-length method involves the tracing of a 

complex path in the load-displacement response into the buckling and post buckling 
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regimes. It is assumed that all load magnitudes can be controlled by a single scalar 

parameter called load factor. 

 

5.1.2 General Equation. 
Mathematically, the arc-length method can be viewed as the trace of a single 

equilibrium curve in a space spanned by the nodal displacement variables and the 

total load factor. The arc-length method itself is an automatic load step method. In 

the arc-length procedure, general equation is described in Eq. (19) 

     T a nr

i i iK u F F   = −          (19) 

where T

iK    is jacobian matrix, i  is subscript representing the current equilibrium 

iteration,  aF  is vector of applied loads,  nr

iF  is vector of restoring loads 

corresponding to the element internal loads,  iu  vector of unknown DOF (degree of 
freedom) values and   is the total load factor. The Arc-length approach with full 
Newton-Raphson method is depicted graphically in Figure 2.19. The loading factor 
can be written in an incremental form at substep n  and iteration i  as shown in 
Eq.(20). 

    ( )     T a a nr

i i n i i iK u F F F R     −  = + − = −      (20) 

where  iR  is the residual vector, the incremental displacement  iu  can be 
expressed into two parts 

     I II

i i iu u u =   +          (21) 

where 

   
1

I T a

i iu K F
−

  =            (22) 

   
1

II T

i i iu K R
−

  = −           (23) 

We can define one vector between the previous equilibrium point and a point 

determined in iteration i  by 

 i n it u =  +          (24) 
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where  nu  is the incremental accumulated displacement over the current 

time step and   is the scaling vector for unit displacement. The norm of this vector 

is 

    2 2t

i n n it u u  =   +         (25) 

when iteration 1i + , the vector in Eq. (25) becomes 

    ( )1i n i it u u   + =  +  + +         (26) 

According to Crisfield (1981), assumes that norm of the vector is constant along 

the equilibrium in each iterations, that is 

1i it t +=           (27) 

Using Eq. (21) and substituting by Eq. (24) and Eq. (26), the following quadratic 

equation becomes 

( ) ( )2
0a b c  +  + =         (28) 

where 

   2
t

I I

i ia u u= +           (29) 

       ( )22
tt I II I

i n i i ib u u u u = +   +         (30) 

       2
tt II II II

n i i ic u u u u=   +          (31) 

This quadratic equation system has two real roots, (1)  and (2) , which 

both satisfy the constant arc-length radius. For each of these roots, the angle 

between vector 1nt −  in the previously converged substep, and vector 1it +  in the 

current substep. This angle can be obtained from Eq. (32). 

( ) ( ) ( )1 1

1

cos

T

i n

n n

t t

t t
 + −

−


=


        (32) 
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To move the equilibrium path forward, the route for which the cosine of the 

associated angle should be close to 1. Finally, the solution vectors are updated 

according to 

       1i n n iu u u u+ = +  +         (33) 

And 

1i n i   + = + +           (34) 

 
Figure 2.19 Arc-Length Approach with Full Newton-Raphson Method. 

6. Stiffened Tubular T-joint connection. 
6.1 Introduction. 
According to Voth and Packer (2012), thin walled tubular connections is often 

required that the region around the connection be stiffened to limit chord 

plastification or excessive deformation. The way to stiffening schemes have been 

developed including internal stiffening of the chord or using the steel plate to attach 

around the beam-column connection called external ring stiffener. There are still 

have a lot of method to stiffening the connection between chord and brace. The 

main propose of this idea is to enhance the strength of the column for carrying the 

intensive load. 
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6.2 Internal plate strengthening technique. 
Nowadays, internal annular ring stiffened connection have been used in both 

onshore and offshore structures as a method to prevent against premature local 

buckling failures and chord plastification. 

Lee and Llewelyn-Parry (1999) performed non-linear finite element of T-joint 

connection between CHS column and CHS beam under axial compression load. The 

boundary support condition of the model displayed in Figure 2.20. Geometry and 

detail of internal annular ring stiffened displayed in Figure 2.21. The use of internally 

stiffened joints to enhance static capacity and to reduce stress concentration was 

common practice in the design of fixed steel platforms. The study shows that 

internal ring stiffener can significantly improve strength of the column. The thickness 

and depth of web in stiffener has affected to the strength of column. The result of 

strength capacity displayed graphically in Figure 2.22. 

 
Figure 2.20 Boundary support conditions (Lee and Llewelyn-Parry 1999) 
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Figure 2.21 Internal annular ring stiffened (Lee and Llewelyn-Parry 1999) 

 
Figure 2.22 Relationship between stiffener strength and wd  for different wt (Lee and 

Llewelyn-Parry 1999) 

Lee and Llewelyn-Parry (2004) presented the numerical study on the strength 

of tubular T-joints with centrally located plain annular ring stiffeners under brace 

compression loading. The study shows that stiffeners positioned at the saddle 

position provide a better strength enhancement than those at the crown positions. 

Ahmadi, Lotfollahi-Yaghin et al. (2012) performed the finite element analysis to 

study the effect of geometrical parameters on the chord-side stress concentration 

factors between the outer (inclined) brace and the chord in internally ring-stiffened 

tubular KT-joints subjected to balanced axial loads. The geometrical details of the 

internally ring-stiffened specimen are displayed in Figure 2.23. The boundary 
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condition is both chord ends were assumed to be fixed, displacements of the nodes 

on the symmetry plane were restrained perpendicular to the plane and the static 

loading applied at the end of the central (vertical) brace. The result show that chord-

side stress concentration factors along the weld toe of the intersection between the 

outer brace and the chord was reduced when applied the internal ring stiffener to 

the model. 

 
Figure 2.23 Geometrical details of the internally ring-stiffened KT-joint specimen 

(Ahmadi, Lotfollahi-Yaghin et al. 2012). 

6.3 External ring strengthening technique. 
The external ring stiffened connection or through-diaphragm connection is 

modern and popular technique for enhance maximum load capacity of the column 

to prevent against premature local buckling failures and chord plastification. Some of 

the literature reviews are generated the idea to provide this strengthening technique. 

Wu (2013) study numerical model of RHS column to I-beam connection. The 

connection panel is actually a stub-column groove welded to the through 

diaphragms a t the ends. The geometrical details of the connection and fabrication 

of the bottom-through-diaphragm are depicted in Figure 2.24 and Figure 2.25. The 

study shows that the plastic hinge away from the column face. This type of 

connection may be avoided premature occurrence of brittle fractures. 
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Figure 2.24 Column, beam, diaphragm and fin plate (Wu 2013). 

 
Figure 2.25 Fabrication of the bottom-through-diaphragm and top-ring connection 

(Cao, Shu et al. 2018). 

T. Uraipong (2016) study the strength enhancement of the connection between 

I–beam and the circular hollow section column. The strengthening technique using 

steel plate installed horizontally around the column. The geometry of steel plate 

covered the circular hollow section column displayed in Figure 2.26. The result 

clearly shows that when increase the width of stiffener plate will improve strength of 

the connection approximately 20 to 40 percent. 
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Figure 2.26 Geometrical detail of steel plate installed horizontally around the 

column (T. Uraipong 2016)  1
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CHAPTER 3 METHODOLOGY. 
1 Finite Element Modelling of Column and Connection Structures. 

1.1 Material properties 
In this thesis, A standard steel profiles in the company are using for the 

structure purposes in construction and for pipeline systems. For the finite element 

analysis, material of column will be SS400 steel structure with yield stress equal to 

235 MPa. Material for beam connection will be A36 steel structure. Since we consider 

only the capacity for a column, yield strength for beam connection will not applied 

in the model. The modulus of elasticity and Poisson’s ratio for both materials are 

200000 MPa and 0.3. To performed non-linear with plastic analysis, material property 

in the column that modeling in this thesis is elastic perfectly plastic with tangent 

modulus for all materials are equal to zero.  

1.2 Geometry 
Eight steel hollow steel section columns detailed in Table 2 were considered 

to illustrate applications of the proposed scheme. A catalog with using cold-formed 

steel hollow sections, namely square hollow steel (SHS), the analyses considered for 

various thicknesses ranging from 5 to 12 millimeter. The two standard steel corbels 

(namely H-250x250x11x11 and H-300x300x10x15) were employed, where the corbel 

with 250 mm width connected to the steel HSS column with 250 mm width and 

ones with 300 mm width to the column of 300 mm width. The contact location was 

30 cm offset to the column face. Since column and corbel are the same width, the 

geometry brace to chord width ratio   will equal to 1 as shown in Figure 3.1. Shape 

of geometry are already shown in Figure 2.5. 
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Figure 3.1 T-joint Connection design model (Chang, Xia et al. 2014). 

Table 2 Geometry of steel HSS columns. 

Example 
Chord Width 

(mm) 
Chord Thickness 

(mm) 

1 250 5 

2 250 6 

3 250 8 

4 250 9 

5 250 12 

6 300 6 

7 300 9 

8 300 12 

 

1.3 Finite Element Types and Discrete Structural Model 
The responses of steel HSS columns under crane loads were mapped out using 

the nonlinear 3D FE analyses. The columns were modeled using a series of eight-

node solid FEs within the commercial ANSYS software. The element type namely 

SOLID185 for the columns and corbels are used in this thesis. Since the column and 

corbels are different material, the model will have 2 element types and 2 material 

models that depicted in Figure 3.2. The columns are nonlinearity material properties, 

bi-linear isotropic hardening plasticity with tangent modulus equal to zero was 

applied in the model. The uniform 10 mm-size mesh construction was adopted for 

the column having 1 m in length. 
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Figure 3.2 Element types and Material model in the project. 

1.4 Load and Boundary Conditions 
(1.) Crane loads computation 
This thesis considers only the maximum vertical crane load which came from 

maximum wheel loads. The maximum wheel loads can be computed as  

bNW

0.5CWHTRC
WL

++
=

 

From the catalog with crane capacity equal to 20 US tons, the detail shown 

that crane capacity equal to 177.9 KN. Bridge weight and trolley with hoist weight are 

equal to 12701 kg and 2767 kg respectively. Since number of end truck wheels at 

one end of the bridge are equal to 2, the maximum wheel loads can be computed 

as 

177.9 27.67 0.5 127.01
WL

2

+ + 
=  = 134.5375 KN 

Each side of end truck have 2 wheels, the maximum wheel loads need to 

multiply by 2 that is become approximately 270 KN. The crane load was uniformly 

applied to over the contact area of corbel from end of the brace to 20 cm offset. 

Loading condition detail in the model depicted in Figure 3.3. 
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Figure 3.3 Loading condition of the model. 

(2.) Boundary Conditions. 

Since the column have 1 m length, the boundary conditions were restrained in 

all x-y-z directions at the bottom column end and only the x-y in-plane directions at 

the top column end. Figure 3.4 illustrated boundary condition of the column. 

 
Figure 3.4 Boundary condition of the column. 

2. Plastic Analysis Implementation. 
2.1 Non-linear Finite Element Analysis. 
The nonlinear push-over FE analyses adopted the Arc-Length Approach 

algorithm available directly in an ANSYS modeling system, where some specific 

parameters were set to 0.1% of equilibrium convergence criterion and more than 

1000 load incremental substeps. Time at end of load step is equal to the crane load 

that applied to the model. The material properties assumed bilinear stress-strain, 
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namely elastic and perfectly plastic, constitutive laws. Large deformations were 

incorporated. The advantage of this method involves the tracing of a complex path 

in the load-displacement response into the post buckling regimes when the slope is 

become negative value. 

The analysis procedures were performed in step-by-step fashions. Each step 

analysis assigned an updated positive-sign load factor ( ) multiplied to the whole 

applied forces, varying from   = 0, 0.001, and so on. The maximum load multiplier 

or safety factor NL  in a more familiar engineering sense was determined from the 

maximum value of   that can be safely applied to structure. 

The size of the incremental load factor    applied to the forces in the next 

step analysis is largely problem dependence. The smaller incremental load step 

yields the better equilibrium convergence and thus more accurate response 

solutions at the costs of more computing resources. Vice versa, the bigger step 

quickly performs the full structural responses, but is likely to experience the 

numerical instability or even divergence of equilibrium solutions. Some of HSS 

column can resist this crane capacity, crane loads that applied in the model from 

section 1.4 will be increased until the solution reached bifurication point and 

continues to post buckling behavior. 

3. Retrofit of Hollow-Section Columns. 
3.1 Internal Plate Fabrication Strengthening 
In this thesis, the internal plate fabrication will be analyzed with three-

dimensional solid element (SOLID185). The material properties of stiffener plate 

employed were modulus of elasticity of 200,000 MPa, Poisson’s ratio of 0.3 and yield 

stress of 250 MPa. The nonlinear FE analysis model for stiffener plate assumed 

bilinear elastic and perfectly plastic material properties. The stiffener plate is 

construct at the center of beam connection flange. The analyses considered the 

responses of stiffened HSS columns for various plate thicknesses, ranging from 3 mm 
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to the thickness of flange in connection beam for internal fabrications. The geometry 

of an internal plate fabrication displayed in Figure 3.5. 

 
Figure 3.5 Geometry of internal plate fabrication. 

3.2 External Ring Stiffener Strengthening 
The external ring stiffener is modeled to improve the plastic capacity of the 

columns. Three-dimensional solid element (SOLID185), material properties of 

stiffener plate employed were modulus of elasticity of 200,000 MPa, Poisson’s ratio 

of 0.3 and yield stress of 250 MPa also used to analyze the non-linear analysis. The 

thickness of external ring stiffener is same as the internal plate fabrication. External 

ring stiffeners having typical dimension of 100 mm width. Geometric of external ring 

stiffener displayed in Figure 3.6. The main idea of this strengthening technique is 

wanting to compare with the internal plate fabrication. 

 
Figure 3.6 Geometry of external ring stiffener  
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CHAPTER 4 Results and Discussions 
4.1 Comparison of Numerical Results with Experimental reference 

Table 1 shows the numerically determined maximum load capacity for the 

uniplanar connection was compared with the experimental results from Fujiwara et 

al. (1981) by selecting cases where   is equal to 1. The results of the comparison 

are given in Error! Not a valid bookmark self-reference.. 

Table 3 Comparison of the numerical results with experimental reference. 

Test 
specimens 

Chord 
b0 x h0 x t0 

(mm) 

I-beam 
h1 x b1 x tw x t1 

(mm) 
2  

0yf  
(N/mm2) 

,expuM  
(KNm) 

,u FEMM  
(KNm) 

H3 200x200x6 300x200x6x9 33.3 383 91.6 83.1 

H4 200x200x6 400x200x8x13 33.3 383 106.7 111.3 
H7 200x200x9 300x200x6x9 22.2 340 137.7 142 

H10 200x200x12 300x200x6x9 16.7 378 187.0 197.55 

 

4.2 Results before strengthening 
The nonlinear FE analysis approaches were successfully performed to trace the 

complete load and displacement responses of all the column cases. The load–

deflection curves for all columns are plotted in Figure 4.1. The deflection that was 

vertical in the Y-axis direction result was tracked at end of the corbels. Figure 4.2 

illustrates the behavior of SHS 250x12 at different loadsteps. The equivalent stress 

(von-Mises stress) reached the yield stress, starting from the corner of the column 

that was attached to the flange of the beam connection, as depicted in Figure 4.2(a). 

The distribution of von-Mises stress moved to the center of the face of the columns 

along the flange in a horizontal line, as displayed in Figure 4.2(b) and Figure 4.2(c). 

The von-Mises stress continued to be distributed along the corner of the column in a 

vertical direction and was matched together, as shown in Figure 4.2(d) and Figure 

4.2(e). Additionally, the von-Mises stress was distributed until the whole face of the 
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columns reached the yield stress, as displayed in Figure 4.2(f). Next, Figure 4.2(g) and 

Figure 4.2(h) illustrate that the column began to fail in the tension and compression 

zones at the top and bottom flanges, respectively. Finally, the von-Mises stress was 

further distributed to the end of both side walls and extended to yield stress which 

became the maximum load carrying capacity, as depicted in Figure 4.2(i). 

 
Figure 4.1 Load-deflection for the column without a stiffener. 

   
(a) (b) (c) 

   
(d) (e) (f) 
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Figure 4.2 Equivalent stress along the column 250x12 at different loadsteps. 

The maximum plastic capacity of the column is shown in Error! Reference 

source not found.. This result shows the load collapse for non-linear analysis ( )NL  

by using the maximum nominal load step at the slope of the load-deflection curve 

equal to zero from the arc-length method, divided by the safety factor 1.67 to follow 

the specification code (ASD method). The result shows the maximum nominal 

capacity with the AISC design guide (ASD method) which provided the maximum axial 

compression and flexural strength for the box section. The load collapse from AISC 

( )AISC  can be computed from Eq. (15). 

Table 4 Comparison between NL  and AISC  without the strengthening technique. 

Column 

Non-linear FE (Factored) AISC (ASD method) 

Max. Load 
(KN) 

Moment 
(KN-m) NL  

Compression 
(KN) 

Moment 
(KN-m) AISC  

250x05 122.641 24.528 0.454 642.223 49.999 0.505 

250x06 153.084 30.617 0.567 794.700 67.738 0.671 

250x08 212.627 42.523 0.787 1044.467 95.093 0.927 

250x09 242.671 48.534 0.899 1166.541 105.539 1.030 

250x12 340.447 68.087 1.261 1520.960 132.777 1.334 

300x06 196.024 39.205 0.726 928.577 86.386 0.779 

300x09 317.725 63.545 1.177 1424.050 155.092 1.420 

300x12 447.489 89.496 1.657 1864.721 197.218 1.813 

 

From the results in Error! Reference source not found., columns 250x05 and 

300x06 after computing their width to thickness ratios ( )  were classified as slender-

element sections to be subject to axial compression and its flanges member when 

considering flexure. Column 250x06 was classified as a compact section to be subject 

to axial compression but non-compact in flanges member when cogitate about 

members subject to flexure. Beyond these results, the columns were classified as 

compact sections to be subject to both axial compression and flexure. 
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These results clearly show that if the column width is equal, the thin columns 

will have NL  less than the thick columns. For the columns with an equal thickness 

size, the large size of the column has the result of NL  more than the small sized 

columns.  

Error! Not a valid bookmark self-reference. shows NL  by using the 

maximum nominal load step without dividing the safety factor at the deformation 

limit equal to 3%b0, compared with the load collapse ( )ref  computed by Lu (1997) 

which was previous mentioned in Section 4.4 in Chapter 2. The load collapse ref  

was selected as the minimum moment capacity and was calculated from Eq. (16) 

and Eq. (17). Eq. (18) is not relevant for the connections considered in this work. The 

columns which were classified as non-compact and slender-element sections to be 

subject to axial compression and its flanges members are out of the validity range. 

Table 5 Comparison between NL  and ref  without the strengthening technique 

Column 

Non-linear FE (Nominal) Lu (1997) 

Max. Load 
(KN) 

Moment 
(KN-m) NL  

Eq. (16) 
(KN-m) 

Eq. (17) 
(KN-m) ref  

250x05 15.195 30.39 0.563 20.219 21.313 0.242 

250x06 18.923 37.846 0.701 27.633 30.691 0.331 

250x08 27.077 54.154 1.003 45.830 54.562 0.539 

250x09 31.509 63.018 1.167 56.615 69.055 0.660 

250x12 48.501 97.002 1.796 95.704 122.763 1.030 

300x06 25.137 50.274 0.931 36.167 36.598 0.401 

300x09 41.576 83.152 1.540 72.333 82.346 0.733 

300x12 63.545 127.09 2.354 120.556 146.392 1.209 

 

4.3 Results for Internal Plate Fabrication 
After performing the strengthening technique, it is clearly evidenced that the 

process enhanced the overall load carrying capacities of the stiffened columns 

compared to the unstiffened columns. As expected, thicker stiffening plates 
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increased the maximum retrofitted column strength. Figure 4.3 to Figure 4.10 plot 

the load-deflection curve for all the columns according to the varying stiffener 

thickness. The results show that thin columns with thin stiffener plates failed in the 

tension zone. In contrast, thin columns with thick stiffener plates failed in the 

compression zone. Thickening the stiffener plate thickener so that it was greater than 

a threshold did not further improve the column strength. The local failure occurred 

in the tension zone so long as the column was thick enough. For column section 

250x05, the maximum load capacity compared with the unstiffened column with 11 

mm stiffening was improved considerably by around 210 percent that closed to 

section 250x06. For column section 250x08, the maximum load capacity compared 

between the unstiffened and the 11 mm stiffening was improved by 180 percent. For 

column section 250x09, the maximum load capacity compared between the 

unstiffened and the 11 mm stiffened increase by 167 percent. For column section 

250x12, the maximum load capacity compared between the unstiffened and the 11 

mm stiffened was enhanced by around 116 percent. 

 
Figure 4.3 Result of 250x05 with internal stiffener 
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Figure 4.4 Result of 250x06 with internal stiffener. 

 
Figure 4.5 Result of 250x08 with internal stiffener 

 
Figure 4.6 Result of 250x09 with internal stiffener 
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Figure 4.7 Result of 250x12 with internal stiffener 

 
Figure 4.8 Result of 300x06 with internal stiffener 

 
Figure 4.9 Result of 300x09 with internal stiffener 

0

20

40

60

80

100

120

140

-120 -100 -80 -60 -40 -20 0

L
o
ad

 (
T

o
n

s)

Deflection (mm.)

Result of 250x12 with Internal stiffener

Unstiffen

3 mm

5 mm

7 mm

9 mm

11 mm

0

20

40

60

80

100

120

-120 -100 -80 -60 -40 -20 0

L
o
ad

 (
T

o
n

s)

Deflection (mm.)

Result of 300x06 with Internal stiffener

Unstiffen

3 mm

5 mm

7 mm

9 mm

11 mm

13 mm

15 mm

0

20

40

60

80

100

120

140

160

-120 -100 -80 -60 -40 -20 0

L
o
ad

 (
T

o
n

s)

Deflection (mm.)

Result of 300x09 with Internal stiffener

Unstiffen

3 mm

5 mm

7 mm

9 mm

11 mm

13 mm

15 mm

1
4

1
3

5
1

7
6

4
6



 

C
U
 
i
T
h
e
s
i
s
 
6
0
7
0
2
8
7
0
2
1
 
t
h
e
s
i
s
 
/
 
r
e
c
v
:
 
0
1
0
8
2
5
6
2
 
1
9
:
1
2
:
5
7
 
/
 
s
e
q
:
 
1
3

47 
 

 
Figure 4.10 Result of 300x12 with internal stiffener 

Figure 4.11 to Figure 4.13 depict the distribution of von Mises stresses for an 

internal plate stiffened in column section 300x06 under applied crane forces. These 

describe the local buckling failures of columns and the stress distribution 

underpinning the stiffener plates. The results show that different stiffener plate 

thicknesses will cause different column failure behaviors. 

Figure 4.11(a) shows that the von-Mises stress became a yield stress starting at 

the corner of the column. The distribution of von-Mises stress continued to develop 

along the flange of corbel in a horizontal line, as displayed in Figure 4.11(b). Figure 

4.11(c) illustrates that the von-Mises stress reached yield stress and then move 

forward into a vertical direction along the web until it matched together and reached 

its maximum capacity. Next, the stress spread up to the whole face of the columns, 

as shown in Figure 4.11(d) and Figure 4.11(e). Finally, Figure 4.11(f) shows that the 

column had a local failure at the tension zone when a 3 mm thick internal stiffener 

was used. One observation of this result is that the whole column does not need to 

reach yield stress to get the maximum load capacity. This is because the von-Mises 

stress was distributed to the stiffener plate inside the column. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 4.11 Result of 300x06 with a 3 mm thick internal stiffener plate. 

The behavior of column 300x06 with a 5 mm internally stiffener was similar to 

the 3 mm thickness. It is observed that when the column had a width to thickness 

ratio ( )  classified as a slender element for both axial compression and flexure, the 

failure occurred in the tension zone if the stiffener plate was not thick enough. 

   
(a) (b) (c) 

  
(d) (e) 

Figure 4.12 Result of 300x06 with a 5 mm thick internal stiffener plate. 
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For column 300x06 with a 9 mm thick internal stiffener plate, the von-Mises 

stress distributed along the horizontal direction along the flange of corbel then 

continued into a vertical direction along the web, as shown in Figure 4.13(a) and 

Figure 4.13(b). Figure 4.13(c) shows that the von-mises stress continued to spread 

widely around the column until reaching the maximum load carrying capacity. After 

that, the stress began moving underneath the stiffener plate in the compression 

zone and continued to develop until the whole of the column reached its yield 

stress, as displayed in Figure 4.13(d). Finally, Figure 4.13(e) clearly shows that the 

column failed in the compression zone. One further observation is that the column 

which had a slender element for both axial compression and flexure had a failure 

occurring in the compression zone if the stiffener plate was thick enough. 

   
(a) (b) (c) 

   
(d) (e) (f) 
Figure 4.13 Result of 300x06 with a 9 mm thick internal stiffener. 

4.4 Results for External Ring Stiffener 
The external ring stiffener technique can slightly improve the maximum load 

capacity of the columns. The result of load-displacement in a vertical direction at 

the end of the corbels were plotted graphically in Figures Figure 4.14 to Figure 4.21. 

The results clearly show that most of the external ring stiffener techniques give the 
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behavior result to fail at the tension zone. For example, the column width 250 with 

a thickness from 6 to 12 mm failed in the tension zone, except for where the 

thickness was equal to 5 mm with a 11 mm stiffener plate, where the local failure 

occurred in the compression zone and had low ductility. For column section 250x05, 

the maximum load capacity compared between the unstiffened column and the 

column with 11 mm external stiffening increased significantly by around 164 percent. 

For column section 250x06, the maximum load capacity compared between the 

unstiffened and the 11 mm external stiffened columns improved by around 132 

percent. For column section 250x08, the maximum load capacity compared between 

the unstiffened and the 11 mm external stiffened columns enhance by around 94 

percent. For column section 250x09, the maximum load capacity compared between 

the unstiffened and the 11 mm external stiffened columns rose by 82 percent. For 

column section 250x12, the maximum load capacity compared between the 

unstiffened and the 11 mm external stiffened columns was boosted by 59 percent. 

 
Figure 4.14 Result of 250x05 with external stiffener 
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Figure 4.15 Result of 250x06 with external stiffener 

 
Figure 4.16 Result of 250x08 with external stiffener 

 
Figure 4.17 Result of 250x09 with external stiffener 
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Figure 4.18 Result of 250x12 with external stiffener 

 
Figure 4.19 Result of 300x06 with external stiffener 

 
Figure 4.20 Result of 300x09 with external stiffener 
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Figure 4.21 Result of 300x12 with external stiffener 

A series of Figure 4.22 to Figure 4.23 depict the distribution of von Mises 

stresses for an external ring stiffening for column section 300x06 under applied crane 

forces. These describe the local buckling and post buckling failure behaviors of the 

columns and the stress distribution underpinning the stiffener ring. The results show 

that the different stiffener ring thicknesses cause different column failure behaviors. 

According to Figure 4.22(a) and Figure 4.22(b), the result of column 300x06 with 

an external stiffener with a 9 mm thick plate showed that the von-Mises stress was 

distributed from the corner of the column to center of the face in a horizontal line 

along the flange, and along a vertical line along a web of corbel, similar to the 

internal plate stiffener. The von-Mises stress continued to spread widely from the 

web until whole face of the column reached the yield stress, as depicted in Figure 

4.22(c) and Figure 4.22(d). The difference between the two strengthening techniques 

is that the external ring stiffener must have the yield stress distributed fully face of 

the column to reach the maximum load carrying capacity, as displayed in Figure 

4.22(e). Finally, for the post buckling behavior, Figure 4.22(f) clearly shows that the 

column failed in the tension zone. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 4.22 Result of 300x06 with a 9 mm thick external stiffener plate. 

From Figure 4.23(a) to Figure 4.23(d), the von-Mises stress distribution are the 

same as Figure 4.22(a) to Figure 4.22(e) until reaching the maximum load capacity. 

After that, the von-Mises stress slightly moves to underneath the stiffener ring at the 

compression zone. Finally, Figure 4.23(f) illustrates that the column failed in the 

compression zone when the stiffener plate was thick enough. One observation from 

this result is that the column with a slender element for both axial compression and 

flexure had the failure occurring in the compression zone if the stiffener plate was 

thick enough, the same as the internal plate stiffener. The ductility of the post-

buckling behavior would decrease if the stiffener plate thickness is increased. 

   
(a) (b) (c) 
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(d) (e) (f) 

Figure 4.23 Result of 300x06 with an 11 mm thick external stiffener plate. 

4.5 Summary of Results 
The nonlinear push over FE analysis adopted the arc-length method were 

successfully performed to discover the complete load and displacement responses 

of all the column cases. The results illustrate that the more effective retrofitting 

method uses internally connected steel plates of the HSS columns, compared with 

the external ring fabrications. As expected, thicker stiffening plates resulted in a 

higher maximum retrofitted column strength, as described in Error! Not a valid 

bookmark self-reference. and Table 7. The increases plate thickness—described in 

Figure 4.24 and Figure 4.25 for the internal plate stiffening—converged to some 

certain maximum values of the column load capacity. For the external plate 

stiffening, increased plate thickness was found to slightly increase the maximum load 

capacity. When comparing the two strengthening techniques, internal plate stiffening 

fabrication was found to be more effective than the external ring type. 

Table 6 Load collapse at the maximum capacity of the internal stiffener. 
Stiffener 
Thickness 

(mm) 

NL (SHS 250x05) NL (SHS 250x06) NL (SHS 250x08) NL (SHS 250x09) 

Unstiffened Stiffened Unstiffened Stiffened Unstiffened Stiffened Unstiffened Stiffened 

3 

0.759 

1.414 

0.947 

1.482 

1.315 

1.811 

1.501 

1.960 

4 1.697 1.757 2.093 2.240 

5 1.964 2.024 2.367 2.512 

6 2.186 2.275 2.635 2.777 

7 2.301 2.490 2.898 3.039 

8 2.335 2.632 3.149 3.295 

9 2.351 2.689 3.372 3.540 
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10 2.363 2.710 3.543 3.763 

11 2.373 2.721 3.662 3.968 

Stiffener 
Thickness 

(mm) 

NL (SHS 250x12) NL (SHS 300x06) NL (SHS 300x09) NL (SHS 300x12) 

Unstiffened Stiffened Unstiffened Stiffened Unstiffened Stiffened Unstiffened Stiffened 

3 

2.106 

2.561 

1.212 

2.098 

1.965 

2.625 

2.768 

3.353 

4 2.827 2.502 3.031 3.748 

5 3.085 2.896 3.427 4.137 

6 3.332 3.265 3.817 4.520 

7 3.575 3.431 4.199 4.896 

8 3.816 3.455 4.565 5.259 

9 4.053 3.471 4.846 5.612 

10 4.284 3.486 5.093 5.949 

11 4.505 3.500 5.186 6.262 

12 - 3.512 5.217 6.529 

13 - 3.522 5.235 6.737 

14 - 3.531 5.247 6.878 

15 - 3.542 5.260 6.991 

 

Table 7 Load collapse at the maximum capacity of the external stiffener. 
Stiffener 
Thickness 

(mm) 

NL (SHS 250x05) NL (SHS 250x06) NL (SHS 250x08) NL (SHS 250x09) 

Unstiffened Stiffened Unstiffened Stiffened Unstiffened Stiffened Unstiffened Stiffened 

3 

0.759 

1.090 

0.947 

1.263 

1.315 

1.624 

1.501 

1.809 

4 1.203 1.375 1.734 1.919 

5 1.316 1.487 1.844 2.029 

6 1.431 1.601 1.956 2.141 

7 1.545 1.714 2.068 2.253 

8 1.666 1.831 2.182 2.367 

9 1.786 1.949 2.297 2.480 

10 1.906 2.074 2.418 2.599 

11 2.025 2.199 2.539 2.718 

Stiffener 
Thickness 

(mm) 

NL (SHS 250x12) NL (SHS 300x06) NL (SHS 300x09) NL (SHS 300x12) 

Unstiffened Stiffened Unstiffened Stiffened Unstiffened Stiffened Unstiffened Stiffened 

3 

2.106 

2.417 

1.212 

1.610 

1.965 

2.329 

2.768 

3.136 

4 2.502 1.743 2.458 3.266 

5 2.588 1.875 2.588 3.402 
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6 2.719 2.007 2.718 3.536 

7 2.849 2.140 2.849 3.671 

8 2.976 2.273 2.981 3.804 

9 3.102 2.407 3.113 3.937 

10 3.221 2.547 3.247 4.072 

11 3.340 2.687 3.382 4.205 

12 - 2.822 3.521 4.341 

13 - 2.958 3.661 4.477 

14 - 3.076 3.806 4.619 

15 - 3.194 3.952 4.763 

 

 
Figure 4.24 Graph of internal stiffener between NL  and plate thickness. 

 
Figure 4.25 Graph of external stiffener between NL  and plate thickness.  
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CHAPTER 5 Conclusion 
This thesis presents the analysis and design of steel SHS column stiffening 

methods using steel plates. Two stiffening procedures—the internal and external-ring 

plate fabrications—were studied studied. The nonlinear FE analyses, considering the 

influence of inelastic materials and large deformations simultaneously, were 

successfully completed, and the results for the complete column responses under 

industry crane loads were computed. The present study is underlined by the 

application of an efficient column design for general warehouses. 

The response solutions fruitfully provide the maximum load carrying capacity 

or safety factor for both the unstiffened and stiffened columns under applied forces. 

These also show the column capacity enhancement with the use of steel stiffening 

plates. Thicker stiffening plates resulted in greater column strength. Internal plate 

stiffening fabrication is more effective than the external ring type. Moreover, 

increasing the plate thickness was found to improve the overall column loading 

capacity, and converges to some certain threshold, after which increasing the plate 

thickness does not result in further column strength improvements. 

(Szlendak 1991, Ting, Shanmugam et al. 1991, Mackenzie and Boyle 1992, Nadarajah, 

Mackenzie et al. 1992, Bauccio 1993, Packer 1993, Mackenzie, Shi et al. 1994, Nadarajah, 

Mackenzie et al. 1996, De Winkel 1998, Lee and Llewelyn-Parry 1999, Yu 2000, Zhao 2000, 

Wardenier, Packer et al. 2002, Kurobane 2004, Yang, Liu et al. 2005, Thompson 2007, Chen, 

Liu et al. 2008, Jones 2009, MACCRIMMON 2009, BOEL 2010, Yu and LaBoube 2010, Ahmadi, 

Lotfollahi-Yaghin et al. 2012, AISI 2012, MBMA 2012, Voth and Packer 2012, Vigil 2014, 

Henriques De Sena Cardoso 2015, Madenci and Guven 2015, AISC 2016, ANSYS 2017, 

Garifullin, Pajunen et al. 2017, Thepchatri 2017) 
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