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ABSTRACT

This study presents a finite element analysis of slanted column under various angle
of0°,3°,5°,7°,9° and 15° with 3m length in height. The buckling behaviour of slanted
column subjected to maximum principle of bending stress, bending strain and
displacement was studied. The critical load or maximum load of slanted column
under static load also was studied. The main objective is to investigate the buckling
behaviour of slanted column using a complete linear analysis of 3 dimensional finite
element analysis under static load. The material of slanted column used in this study
is steel with dimensions of 1-417x455x30x50. A total of 6 models were analysed
using finite element simulations and verification test has been perform to check the
reliability and accuracy of simulation results. The finite element package ABAQUS
software has been used to perform linear analysis in order to investigate the buckling
behaviour in terms of bending stress, bending strain and also displacement under
static load. The results show the critical load is increases as the angle of slanted
column increases. The column effective length is also changed as the length of slanted
column changed due to the changing of angle of slanted column. It has significant
influence that the finite element models were able to simulate the behaviour of slanted

column under static load.



ABSTRAK

Kajian ini membentangkan analisis unsur terhingga tiang condong di bawah pelbagai
sudut iaitu 0°, 3°, 5°, 7°, 9° dan 15° dengan 3m panjang tinggi. Kelakuan lengkokan
tiang condong tertakluk kepada prinsip maksimum lentur tekanan, ketegangan dan
anjakan lenturan telah dikaji. Beban kritikal atau beban maksimum tiang condong di
bawah beban statik juga dikaji. Objektif utama adalah untuk menyiasat tingkah laku
lengkokan tiang condong menggunakan analisis linear lengkap 3 dimensi analisis
unsur terhingga di bawah beban statik. Bahan tiang condong digunakan dalam kajian
ini adalah keluli. Sebanyak 6 model dianalisis dengan menggunakan simulasi unsur
terhingga dan ujian pengesahan telah dilaksanakan untuk memeriksa
kebolehpercayaan dan ketepatan keputusan simulasi. Pakej perisian unsur terhingga
Abaqus telah digunakan untuk melaksanakan analisis linear untuk menyiasat tingkah
laku lengkokan dari segi lenturan tekanan, membongkok ketegangan dan juga
anjakan di bawah beban statik. Keputusan menunjukkan beban kritikal semakin
bertambah apabila sudut kenaikan lajur condong bertambah juga. Lajur panjang
berkesan berubah jika panjang turus condong berubah disebabkan oleh perubahan
sudut tiang condong. la mempunyai pengaruh penting bahawa model unsur terhingga

dapat mensimulasikan kelakuan tiang condong di bawah beban statik.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Nowadays, it is a new trend of architecture and structural engineering that many tall
buildings worldwide have a complex shape such as twisted, tapered and tilted. Those
buildings are judged as landmarks of a nation and symbols of technological
achievement in a country. The complex-shaped tall building disassembles the
orthogonality between beams and columns. In addition, such type of structural system
can be found frequently in buildings having slanted columns. The new idea
mentioned is that columns are no longer vertical. It can be slanted by the standard
angle of 0° to 9°. The slanted columns can transmit the gravity and lateral load
simultaneously and are necessary to display the architectural complexity. The studies

about slanted columns have not been carried as much as those for the normal column,



so it is worth examining the performance or analysis of slanted column by using

rigorous computational analysis and experiments.

In a general, slanted column which also known as ‘inclined’ column is used in many
construction works due to theory of art and also architectural requirements. The
design, loads and bending moment in slanted columns are discussed. Slanted
columns are originated from the category of structural framing member’s gravity load
loaded columns and can be applied to both rigid as well as braced frames. Figure 1.1
shows the load deflection due to inclined column. There are some of the examples of
slanted column constructions which are rafter & struts of an RCC truss, gable beams
of a sloped roof, and the top chord of an RCC Virendeel Girder. The top chord (beam)
of a Virendeel girder which is a horizontal member is designed as a column and not

as a beam as compression is dominant in it.

Figure 1.1 A slanted column - Load deflection

A slanted column that possesses a cross-section without symmetry may be subjected

to torsional buckling or lateral buckling. Torsional buckling is a sudden twisting of



the column. As the theories say the existence of eccentric loading would decrease in
column strength referred to Figure 1.2. The term eccentrically loaded is defined as
the situation when the axial load on the column is not concentric or in other words if
the line of action of the axial load is not parallel to the central axis of the column. The
eccentricity mainly represented by the symbol of ‘e’, of the load subjects to bending
of the column immediately. Hence the combined action of axial and bending would

result in reduced load carrying ability.

< Slant Angle 9,17°
« Distance 720

Figure 1.3 Slanted column structure



The design in most of the cases is carried out for axial force and moments by the
usual method. In a condition where shear is found predominant (this is the case when
the member {s inclined appreciably), shear reinforcement should be designed and
their provision is made. To solve the fracture potential and local buckling that occur
on the slanted column, the predominant approach is use a nonlinear finite element
analysis to satisfy with the theoretical analysis using Euler’s theory by developing

the existing equation of normal column in order to identify the critical load value.

This will show the critical time where the column cannot resist the applied load
which is maximum level of load and starts to buckle as well. Usually, the compression
members are succeptible to buckling. Figure 1.3 show the picture of slanted column.
Buckling is loss of stability where the axial loads caused lateral deformations as the
load applied increases slowly and start to buckle as well. Axial forces that causing
buckling is called critical load and is associated to the column length. The critical
load is depends on the length of column, type of material used and section properties

of column itself.
1.2 PROBLEM STATEMENT

There was lack of knowledge research on the finite element modelling and analysis
on slanted column under static and dynamic load due to its complexity. Hence, more
investigations need to be conducted as to gain more information about the
performance of slanted column in a construction area. In this case study, a model

structure been modified to have slanted columns at beam-column connection. The



model will be given an axial load on compression to get the critical load which make
the slanted column to deform or buckle. The type of model structure chosen is in I-
shape and steel material properties. In addition, t.he Euler’s equation been used to
satisfy the k factor and determine the critical load that affecting slanted column. Thus,
the finite element analysis (FEA) should be conducted in order to identify the

behaviour of slanted column more precisely.
1.3 OBJECTIVES
There are three main objectives for this research project: -

1. To identify the critical load, Pcr on slanted column of different angle
which boundary condition is pinned-fixed condition.

2. To determine the buckling shape of slanted column in terms of
deflection, stress-strain relationship and bending moment reaction
under static load.

3. To study the relationship between theoretical value k with angle of

slanted column using Euler’s Formula.
14 SCOPE OF WORK AND LIMITATION

In order to achieve the objective of this study, the research implementation begins
with finding all the information and references that related to the proposed study.

Even though the information regarding to the existing analysis of slanted column is



not much but some of the references are seem to be similar with the proposed study
been collected and reviewed. The sources of information are obtained from the

journals, papers and also internet.

A literature review on :

1. Buckling of slanted column under static load only.

2. The existing analysis of slanted column or inclined beam in different
parametric study.

3. Finite element analysis of structural component.

4. Mathematical solution to calculate buckling of slanted column in
different approach using Euler’s Formula

5. Linear and nonlinear analysis using finite element analysis

Analysis is done through substructure model of slanted column adapted from beam-
column connection with different angle. The properties of substructure model are
steel material with the shape of I and the unit will be used as Pascal or kiloNewton
per metre square in both elements. The setup of the boundary and loading conditions
is fixed as fixed-pinned end condition in order to not allow any rotation and
translation at each end condition. Simulation and analytical studies are done by using
ABAQUS which this finite element software is capable of modelling, analysing 2-D
dimensional column with interactive graphical outputs. The results might be useful
to develop the performance of slanted column due to strain and local buckling and

fulfil the criteria for design process. The nonlinear analysis is focus on the critical



load applied to the slanted column varies with time and the analysis data is presented

by using graph.
1.5 REPORT OUTLINE

In this project, there are five chapters included; the first chapter is the introduction
with problem statement, objectives and scope of work. Meanwhile, the second
chapter is literature review which focus on discussion regarding the behaviour of
slanted column and calculation related to the slanted column. The third chapter is
methodology which describes the derivation of Euler’s equation for critical load, the
software used, the application of material linear and nonlinear analysis on ABAQUS
and some theoretical issues. After that, chapter four is the complete analysis and
results present in tabulated and graphical data with the discussions based on the result
obtained. Lastly, chapter five is the summary and conclusion of the entire project,

discussion of the results briefly and analysis of the findings obtained.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The Finite Element Analysis (FEA) is a numerical method to obtain approximate
solutions for solving problems of engineering and mathematical physics. This method
subdivides a structure or a body into smaller elements of finite dimensions that called
as finite elements. This analysis useful in solving the complicated geometries,
loadings and material properties where complicated analytical solutions. Besides that,
the simple equations are developed for these finite elements which then assembled
into a larger system of equations that models the entire problem. In order to predjct
the performance and behaviour of the design where to identify the safety factor,
strength and weakness of the design accurately. A typical finite element analysis

begins by the studying the nature of the problem and creating a domain for the



problem after which the domain is discretised into elements of a regular geometry.
These elements are connected at a finite number of joints called “Nodes” or “Nodal
points”. Finite element method is a matrix oriented method which combining theory
of elasticity, theory of plasticity and numerical techniques. Some of the advantages
of the FEM are model complex is shaped bodies easily, able to handle several load
conditions without difficulty, able to handle different kind of boundary conditions

and model bodies composed of several different materials.

2.2 SLANTED COLUMN UNDER STATIC LOAD

The slanted column possesses the following two unique features which are the top
end is only deformable in vertical direction and the buckling strength is affected by
the angle change from a to &’ due to the deformation. In the present study, by using
the derivation method incorporated with Euler’s equation to account for the constraint
condition a set of nonlinear equations is derived. The exact solutions for the linear
and nonlinear analysié are obtained for inclined columns with various end conditions.
The buckling behaviours of an inclined column with various type of restraint
condition which are two ends simply supported, fixed-pinned simply supported and
fixed-roller simply supported are determined in detailed which include an axial to
lateral bending configurations. In this study, we have two types of loading which are
static load and dynamic load. For static load, we only apply the load in vertical
direction on slanted column and investigate the buckling effect to the slanted column.
The value of critical load to apply on slanted column is going to be compared between

the literature values and analytical from the software. Meanwhile, the fracture and
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strength degradation of the slanted column were studied to obtain sufficient
information of the column behaviour over the time period in years. If a static load test
appears to be the best. option, load cases can be developed to simulate critical
conditions. During the static load test, data can be continuously recorded with data
“snapshots” taken at prescribed loading increments (Dayton, 2016). Dimensional
inspections can be conducted to quantify any permanent deflections or set either pre-

static loading and/or post-static loading (Dayton, 2016).

Static Load Tests can be performed to validate foundation design assumptions
regarding the axial compression or axial tension resistance provided by a deep
foundation element, or its deflected shape under a lateral load. The most important
records needed in column testing are the applied load and the corresponding lateral
displacements about the minor and major axes, strains at characteristic points, end
rotations, angles of twist, and over-all shortening (Negussie Tebedge, 2002). The
applied loads and measured strains during a static load test provide a stress-strain
relationship for the deep foundation element from which a strain-dependent
composite-section secant modulus can be determined. (Fellenius, 2016). Three of the
phases, the study of full-scale beam-columns laterally loaded in a principal direction,
the model frame study, and the study of obliquely loaded full-scale beam-columns,
are concerned with the investigation of static resistance. (Howland, Egger, Mayerjak,
& Munz, 2009). The effect of the axial load is readily predicted by the elementary
theory if the influence of strain hardening is included and if failure by lateral

deflection and twisting does not occur (Howland, Egger, Mayerjak, & Munz, 2009).

10



2.3 BUCKLING OF SLANTED COLUMN

A deformation is termed "elastic" if, upon removal of all external forces, the
undeformed reference shape restores itself completely. The basic assumption
underlying the constftutive laws of classical elasticity theory is that the restoring force
(stress) in a body is a single-valued function of the deformation (strain) of the body
and, moreover, that it is independent of the history of the deformation (Demetri
Terzopoulos). A slanted column may represent an inclined member of a truss, a
frame, or a meridional element of an asymmetrically deformable conical shell with
rigid edges (Chang, 1974). Such a structure has a unique constraint condition. A set
of nonlinear equations for buckling of elastic slanted columns is derived by the
variation method in corporation with the Lagrange multiplier to deal with the
constraint condition (Atay, 2011). The bifurcation of such columns with simply
supported ends is considered along with results obtained from conventional methods.
No bifurcation will occur for columns with other end conditions. A set of formulas
derived from the linearized eigenvalue method is also presented. The results obtained
from the latter are slightly higher than those obtained from the nonlinear theory. The
buckling loads may lower further if the change of the inclined angle at the loaded end
is taken into consideration during the deformations. In addition, the critical buckling

load increase with an increasing initial angle, so does the critical displacement (Jian

Zhao, 2008).

Previous study state that the behaviours of an inclined columns with two ends simply

supported can be examined in details including the bifurcation from an axial to lateral

11



bending configurations. They also come out with the exact solutions for the non-
linear equation for slanted column with various end condition by using the variation
method incorporated with Lagrange’s multiplier. The solutions involved are by
Eigenvalue method, effect of angle change and comparison with conventional

approach.

A
YA
{(a) (c)

Figure 2.2 Inclined Bar (Chang, 1974)
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Figure 2.3 Conical frustum (Chang, 1974)

In the present study, the effects of both bending and normal thrust are taken into
consideration. The simply supported ends are generalized to include other possible
end conditions. Thus, in general, this model represents a frame rather than a truss.
The frame is subjected to the vertical force, P, at the central joint as shown in Figure
2.1. Because of symmetry, the structure may be analyzed by an inclined column as
shown in Figure 2.2. This column may also represent the inclined member of a three-
bar frame with a rigid horizontal bar subjected to a single force at the center. This
three-bar frame may simulate a meridional element of a conical frustum with rigid
bulkheads undergoing axisymmetric deformation as shown in Figure 2.3. According

to (Lin-Hai Han, 2010), they state that the strength decreased significantly with the

increasing of the tapered angle.

This comprehensive study presents the exact solutions of a class of large deflection
problems. The buckling loads determined from these solutions are lower than those
obtained by the eigenvalue method. Nevertheless, provides the simple equation for

the eigenvalue, which in turn yields the buckling value for a given column. In fact,
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the eigenvalues are practically applicable for columns with small angle a and large
slenderness ratio R. In addition, the larger angle, the differences get bigger, and if the
effect of angle change is taken into consideration, the story will be quite different for
both ends simply supported inclined columns.. The non-linear buckling loads of
shallow arches are much lower than the linear bifurcation buckling loads due to the

effect of the pre buckling deformations. (Yong-Lin Pi, 2006)

24  FINITE ELEMENT ANALYSIS OF SLANTED COLUMN OR

INCLINED BEAM

The finite element method (FEM) is a numerical method for solving problems of
engineering and mathematical physics. It is also referred to as finite element analysis
(FEA) ABAQUS is used to enable the incorporation of extended finite element
capabilities (E. Giner a, 2008). The evaluation of inclined column based on the
performance of fully restrained welded connections is carried out by Yong, Jin
(2012). The studies on the inclined column and beam connection that appears
frequently in the complex-shaped structures are not sufficient in comparison to those
on the conventional structures so that the structural safety and the behavior are not
clear yet. In this study, the fracture potential and local buckling which can occur
around the connection are examined and the results will be applied to investigate the

connection capacity.

According to (Yong-Wan Kim, 2012), there exists a tensile or compressive stress in

the beam connected to the inclined column exists increasing with respect to the
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inclined angle. The axial force that distributed horizantally from the inclined column
affects the stress and strain distribution in the beam directly which cause the resisting
capacity of beam against the flexural deformation changes. Although the amplified
amount of force was applied to the model, which means that the inclined angle of
column is unrealistic, the results of this study proved that the horizontal distribution
of the axial force in the inclined column affects the potential of fracture at the
connection by causing early yielding, and that it also delays or facilitates flange local
buckling. Therefore, it is possible to conclude that the extra check for the inelastic
behavior, local failure and buckling shall be considered when the inclined column-

beam connection is designed (A.M Tarbia, 2014).

Since this study deals only with the strain distribution and local buckling of beam
flanges, it is still necessary to check fatigue at the connection, because they are also
crucial for the seismic performance of structural members, and sensitive to the
amount of axial stress around the welded connection joint. Furthermore, a full scale
experiment shall be performed to prove the prediction of behavior from finite element
analysis. A crucial step in any implementation of the X-FEM is the definition of the
nodes to be enriched as a result of the crack and mesh geometries. (E. Giner a, 2008).
The FE model is also applied to analyze the effect of moment gradient on distortional
buckling. It is found that the distortional buckling strength of beams is increased due
to the presence of moment gradient (Cheng Yua, 2006). The boundary conditions
applied vary widely, generally producing excessive femoral deformation, and

although it has been shown that the muscle forces influence femoral deflections and
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loading, little consideration has been given to the displacement constraints (Speirs,
2006). The locations for the maximum deflections are obviously dependent upon the
boundary conditions; while the n;aximum deflection obviously occurs at the center
of the simply supported plate, its locations will not be so clear for other boundary

conditions. (Henry Khov, 2009).

2.5 BUCKLING OF SLANTED COLUMN USING EULER’S THEORY

Figure 2.4 Long column with load applied (Apostol, 1973)

Columns fail by buckling when it reach their critical load. Long column can be

analysed using Euler’s Formula.

p n2El
~ (kL)?

The ‘L’ in this equation symbolizes length and ‘P’ symbolizes the allowable load

before buckle. As the length increases, the allowable load decreases. With shorter
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columns compared to its thickness, one can infer from the same equation above that
the allowable stress on a column before buckling increases as length decreases. The
type of end connections for the column is another important factor in determining

buckling stress.

From pinned-pinned to fixed-fixed to fixed-pinned connection, they are each
represented in the Euler equation with different values of ‘k’ The fixed-fixed
connection increases the allowable stress before buckling more than any of the other

end connections. In construction, it occurs differently for different materials.

SRSt p——

k=0.7 k=05

Figure 2.5 The effective length factors

This factor of material is captured in the Euler’s equation with ‘E” and ‘I, different
material properties. In steel columns, this occurs elastically. This differs for

reinforced concrete.
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CHAPTER 3

METHODOLOGY

3.1. INTRODUCTION

In this chapter, it shows that the study of slanted column can be termed as inclined
beam-column theory which incorporating the inclination of long column. The basic
theory of mathematical and analytical methods is presented and detailed description
of slanted steel column modelled is explained. The mathematical solution has been
carried out by developing the equation of Euler’s method in order to determine the
critical load will be applied on slanted column. After that, the comparison is made
based on the of theoretical value of critical load which cause buckling to the slanted
column. The analysis is conducted to predict the buckling effect on slanted column

by using the finite element software which is ABAQUS software. Nonlinear analysis
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is to study the performance of the slanted column in 5 years onwards. The data

represented in form of graph.

3.2 PRELIMINARIES STUDY ON THEORETICAL APPROACHES

First of all, the new equation of critical load, Pcr has been developed which satisfy
the slanted column condition using Euler’s equation.
Basically, general equation is :-

d’y P

2z E? "

Where, y = Asin(kz) + Bcos(kz),

i = O
an = El i 7

By applying boundry conditions, where z = 0 and y = 0, then B = 0. After that,
subtitute the value of z=L, B=0, then y = A sin (kL) .

Assuming no deflection occurs, then A=0,

P
L= —_ =
k nr - EIL nm
. w2El
- Pcr= Iz

Therefore, the new equation been developed as to determine the critical load for
slanted column by the general Euler’s equation. The cases to be focus on is when then

column has pinned-fixed boundary condition.
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3.2.1 Pinned-pinned boundary condition

LI

L/cos©

Figure 3.1 Structure with fixed end support condition

By taking Moment dueto P at X ;

M =M, - Py
d%y
Eld—x2=Mo—Py
dz}'_Mo Py
dx?2 EI EI
A0 g8.
Let, El_k
d?y M
Y 2, —Mo,2
dx2+ky Elk

From y=CF+PI,

M

CF = Acos(kx) + Bsin(kx) , PI= +
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M
y = Acos(kx) + Bsin(kx) + -;,3

Ifx=0,y=0; —%

Differentiate, y = Acos(kx) + Bsin(kx) + ﬂpg

&|&

= —Aksin(kx) + Bkcos(kx)
Ifx=0,dy/dx=0; Bk-=»0
M

C oy =0 —
Sy P cos(kx) + b

M
= —2 (1 — cos(kx))
P
Whenx =L, y =0 ; which L = L/cos®
M
0= ?o (1 — cos(kL))

cos(kL) = 2nn

P
kD 27, k—‘/;;

. _4(cos6)?m2El
ST W)?
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3.2.2 Both Pinned end

Figure 3.2 Structure with pinned end support condition

By taking Moment duetoP at X ;

If, —=k?; 22 + k2EI = 0

CF = Acos(kx) + Bsin(kx)

FI

i
(=

Then, y = A cos(kx) + B sin(kx)
Whenx=0,y=0; A=

If x=L,L=L/cosb,andy=0;
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0 =B sin (kL)

Sin (k1) =0
kl = k = P
= B
P ) ,
—(L)=n since L' = L/cos6
El
n2El (cos6)*n2EI
“ P =7 = Py =
(L')? (L)?
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3.2.3 Fixed-pinned End condition
Euler buckling theory,

Ely" =M = —Py

Ely" + Py =0

= Asi P + B P
y =Asin| |z |x+ Bcos| |- |x

A and B are constants, determined from the boundary conditions,
The boundary conditions are y=0 at x=0, and gives x=L,

The first boundary conditions are y=0 at x=0, and x=L. The first boundary condition

leads the conclusion that B=0, so

_A’ P
y=A4sin| [ )x

Then, insert the second boundary condition, where x=L, thus

El

. P
sin(n) = 0 then, j;L =x

n2El
12

P
y(L) = 0=Asin( — |L
solveP : P, =
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PiN-FixgD
ENDS

TKc 0-%

Figure 3.3 k factor due to pinned-fixed condition

It gives new equation for critical load,

n2El n2El n2El r 2m2El

For = RD)2 =~ (0702 ; VLE y P

Due to slanted column, existence of angle is taken into account, new k is determined.
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'=L/cos©®

Figure 3.4 Structure with pnned-fixed end condition

By substitute new L into critical equation,

2mw2El  2m2El

Pcr

L 2
(cos?)
_ 2(cos@)*n*El
= 5

0.7

" cos@

new
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3.24 Case Study

In this study, the model structure is designed as the slanted column placed at the lower
column and connect with tie connection only. For the Finite Element Analysis,
slanted column substructure with different angle are developed so that different
inclined angles of column could be compared to the normal slanted column. The
substructure will be analysed for various angles of the slanted columns which are 3°,
5°,7°,9° and 15° from vertical respectively. The analysis done in 2-Dimensional by

using ABAQUS modelling software.

The proposed model building that will evaluate in this study as shown in Figure 3.5

below.

Slanted column

N\
Substructure Model »

N

Figure 3.5 Model Building Frame
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3.3 ABAQUS FINITE ELEMENT SOFTWARE

Abaqus is a software suite for Finite Element Analysis (FEA) developed by Dassault
Systémes. The Abaqus Unified FEA product suite is part of the SIMULIA brand and
offers powerful and complete solutions for both routine and sophisticated engineering

problems covering a vast spectrum of industrial applications.

The Abaqus product suite consists of four core software products:-

. Abaqus/CAE - Known as ‘Complete Abaqus Environment’. This is
the interactive GUI for analysis pre- and post-processing.

. Abaqus/Standard — A solution package that utilises implicit
integration schemes, ideal for static and low-speed dynamic events.

. Abaqus/Explicit — A solution package that utilises an explicit
integration scheme to solve highly nonlinear problems, well suited to
simulate brief transient dynamic events such <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>