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Abstract

The question of “what type of elements should 25 never fails to pop up in the minds of analystsen carrying out finite
element analysis (FEA). Indeed, the selection @fehts from a variety of different types of elemé@ntpart and partial of FEA.
Initially, only one-dimensional (1D) elements welmeloped. The introduction of two-dimensional (2B) three dimensional (3D)
elements, which came later, greatly increase thmabdity of finite element (FE) programs to modeldasolve complex engineering
problems. Not only do these elements provide ingmant in accuracy of the results but also broudiduhd new challenges which
include evaluation of numerical errors, validity mfsults, setup and execution time as well as la@aputer memory capacity. The
outcome of the analysis is very much dependertieofype of element chosen. The aim of this pap& investigate théactors
influencing the selection of elements in FEA bysaering the effects of different types of elementshe results of FEA. A simple
case study of an I-beam subjected to an asymmetitis carried out by FEA. Three different modefigshe I-beam were prepared
and analyzed separately using 1D elements, 2D elesnand 3D elements. The results of these modais eompared with the
mathematical model of the I-beam. The FEA resdlthese models showed good agreement with thedtiearcalculation despite
the small and negligible errors in the analysimic® the aim of FEA is an effective and efficietiitean to engineering problems, it
becomes a necessity to consider factors such aststal shape, desired analysis results, and coepeapability while choosing the

right element for the analysis.
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1. INTRODUCTION

The popularity of finite element analysis (FEA) ihe
industry, especially aircraft [1], automotive [2-4nd even
civil engineering, has now spread to the acaderiieg].
Though FEA was created to analyze complicated eeging
structures, it is now also used in research toystithple
structural behavior [7, 8] and predict materialpeuies [9].

FEA is the practical application of finite elememtethod
(FEM), which is an alternative method to solve eegring
problems numerically [10-14]. Often, the governemuations
for a structural problem, especially engineeringdtres, are
very complicated. The solution of these sophistidat
mathematical models is very tedious and sometimesr n
impossible. The FEM breaks down the structure small but
finite pieces called elements. Equations are foateal for
each element and the results are combined to otftaifinal
solution to the engineering problem [11-13]. Thécome of
the FEA is therefore greatly influence by the skifi the
analyst to select the right type of element to espnt the
structure. Unfortunately, the ability to select reénts for
effective modeling and analysis is usually gainbdoigh
experience and seldom discussed in literature.

Since the discussion and also the analytical mtaélstify
the effects of elements in FE modeling is lackititis paper
aims to investigate the factors influencing theestébn of
elements in FEA by considering the effects of défé types

of elements on the results of FEA. Since there raemy
different types of elements which, are developed
independently and vary from one finite element (B&ffware

to another, the scope of this research is limitedthe
similarities and differences between one dimensidi®)
elements, two dimensional (2D) elements, and three
dimensional (3D) elements.

2. TYPESOF FINITE ELEMENTS

Though there are different types of elements witlious
shapes, elements in FEA are generally groupeddnt® 1D
element, 2D elements, and 3D elements. They amgnéed
based on their shapes. For example, elements karotathe
form of a straight line or curve, triangle or qukateral,
tetrahedral and many more. The simplest elemera lime
made of two nodes. All line elements, whether gtraior
curved, are called 1D element [10, 11]. Examples1bf
element are truss element and beam element [4, 12].
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2D elements are surface elements with triangleuadrjlateral
as their basic shapes [11, 13, 14]. Examples ofe&ents
are 3-node triangular element and 6-node triangel@ment
[12]. These surface elements can have either regola
irregular shapes shown in Fig -1. 2D elements demep
elements. They are often used to solve 2D elagticitblems
[5, 8, 14].

3D elements are usually used to mesh volumes [1L0THR2y
are derived from 2D elements and are used wherdhane
of the structure cannot be neglected [8]. Gener@y
elements have quadrilateral or hexagonal shapenples of
3D solid elements are 4-node tetrahedral elemedvnote
tetrahedral element, 8-node isoparametric elene¢m{12].
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Fig-1: Typical finite element geometries [15].

3. MODELING AND VALIDATION

A wide flange beam, W460x74 [16], is subjected to a
eccentric load of 1000 kN shown in the Fig -2. Tbad is
applied to one end of the beam about 200 mm framéutral
axis of the beam. The other end of the beam isnasduo be
fixed with no translational or rotational displacemts. The
cross section of the beam and its configurationaliso
illustrated in Fig -2. The beam is given steel gmties. Table
-1 contains the necessary dimensions and matanglepies
[16] of the beam.

Table-1: Wide flange beam W460x74 dimensions and its

properties

Dimension
L (mm) 5000.00
H (mm) 457.00
t (mm) 9.00
t1 (mm) 14.50
t2 (mm) 14.50
W1(mm) 190.00
W2 (mm) 190.00

Properties
Young’s Modulus (N/mr) 200000.00
Poisson ratio 0.30

1000 kN

1 v
k— w1 —|T

()

Fig-2: (a) Wide flange beam W460x74 subjected to an
eccentric load; (b) Cross section of wide flangarbge
W460x74 [17].

Three case studies were carried out separatehherbéam
using 1D element, 2D element, and 3D element awrstio
Fig -3. Commercial FEA software, namely MSC Pataauul
MD Nastran, were utilized for the purpose of tt@search.

Fig -3: FE model of wide flange beam W460x74 using:
(a) 1D element; (b) 2D element; (c) 3D element
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In order to compare the memory and execution tirh¢he
solver, the finite elements used are of the sarnbajledge
length which is 100 mm. Since the load is appli®® 2nm
from the neutral axis of the beam, the load caddmmposed
into an equivalent compressive force of 1000 kN anminent
of 200 MNmm at the centroid of the beam. The samaglihg
condition is applied to all three FE models of theam to
eliminate the effect of loading conditions on theoice of
elements.

The FE models of the wide flange beam W460x74 ar#ied
by comparing the results of FEA with the solutidrifle beam
mathematical model. Theoretical calculations of tream
stresses and displacement are done using Equélied)s[16]
with dimensions and properties as mentioned in &afl
Table -2 shows the comparison between FEA resuits w
theoretical calculation. It is proven that the fesof FEA for
all three FE models are in good agreement with rétial
calculation. Therefore, all the FE models are abergd valid
and can be used for this study.

O == (1)
O == 2)
op ==+ F (3)
8 == (4)
B =21 ®)

2EI

8r =y (60)% + (6m)? (6)

Where, F is the axial loadM is bending momentA is the
beam cross sectional arda,is the beam second moment of
area,o, is the normal stress,, is the bending stress; is the
maximum stress due to the applied logdjs the deflection of
the beam from axial loady,, is the deflection of the beam
from bending momen#; maximum deflection of the beam.

Table-2: Comparison between FEA and theoretical
calculation of stresses and displacement for wialege beam

W460x74
FE Model

Results Theory D °D 3D
Maximum
Tensile Stress | 32.251 | 32.300{ 32.244 31.895
(MPa)
Maximum
Compressive | 245.881| 246.000| 245.703 245.573
Stress (MPa)

Maximum
Beam
Deflection
(mm)

38.132 | 38.100, 38.400 38.400

4. RESULTS

Table -3 shows the comparison of FEA results allldor
1D FE model, 2D FE model, and 3D FE model for wide
flange beam W460x74. Stress results for 1D FEA are
available in the form of bar stresses and are yeafanized
into axial stresses, bending stresses, and comizixiedl and
bending stresses. Axial stresses are stressesodihe fforce
acting normal to the surface while bending stressestresses
due to moment. Combined axial and bending stresses
further divided into minimum and maximum combined
stresses. Stresses for 2D FE model and 3D FE nerdel
displayed in the form of stress tensor. Stresseh sg axial
stresses, bending stresses and combined axial emdinig
stresses must be perceived and interpreted by tlhag/sh
through the stress tensor.

Table-3: Comparison of FEA results between 1D FE model,
2D FE model, and 3D FE model

. FE Model
Analysis Results 1D D 3D
Stress tensor NA Available Available
Bar stresses, Axial Available NA NA
Bar stresses, Bending Available NA NA
Bar stresses, Max | Aailable | NA NA
combined
Bar stresses, Min | A vailable | NA NA
combined
Displacement Available Available Available
Deformation Available Available Available

Both displacement results and deformation for 1Dnk@tlel,
2D FE model, and 3D FE model are available as tastubr
as separate components in the x-axis, y-axis, aadisz
directions. Table -4 displays the deflection of beam in the
y-axis due to the applied load.

Table-4: Deflection of wide flange beam W460x74 at
different beam length

Length of Beam, x Deflection of Beam, y (mm)

(mm) Theory 1D 2D 3D

500 0.4648| 0.4648 0.4523 0.4442
1000 1.6125| 1.6125 1.5948 1.5783
1500 3.5159| 3.5159 3.4920 3.4690
2000 6.1790| 6.1790 6.1496 6.1183
2500 9.6027| 9.6027 9.4745 9.5300
3000 13.7869 13.7870 13.5677 13.6997
3500 18.7319 18.732D 18.6859 18.6329
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4000 24.437q9 24.4377| 24.3861 24.3236
4500 30.9040 30.9041| 30.8470 30.7801
5000 38.1311 38.1313] 38.0351 38.0020

The deflection is taken at 10 different but consiaorement
of the length of the beam. Theoretical values & Heam
displacement are obtained using Equation (7) [16].

_ ML

Sy - (7)

EI

Where G,y is the deflection at the end of the beariy] is

bending momentl. is the total length of the beam, E is the
Young's Modulus of the beanh,is the beam second moment

of area.

It is shown in Table -4 that the deflection of theam in the y-
axis obtained from 1D FE model is closest to trepthtical
value. The deflection of the beam in the y-axisaobfrom 2D
FE model and 3D FE model, although close to eablerot
values, vary slightly from the theoretical valuéeTdeflection
of the beam is plotted against the length of thenbén Fig -4.
It is seen in Fig -4 that the curves of 1D FE mp@& FE
model, and 3D FE model coincides with the theoattitirve.
This shows that the errors are small and can blectegl.

Deflection of Beam versus Length of Beam
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Fig -4: Wide flange beam W460x74 deflection at different
length of beam

Fig -5 shows the manner in which the beam defomueuthe
influence of the load. 3D FE model gives a betliestration
of deformation of the beam than that of 2D FE modBl FE
model gives the simplest illustration of the beagfiodmation
as the beam is modeled as a line at the neutral @ixthe
actual beam. The cross section of the beam is dpplied to
the 1D element. All 3 FE models of the beam shoat the
beam bends upwards due to the asymmetric loading.

The stress distribution in the beam due to theieggbad is
shown clearly in 2D FE model and 3D FE model ofthkam.
However, this cannot be observed in 1D FE mode]. -Bi
shows the stress distribution of all the 3 FE moalelthe

beam. The fringe indicates minimum stress increpdim
maximum stress from blue to red colour respectiv8ince
the load causes an upward bending, the top sudédbe
beam will experience compression while the bottanfase
experience tension. Referring to Equation (3), Huottom
surface will experience minimum stress while the sorface
experience maximum stress. This is correctly indiddy the
colors of the fringe in 2D FE model and 3D FE model
However, the maximum stress at the top surfackebeam is
indicated by green colour instead of red.

ZJ\X ©)

Fig -5: Deformation of wide flange beam W460x74:
(a) 1D FE model; (b) 2D FE model; (c) 3D FE model

The colour red is located at a small spot at tipeetiod of the
beam. This indicates the stress concentrationvahese stress

is multiplied several times of the maximum stress.
Coincidently, this stress concentration area i® dle area
where the load is applied. According to Saint Veisan
principle [16, 18-20], elements near the points lo&d
application are expected to experience very langesses
while stress distribution for the rest of the cresstion of the
beam may be assumed independent of the actual aiddad
application.

The Saint Venant’s phenomenon of stress concenmtrdtie to
static loading can also be explained by Equation Iflthe
area of load application is reduced, the stresshat area
increases. Hence, if the area approaches zero,sttiess
become infinite. Therefore, the maximum streseflieam is
computed at the top surface according to the Feekoimula
[20].
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Fig-6: Stress distribution and deformation of wide flang
beam W460x74 (side view): (a) 1D FE model; (b) 2b F
model; (¢) 3D FE model

Table -5 shows the execution time and computer mgmo

required to run the analysis of 1D FE model, 2D rrédel,

and 3D FE model. 3D FE model takes up the most mgmo

and the longest execution time. 1D FE model usedighst
computer memory and requires the shortest exectitian

Table -5: Memory Usage and Execution Time of FE Model

FE Model
1D 2D 3D
Memory usag€mb) 15.219 97.125 163.031
Execution time(s) 2.770 5.660 10.795

5. DISCUSSION

The errors in FEA results of 1D FE model, 2D FE slpdnd
3D FE model are due to the different “character#stiof 1D
elements, 2D elements and 3D elements.
“characteristics” are simply different assumptionade in the
computation of the elements. The mathematical mddel
compute stresses and deformation of beam presentadst
undergraduate textbooks, such as Beer [16], M, [and
Young [19], is that of the assumptions of 1D eletaen
Therefore, the results of 1D FEA are very similarthose
obtained by theoretical calculation. For exampldgeam in
compression will experience uniform decrement irgte and
increment in width throughout the member regardigfsthe
mode of load application. Clearly, this assumpti@s been
proven flawed by Saint Venant's principle. 2D an® 3
elements, which consider plane stresses such as stress,
produce stresses and displacement values whichatdevi
slightly from the solution of 1D mathematical madel

However, to overcome the phenomenon of Saint Vénant

principle, an improved method of load applicatidrowld be
adapted.

These

Due to the consideration of plane stresses in 2B 3D

elements, the results obtained are more detadrmg of stress
distribution and displacement. The
extraction of FEA results for 2D FE model and 3D rRBdel
also become more tedious compared to 1D FE modw.
importance of the detail results in 2D and 3D FEAthe
identification of location of stress concentratisnich may
cause fatal failure of the structure.

In terms of accuracy, all three FE models whicle, 8D FE

model, 2D FE model, and 3D FE model, display rédidfEA

results. Since FEA is a numerical method, it isested to
have small but acceptable errors. Although 1D etgme2D

elements, and 3D elements have different charatit; the
small errors in their FEA results proved that tlrewsiacy of

the FEA results is dependent on the element sihéchnis

defined by the global edge length. The qualityhaf inesh has
to be refined until a mesh independent result taiobd.

The choice of elements for FEA, therefore, depéangely on
the geometry of the structure. Not all structurem de
modeled using 1D element or 2D element. 1D elensemsed
for long and slender symmetrical structure withfomn cross
section. 2D element is used for plate or shell kteicture
while 3D element is used for structure with compdeometry
which cannot be simplified for analysis.

Since the form of FEA result is very much influeddzy the
type of elements, the desired analysis result besoome of
the deciding factor for the selection of elememtdhe early
stage of FE modeling. If a detail analysis in whihk stress
distribution due to the applied load is requiredert 2D
element or 3D element are of better choices. 1Dnete,
however, can still be used for rough and quicknestiion of
overall factor of safety for the engineering stanet

Lastly, the choice of element for FEA also dependsthe

analysis time and memory capacity of the compuwailable.

Since all three FE models produced reliable FEAIltesthe

execution time and computer memory becomes thedideci
factor. It is always better to carry out the analym the

shortest amount of time with the smallest compuatemory

required so that the engineering problem can beedol
effectively and efficiently. In this case, modelingth 1D

elements is the best choice followed by 2D elememd

lastly, 3D elements.

CONCLUSIONS

Two important parameters in linear static analysiSEA are
stress and displacement. The results, however, tnufer

depending on the types of element used for modellig

difference is due to the different characterisiitiserent by
different elements. Therefore, it is crucial to arsland the
characteristic of the elements in order to optinmmedeling to
achieve accurate and reliable FEA results. Howesiage the
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type of FE elements differ from one FE softwaranother, it
is too immense to cover all the different elemeailable in
all the different commercial software available.

With the advantages and limitations of these elésienmind,
three factors are to be considered when decidintherypes
of elements to be used in FEA, which are the gegnudtthe
structure, desired analysis results, and analymsis frame as
well as the capability of the computer.

The most important factor is the geometry of thiactire. 1D
elements are used for simple analysis of symmétaca
slender structure. Normally, 2D elements are sieffiic for
most of the engineering problems. 3D elements shonly be
used if the structure has complex geometry andéble to be
simplified.

Next factor to be considered is the results requikieit is just
simple and quick analysis on the structural intggriiD
element is the right choice. 2D element and 3D elgnare
used for detail results such as determination ogsst
distribution, while 1D element is used for rougkiraate.

Last but not least is the execution time and memequired
for the solver to run the analysis. If the limitatiis on the
analysis time and computer memory, 1D element éshtbst
choice. If a large computer memory is available,delimg
with 2D element or 3D element is better in the eetiat it
gives a detail FEA result.
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