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Abstract

In this paper, multbbjective optimization of railway wheel web profile using bidirectional evolutionary structural
optimization (BESO) algorithm is investigated. Using a finite element software, static analysis of the wheel based on
a standard load casad its modal analysis for finding the fundamental natural frequency is performed. The von Mises
stress and critical frequency as the problem objectives are combined using different weight factors in order to find the
sensitivity number in the method, whi specifies which elements to be omitted and which to be added. The iterative
process is continued until convergence to an a priori specified material volume. The resulted web profiles show that
when the stress is important, material removal is from tiddlmpart of the web, while for frequency as the important
objective, the removal is from near the rim part of the web. The suggested profile, corresponding to equal weight factor
for the objectives, has a better volume and stress state compared tdaadsteeb profile, and has a more uniform
stress distribution. However, higher natural frequency, compared to that of the standard profile, are obtained for larger
frequency weight factors, although with a bigger volume. In the end, considering manufhistwiathe wheel, the

jagged profile resulted from BESO is replaced with a fitted smooth curve and performing the finite element analysis
on it. It is seen that there is an improvement in the obtained objectives for the smoothened profile, withicemsignif
change in volume.
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1. Introduction In terms of the application considered in this work, a
Tonolo ootimization is one of interesting and railway wagon wheel is considered here. Wheels
[ opology. op . . Hng function both as carrying wagon load (statically and
important fields of structural engineering, looking for the . . > )
dynamically), and conducting the wagon in its railway.

best possible placemenf material in the structure so !
. ) o There are different types of wheels based on the type of
that while the loads are carried safely, minimum amount ; . .
agon and loading on them, some of which are shown in

of material is used. For continuous structures, such as 2 . 1 [7]. There are also profiles claimed to be of lesser

and 3D beams, columns, even mistauctures, different . T
methods of topology optimization, such as SIkERlid stress under loading, and Qf standard profiles in different
' parts of the worldg] (see Fig. 2)

Isotropic ~ Material ~ with Penalization) ESO There are few researches regarding the optimization
(Evolutionary Structural Optimization) and BESO 9 9 P
of performance of wagon wheelddirakawa and

(Bidirectional Evolutionary Structural Optimizatioaje ; - :
. - . Sakanoto studied the variation of effective parameters
developed. These methods start with an initial materia : -

: on fracture of wheels [9]. Nielsen and Fredd used the
domain and gradually, add and/or delete matégsifiom ethod desian of exoeriments for optimization of
regions which has great/little positive effect on structuraf" >SIgn P o P

wheels. This justifies our motivation for a new research

performance, which might be measured by stiffness o ) ;
strain energy, stress distribution, etc. Since earl;in this field, especially for applying BESO#03D round

development of ESO byie and Steven [1], it was structure, for multiobjective optimization.
employed for optimizing structurglerformance, such as

buckling [2]. In ESO, only material elimination was s

performed, starting from a sufficiently large continuum, ’\_\ _

and gradual inefficient material removal. It was then ~pRim
changed to AESQAdaptive Evolutionary Structural

Optimization) in which material addition in high ‘G Disc
gradient places was performed. BESO, combined the :

advantages of both, considering simultaneous - ‘
addition/elimination of material. Huang and Xie .5 . 7""

s b4

Radial dimension (cm)

improved the performance of BESO by eliminating mesh

dependency and faciltiag convergence [3], and applied F'/
it to several structural problems, and from there severa

authors used the method for various static and dynamic
optimization of structures, including soffthid
interaction applications [8]. In order to present an
overall comparison of the methods stated above, ESO has
the shortcoming just material elimination, and thus the
initial continuum must be large enough to encounter the 135
expected final optimum configuration. Moreoyence a
material is eliminated during the iitgive process of this
method, it is not possible to bring it back if it would be
needed for the optimum topology. SIMP is quite similar
to BESO, except that it considers a continuous variable
for material existence, which starts at an initial value and
is gradually moving towards 1 (presence of material) or
zero (elimination of material), resulting in the final
topology. The first author
has shown that the success and convergence of the
method is much dependent on how the niatexistence
parameter is updated in each iteration, and it may
diverge. While BESO suffers much less from this . L Lo
problem, by considering a binary material existence In this work, mUItJ'.ObJ?Ct'Ve optimization of the
variable. There are researchers that support eithefVadon wheel, considering  uniformity Of. stress
method, but BESO has gained a poptyasf its own and distribution and natural frequency of the wheel is studied.

o

Strait disc ~ S-shape disc  fright wheel

Fig. 1 Different types of wheel web profiles [
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Fig. 2 (a) Lowstress wheel, (b) EN standard wheel

he met ho

some believe that iBESO Hnatkgene tlseé:tg’rf’th}%eW%dlfBE%%{etgtﬂfgﬁedgi)eci al |

gr L t
considering the latest enhancements, especially Wheﬁ[i'um'c’bJ ctive optimization of the pr

combined with other technSPh i@eéqudqta]il.llpgect' %%f@i{eielgmeg] Pr:?ejglipgi t hms ¢

[6] and static and dynamic analysis of the whee ed to
' extract BESO parameters are explained, and resulted
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optimized wheel web profiles, considering differentin which, C‘Tr . o ¥ e vonMises stress for thehi
weight factors (prioritis) for the objective are presented. elementAs for the dynamic (natural frequency) analysis,
The recommended compromise profile is furtherthe sensitivity parameter is taken to b][1

analyzed, by smoothening the jagged web profile

resulted from FEBESO, in order to take P . '

manufacturability into account. It is shown that thel e 10 VR (3)
modified optimized profile consatably outperforms the

standard wheel profile, at least in the frame of the twa . 1 L
objectives considered in whicho .. , nm  Zm  and b= are the mass,

element displacement vector based on the first mode

2. Method of BESO for multi-objective optimization ~ Shape, mass matrix and stiffness matrix —of the i

In This section, the method of BESO, which is modified€/ement, respectively, and is the first natural

to be suited for the current mutibjectiveoptimization ~ frequency. o _

problem at hand, is explained in detail. Topological optlmlza'qon lookdor a more uniformly _
BESO is an evolutionary structural optimization Stressed structure with the least amount of material.

method with the property of both eliminating the lessTherefore, the optimization problem is stated in its

efficient material elements from the structure, and adding!Mmplest form as follows with a volume constraint

a previously eliminated material elemenmthich now Before combining the sensitivity numbers to a single

proves to be efficient, in each iteration of an iterativeOne for a combinationfmbjectives, they are normalized

procedure. Decision on eliminating or adding elements i1 the interval [0 1] as follows in order to make the

based on an elemenise parameter, called sensitivity combination meaningful

number, which shows the sensitivity of the objective(s)

to the design vaable (here, presence or absence of 15 ]

elements). Formally, BESO tries to minimize a'h# 1 1 (4)
characteristic property of structure volume constraint for ) 5
the structure, as follows 15 Ln 1 ®)
Minimize'Q B 0 1 1

Yo OB¥oe B ww m (1)

in which| y and| y are the normalized sensitivity
number for static and dynamic analysis, respectively, and
the superscripts min and max indicate the minimum and
maximum corresponding sensitivity numbers among all
elements, respectively.

Next, analogous to the comnlation of multiobjectives
into a single one using the weighted sum, the multi
objective sensitivity number for each element of the
structure is defined by

o 7l @

in which f is the objective function\ is the number of
elements,||- is some characteristic property of the ith
element (such as stiffness, vbtises stress, contribution
to natural frequency, e¢.V; is the volume of the™i
element V* is the target volume for the structuemdx;
shows the existence (1) or absence (0) ofttledement
But instead of direct minimization of objective, its
sensitivity to the existence/absence of elements is takenh =R+ T R) (6)
into account, which causes some ilements to die, and
some dead elements to become live, subject to a gradugiwhich_ and _ are the weight factors for the static
evolution of the volume of the structure that approache@nd dynamic objectives, respectively, varying in the

the target volume V* upon convergence. range [O 1], ShOWing the importance of each ObjeCtive.
In this work, the wheel is considered both from static andn the numerical part, these weight factors are related by
from dynamic point of \w. Usually for statc — - P, and are varied in the range to get

performance in BESO, the stiffness or strain energy ofopologies with different priority for the objectives, as it
the structure is the objective. But there are alternative%ill be seen in the next section.

m|n|m|z|ng the average voeNlises stress in the structure One of the main issues in ESO is that since the structure
[10]. It can be shown that these two schemes are almott discretized into elements, the sensitivity numbers,
equi\/aent []_’]_] In the Work, the second scheme is which determine which elements are eliminated or
adopted because the vbfises stress is readily available added, become discontinuous and therefore result a
from finite element analysis. In this regard, the sensitivitycheckerboard pattern (see Fig. 3) in the optimized

parameter of this Objective for tHBeélement is taken as Structure, which is unacceptable from manufacturability
| @) point of view. To overcome this problem in BESO, the
h ”

element sensitivity numbers are redefineddi®ws in
order to smoothen their distribution. This also helps the
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method to become meshdependent (different mesh subdomairy; with its center at the center of the element
sizes give rise to more or less the same optimizednd with a radius ofu#, is considered (Fig. 4). The
structure) 10]. parameter #in plays the role of identifying nodes that
influence the sensitivitpf i" element. It should be large
enough so that at least one element surroundingthe i
element is included in the domain. On the other hand, in
this scheme, the size of the subdomain is kept constant,
: irrelevant of the mesh size. Having the sensitivity
numbers of all nodes in the domain, the sensitivity
i number of ' element is redefined as

Fig. 3 An example of checkerboard pattern in the ES(
method [LQ]
The technique, which is called filtration, goes as follows. B 01 | (10)
First, for every nodgin the domain, the nodal sensitivity | B o1

number is calculated b
y in whichk is the total number of nodes in the subdomain
andw(r;) is the linear weight factor defined by

ithe\lement
— 01 i i 0 plkB &Q (11)
f (?f))\ This filtration scheme helps to eliminatdoth
( m ) checkerboard pattern and mesh dependency. Another
\ ) / problem is the instability in the process, which may show
N 4 oscillations in the evolving topology during the process.
To remedy this issue, the history of evolutions of

sensitivity numbers is taken in&zcount by defining

Fig. 4 Circular subdomain of thd'ielement for | |

smoothening theensitivity numbes | — (12)
o o
| 0 | in whichkis the current iteration number and the updated
sensitivity number is used for the next iteration.
in which M is the total number oélements common at In order to reach the target volum& upon
node j, andw; is the weight factor of thé'ielement given ~ convergence, in the iterative process, a target volume
by Vk+1 is considered for the next iteration, which is changed
step by step until the final target volumdeis reached. It
) P i (8) is this iterative target volume which governs how many
v b p Y B i elements should be added to or deleted from the current

topology. This volume is defined by
with the property © 0 ®@p OY Q phivis (13)
9
0 Y in which ER is the evolutionary volume ratio (€h
) ) . plus/minus sign is for the case where the starting volume
Here, i is the distance from the center Bfdlement g less/greater than the final target volume). This
to nodej. The above definition of weight factors implies 33 meter should be set at a reasonable value so that there
that element sensitivity number has greater effect ofy 5 smooth gradual change of topology from each

closer nodes. Next, these nodal sensitivity numbers afg, ation to next. Once the targetlumecy is reached in
used to smoothen the element sensjtivnumber o, jteration, it is kept constant for the remaining
throughout the mesh. For every elemént circular iterations, i.e.Vis1 =V*.
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To decide which elements to be added or deleted in In the meshing part, a 3D model of the wheel is
each iteration, the sensitivity number of each element fogenerated. First, the cross section of the wheel with a
the whole domain is calculated as explained above, anlolock for the web (which will be emptied later on using
sensitivity numbers are sorted (it should be noted thaBESO) is considered (Fig. 9) as area and is meshed.
void elements also get a nonzermsgvity number  Next, the meshed area is revolved about the wheel axis
based on the filtration scheme). Threshold sensitivityto generate the 3D wheel, with 20 sectors and 8 divisions
numberg and| are considered for deleting and in each sector, made of SOLID185 elements (Fig. 10).
adding elements respectively. For the ith elemept, if ~ TO get the proper mesh size, a mesh sensitivity analysis
\ , then that element is deleted i6 set to 0), and if was d"”?’ W'th.i typical run. The wheel cross septmn was

) divide using different mesh sizes and the maximum von
| ! , the element is added (s set to 1). The Mises stress obtained was taken as the converge
thresholds are set in each iteration so that the targ@farameter. The hardware was an Intel(R) Corei5 system
volumeVi.1 for the next iteration is met-urthermore, a  ith 8GB of RAM. The results are shown in table 1. For
parameter ARax (maximum volume addition ration, i.e. the finest mesh size in the table, the hardware was not
maximum of the ratio of added elements to the totalypje to give a result. Based on the \Mises stress
number of elements in the domain) controls how many;a|yes and hardware limitations, a mesh size of 5 by 5
elements are added in each iteration, in order to avoig5s considered as appropriate for all the analyses.
loss of integrity of topology in case to many elements arg-q, boundary conditions, since the whelelb is
to be added. o connected to the axle almost rigidly, all the

As a convergence criterioboth the target volume gjisplacements and rotations for the inner surface of the
and the combined objective function corresponding tQynheel hole were set to zero.
the combined sensitivity number (i.e. maximum As for the loading, the BS EN_13979 standard
von-Mises stress + negative of the first natural considers different load cases with point loads on the
frequency) are tracked and if their change is less than\gheel rim [16]. e of these cases is for the wheel
certain toleance, then the procedure stops. moving in straight line (Fig. 11). In this case, a vertical

. load of E with a magnitude of 1.25 times the wagon
3. In summary, the flowchart for the multi-objective \yeight per wheel must be applied at the point indicated.

BESO is presented in Fig. S. In order to have a better grasp of whesl interaction
) . L for this loading, part of the rail was modeled and meshed
4. Modeling , analysis, and optimization and was brought into contact with the wheel at the point

. . of .. The external loads on the rail were set in an
Finite element analysis lies at the core of BESOgqiyalent manner so that the standard load Fz would be
Therefore, the usual sequence of introdua@egmetry, n the wheel (Fig. 12). Fahe case study considered
material, meshing, loading and boundary conditions, an ere, a force of £98.8 kNwas applied on the wheel.
analysis used in commercial FE software is explained 5o the model is prepared, two types of analyses

here: : are_done as follows in order to calculate the sensitivity
Fig. 6 shows the cross section of acsa | | -e d nurfib®rs for BESO:
shapedo wheel. 1t is used 1N dfdadaybis®is fefofmbd with B deint S 71 M.

and overall dimensia These dimensions are takenloading to get the voMises stress as the static
from standard no. UIC 515 [13]. In order to have a sensitivity number (Eq. 4).

more realistic wheelail interaction during loading, the 2-To get the frequency sensitivity number, a modal

rim is modeled using the detailed geometry from thifsanalysis is done and based on the mass and stiffness

standard, shown in Fig. 7. The geometry of the web ig5¢rices of elements, and the first natural frequency, the
what wetry to optimize using BESO. But the geometry sensitivitynumber is calculated using Eq. (5).
shown in Fig. 6 is used later on for comparison with the

optimized wheel. _ These two analyses are performed using a macro for
For rail modeling, the geometry is taken from standard,e £g software in each iteration of BESO.

UIC-60, shown in Fig. 8 [15].

Next, the material is defined, which is steel irstbase

with properties E=200 GPla, 1@, and” =7800 kg/m.
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l Start I

A 4

Set BESO parameters

ER. I'min, ARmax, and V#

A

Loop on objective weight

factors mn the interval [0,1]

Consider an*mitial domain

Carry out Ft analysis <

Calculate scn*ti\'it_\' numbers.

normalize and combine

Yes
Rcport topology

No

Rcfresh scnsiti*ity numbcrs

based on filtration scheme

Add/delete elem*nts based on

target volume and addition ratio

1
Set tm‘gct*'olumc for

next itcration

Fig. 5 Flowchart of multiobjective BESO
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Table 1 Mesh sensitivity analysis

Mesh size Total Total Maximum
number number von-Mises
of of stress
nodes elements (Pa)
10mm=10mm 83858 73452  0.77%10°
7.5mm=7.5mm 123538 111852 0.86E10°
5mm=5mm 230578 215852 0.884:10°

758384 NA

2.5mm=2.5mm 782526

Fig. 9 Creation of wheel cross section

Fig. 10(a) A wheel with 20 sectors, (b) 3D meshing of
sectors

Experimenting with the method, the following BESO
parameters proved to be promising for the problem at
hand:
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asymptotically to a final value as the iteration number is
increases. They are comparable to Fig. 3.3 of Ref. 17.

In order to make a comparison between the optimized
wheel and the standard one, an FElel®f the standard
wheel is generated and evaluated statically and
dynamically (Fig. 17). It is seen that the stress
distribution in the standard wheel is less uniform
compared to that of the optimized wheel ( p in Fig.

15. The performance of the stiard wheel and those of
BESO with different weight factors are presented in table
2. It is seen that all the BESO wheels have a somewhat
) ) ) ] lesser volume than that of the standard wheel. The BESO
Fig. 11 Straight path and loading poian the wheel for  \yheels have lower maximum vovises stresses (for

this casg16] higher valus of _ ) andhigher natural frequencies (for
lower values of_ ), than those of the standard wheel,
which is expected.

To introduce a compromise optimum solution, the
profle of C Th @ , is suggested, with a
volume of about 3 percentde than that of the standard
wheel, a lower maximum veNlises stress, and a
comparable natural frequency.

In order to address the manufacturability of the
optimized wheels, the suggested compromise web profile
with jagged edges is considered and the edayes
smoothened with a polynomial curve (Fig. 18). The
modified, smoothened profile is-emalyzed to see how
the performance is changed. Fig. 19 shows theMises
stress distribution for this profile, and the performance
values are given in table 3. & Been that the volume

Fig. 12Equivalent rail loading for standard force on the

wheel increase is negligible compared to the original BESO
vz - ~ o o~ profile. But more importantly, the maximum véstises
W TE6  hi }_éﬁ;nnh oY 05,0 stress is decreased 17.5 percent, and the natural

frequency is increased by 11.5 percent, compared to the
tandard wheel. Thishows the ability of BESO in
aking lighter structures with high performance.

The multiobjective optimization was performed
using weighted sum method and considering weigh
factors _ and _ , for static and dynamic analysis
sensitivity numbers, respectively. .

Fig. 1y3 shows the Fr)esulteg web profile based ons' Conclusion.
different weight factor combinations. It is seen that Wheq
the dynamic response is less important (lower values
_ ), the web is thinner in the mitig but once the critical

this work, multiobjective optimization of railway
heel web profile was investigated using BESO. Static

and dynamic performance of the wheel where analyzed
. o . 'Ssing finite element. Based on the combined sensitivity
of_ ), the web becomes thinner at the rim junction. Thi,, nher and with different static and dynamic objective
could be justified by considering the web like a beam, qjgnt factors, different web profiles were obtained, with
When lower maximum stresses are needed, the beamyeier static and/or dynamic performance compared to
becqm.eg thiker at both ends, which are closer to IoaQsthe standard wheel. The comprismsuggested solution
to diminish the stress. On the other hand, when highi  smoothened profile edges outperformed the
natural frequencies are needed, the beam becom%?andard one significantly. As a final note, it should be

thjcker close to the rigid end (hub) to inc_rease t_hestated that due to lack of enough information and
stiffness and thus the frequency. Another 'nteresm%quipment, it was not possible for the authors to do a

point is that when static response becomes Importante ification of the fimings. It is suggested as a future

C  p,the stress tends to be more uniform throughoufyq i 1o do experiments on the suggested optimal wheel,
the web, which is a good sign that BESO is working. verify that indeed is optimum or close to it.
Figs. 14 to 16 are a proof of convergence of BESO,

for different weight factors. They show thhoth the
volume fraction and voiMises stress reach
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Table 2. Comparison offolume, maximum voiMises

stress and first natural frequency of standard and
optimized wheel web profile

wheel Maximum
web volume von First natural
profile (103 m?) Mises frequency
(Figs. 8 stress (HZ)
& 15) (1CBPa)
Standard 0.1902  0.360 118.6695
o O
fy 1 0.1899 0.355 101.4532
Yo
0.1 0.1895
1y 0.351 103.0177
0.9
Io
0.3
fy 0.1875 0.357 102.60
0.7
Yo
0.5
| 0.1850 0.354 105.0534
0.5
[}
0.7
{y 0.1890 0.597 121.834
0.3
4=
0.9
fy 0.1887 0.764 124.1121
0.1

Fig. 18 Smoothening of the discontinuous optimized
profile, ¥, 05fy 0.5



