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ABSTRACT

This paper discusses the problem of design optimization for an I-section profile. The
optimization process was performed using the Abaqus program. The numerical analy-
sis of a strictly static problem was based on the finite element method. The scope of
the analysis involved both determination of stresses and displacements in the profile
and structure topology optimization. The main focus of the numerical analysis was
put on reducing profile volume while maintaining the same load and similar stresses
prior to and after optimization. The solution of the optimization problem is just an
example of the potential of using this method in combination with the finite element
method in the Abaqus environment. Nowadays numerical analysis is the most effec-
tive cost-reducing alternative to experimental tests and it enables structure examina-
tion by means of a computer.
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INTRODUCTION

The current trend in technological develop-
ment is to reduce weight, dimensions and stresses
of structural profiles. What is significant here is
maintaining their basic properties such as rigidity,
load-carrying capacity and general strength. An
engineering approach is to reduce material vol-
ume for individual structures while maintaining
its basic mechanical and strength properties at the
same time. A dominant trend which is more and
more intensively developed is design optimiza-
tion. The essence of optimization is to determine
optimal and the most favourable design solution.
In engineering terms, optimization is connected
with re-designing a given structure so that this
structure has smaller overall dimensions, vol-
ume, weight or stresses, but it retains its initial
material and strength properties. The technical
development is aimed at producing parts which
are cheaper, more durable and have improved de-
sign. The optimization process comprises many
factors; however, with the use of the finite ele-
ment method this process is relatively easy and
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requires minimum user’s knowledge depending
on how a given object is to be optimized.

Topology optimization provides information
concerning location of material for a structure in
the workspace such that the structure’s geometry
is the best possible (optimal) with the applied
boundary conditions and load. The optimization
process consists in determining a certain maxi-
mum or minimum of a function, while meeting
specified conditions that limit a given problem. In
topology optimization it is crucial that the region
which is redundant in terms of excessive volume
be effectively reduced by correctly defined loads
and boundary conditions.

There is a relatively great number of scien-
tific works devoted to different optimization pro-
cesses. The problem of optimization of topology,
shape and parameters has been discussed in nu-
merous research publications. The authors of the
works [2, 4, 7, 9] dealt with optimization of dif-
ferent criteria in mathematical terms, developing
solutions based on numerical methods. The au-
thors of the works [1, 3, 6, 8] solved the problems
of optimizing physical processes using the finite
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element method. They discussed the problem of
optimization with respect to structure shape and
common physical phenomena.

The problem discussed in this paper per-
tains to a modern approach to structure analysis
in topology optimization based on the use of the
Abaqus program. Structural profiles which are
widely used in building industry or as a part of
industrial machines should be constantly modern-
ized in order to obtain similar mechanical prop-
erties at reduced weight or limited workspace.
The process of design topology optimization is
an innovative engineering approach which results
in decreasing the structure’s initial volume in the
regions which are not in operation or under load.
The problem of profile optimization using the
Abaqus system still requires a great deal of work
and experience. An example of a real model just
before and after optimization is shown in a figure
below (Fig. 1).

Optimization is usually a one- or multi-crite-
ria based process. With such numerical systems
as Abaqus, the user can perform design optimiza-
tion in several independent categories depending

a)

on a set of given optimization process criteria.
Optimization is applied wherever two or more
given solutions are necessary and possible. This
process is employed to obtain a product with op-
timal properties depending on its desired use.

This paper presents the solution to a numeri-
cal problem of design optimization for a steel
I-section profile using the existing optimization
methods. Additionally, the study is motivated by
the need of developing computer-based numeri-
cal analyses, the results of which highly agree
with those of real analyses.

MATERIALS AND METHODS

The study was performed on a numerical
model of a steel [-section profile prepared in the
numerical environment Abaqus 6.14. The profile
was assigned the material properties of steel com-
monly denoted as ST3S (S235).

The numerically defined material had elastic
properties with the Young modulus in fibre direc-
tion set approximately to E=210000 MPa and
Poisson’s ratio set to v=0.3. The plastic properties
of the material were as follows: the yield point
R_ was 235 MPa, the tensile strength R _was 360
MPa, while the ultimate elongation A was 24%
for the profile wall thickness which did not ex-
ceed 3 mm. The material was assigned plastic-
elastic properties [12]. The analyzed profile had
an overall length of 100 mm. The geometric prop-
erties of the cross section and the 3D numerical
model of the profile are shown in a figure given
below (Fig. 2).

The work of the numerical model was defined
as a static problem, which meant that the object’s
weight and computational time were not taken

b)

Fig. 2. Test specimen: a) cross section of the I-section model, b) 3D numerical model
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into account. The boundary conditions were only
defined for the fully fixed lower edges of the I-
section profile. The load was defined as pressure
acting directly in the central part of the upper sur-
face of the structure. The region under load had
the dimensions of 20x20 mm and was located
symmetrically relative to the model’s support.
The edges were fixed by blocking all transla-
tional degrees of freedom. The pressure acting
on the profile was set to 5 MPa. The discretiza-
tion process was run in several stages. Due to the
fact that there was no possibility of generating
the best possible type of finite element mesh, the
meshing involved performing partitioning direct-
ly on the object. The model was initially divided
with tools for partitioning in order to generate a
mesh with a hexagonal structure (C3D8R with
3 degrees of freedom and 8 nodes with reduced
integration), which enabled obtaining the most
satisfactory results possible. The application of
reduced integration in mesh elements is one of
the oldest methods for offsetting the effect of
blocking. The components of higher order poly-
nomials are eliminated in the solutions, so the
numerical calculation of objects with consider-
able deformations are easier to perform despite
the presence of some zero-energy regions [10].
Next, given the model’s exposure to bending, the
density of each mesh element was increased. The
final operation involved generating a finite ele-
ment mesh for the entire 3D model of the steel
I-section profile (Fig. 3).

The fully defined numerical problem was
analyzed numerically using the Abaqus sys-
tem. The numerical results enabled performing
the key part of this study, i.e. design topology
optimization. All necessary components were
defined in a module for determining optimiza-
tion properties. The analysis assumed reducing

a)

the profile’s volume at the expense of maintain-
ing similar value of the earlier obtained reduced
stresses. A criterion which is constant and nec-
essary to determine topology optimization is
maintaining constant value of the object’s de-
formation energy (this parameter is necessary in
numerical optimization analysis for the process
to be valid). The object’s volume was expected
to decrease by as high as 25% compared to its
initial value. The pre-optimization stresses were
expected to resemble those produced in an opti-
mal solution. The essence of optimization was
to significantly decrease the profile’s volume in
the regions which do not take active part in the
structure’s work and operation, while maintain-
ing similar strength values of the profile.

RESULTS

The numerical analysis enabled determina-
tion of the distribution of stresses and displace-
ments that occur in the model prior to and after
the optimization process. The boundary condi-
tions and continuous load in the form of pressure
applied to the FEM model enabled generating vi-
sualization of stresses and displacements within
the entire model. The distribution of stresses and
the displacements prior to optimization are illus-
trated below (Fig. 4).

The numerical results demonstrate that the
reduced stresses amount to 261 MPa at a dis-
placement of 0.05 mm. Under the applied pres-
sure the beam does not work in an elastic range
as was the case with the preload because the
yield point is significantly exceeded. The sym-
metric bending of the profile enabled determina-
tion of special areas of the structure where the
state of stress is practically insignificant. These

b)

Fig. 3. Preparation of numerical analysis of a model: a) boundary conditions, b) finite element mesh
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a)

S, Mises

(Awg: 7596
+2.607e+02
+2,390e+02
+2.173e+02
+1.956e+02
+1.73%e+02
+1.521e+02
+1.304e+02
+1.087e+02
+8.699e+01
+6.528e+01
+4.356e+01
+2.184e+01
+1.244e-01

b)

U, Magnitude
+5.019e-02
+4.600e-02
+4,182e-02
+3.764e-02
+3.346e-02
+2,927e-02
+2.509e-02
+2,091e-02
+1.673e-02
+1.255e-02
+8,364e-03
+4,182e-03
+0.000e+00

Fig. 4. Numerical results prior to topology optimization: a) stress, b) displacement

areas are located in the region of upper shorter
and lower longer edges of the beam and they are
marked in blue. The highest stresses occur in the
key parts of the I-section profile, i.e. in its central
regions which are fully fixed by the boundary
conditions defining the lower edges. The highest
displacements can be observed in the region of
applied load. The topology optimization analy-
sis was characterized by the “freezing” of re-
gions described by the boundary conditions and
the applied pressure. This means that neither the
edges nor the plane under load can be subjected
to any optimization processes, as they are essen-
tial to the profile’s work. The idea of optimiza-
tion was to reduce material volume in the region
characterized by low bending susceptibility. The
applied topology optimization criteria were only
supposed to ”’slim down” the structure without
smoothing its shape.

The numerical results right after optimization
are shown in a figure given below (Fig. 5).

The numerical results demonstrate that to-
pology optimization is a very promising process.
Decreasing the structure’s volume by 25% will
undoubtedly help reduce both production costs

a)

S, Mises

(Avg: 75%)
+2.730e+02
+2.508e+02
+2.280e+02
+2.052e+02
+1.8242+02
+1.596e+02
+1.368e+02
+1.140e+02
+9.118e+01
+6.83%9e+01
+4.559e+01
+2.280e+01
+1.009e-10

and structure weight. Both the pre- and post-
optimization results demonstrate that the pro-
file’s displacement is 0.05 mm and the stresses
are nearly 261 MPa (before optimization) and
274 MPa (after optimization), respectively. The
level of stresses after optimization increased only
by about 5%, which is still a remarkably good
result given such a high reduction in volume of
the parent material. The paper investigates only
the benefits resulting from the use of numerical
analysis programs in order to focus on a design
and production process. The result is not however
final and cannot be used to define a technological
process, as it only presents the potential of gener-
ating optimal solutions of structure design for a
set of given criteria (describing whether selected
parameters vary or remain constant). The inves-
tigations described in the paper were conducted
using one numerical simulation program based on
the finite element method.

Topology optimization is just a preview of
the potential which could be reached by apply-
ing other optimization criteria such as part shape
optimization to increase strength and mechanical
properties of the structure.

b)

U, Magnitude
+5.224e-02
+4.788e-02
+4,353e-02
+3.918e-02
+3.482e-02
+3.047e-02
+2.612e-02
+2,176e-02
+1.741e-02
+1.306e-02
+8,706e-03
+4,3583e-03
+0.000e+00

Fig. 5. Numerical results after topology optimization: a) stress, b) displacement
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CONCLUSIONS

Numerical analysis is a perfect alternative to
experimental and analytical investigation. The
finite element method is a fast numerical tool
for solving both simple and complex problems.
Compared to traditional methods for determining
stress, strain and displacement, FEM is a promis-
ing tool with great potential for development and
it is currently used by engineers to enhance com-
putational processes.

The use of optimization opens up new pos-
sibilities of improving structures as early as at the
stage of their design.

Given the scarce number of publications
devoted to the problem of topology optimi-
zation by the finite element method, it seems
necessary to gain experience and conduct re-
search on this field.

The numerical analysis led to the formula-
tion of the following conclusions:

e topology optimization by the finite element
method enables illustrating the results of opti-
mal solution depending on preset parameters,

e the results prior to and after optimization can
intuitively help determine process quality,

e topology optimization generates only an ap-
proximate shape of the desired structure with im-
proved properties (e.g. mechanical properties),

e reduction of structure volume can often lead
to a slight increase in stresses, which can oc-
cur right after topology optimization, which —
in many cases — has no negative effect given
the satisfactory results of making the profiles
’thinner” and reducing their weight.

Numerical analysis is a very efficient and ac-
curate process which can provide desired results,
depending on what is required.

Numerical analysis systems are a powerful
tool that enhances the stage of structure design.
Although there are many FEM-based systems
available on the market, Abaqus is one of a few
systems which can define almost every problem
based on physical, chemical as well as mechani-
cal processes. The results of topology optimiza-
tion for a beam subjected to bending demonstrate
not only the applications for FEM but also point
to the necessity of developing optimization pro-
cesses focusing on the technological aspect of
manufacturing.
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