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Resumo

A presente dissertacdo investiga a otimizacao topologica de elementos tubulares sujeitos a tor¢ao. A
investigacdo concentra-se na aplicagdo de um software de elementos finitos comercial avancado,
normalmente utilizado nas inddastrias automével e aeroespacial, numa aplicacdo em estruturas de

engenharia civil.

Os objetivos desta investigacao sdo avaliar a viabilidade da utilizacdo de software comercial para o
projeto estrutural de estruturas de engenharia civil e validar a utilizacao da anélise de elementos finitos
ndo lineares (NLFEA) apds otimizacao elastica linear. Para tal, foi modelado um tubo comercial de
parede fina e selecionado como caso de estudo e o estudo inclui a convergéncia da malha e a eficiéncia
computacional. A otimizacao da topologia é realizada para uma fracdo de volume de (60%).
Posteriormente, a geometria otimizada € sujeita a analises nio lineares, com o objetivo de avaliar o seu
desempenho sob carga de tor¢do. A anélise indica que, numa fracao de volume de 60%, o tubo otimizado

leva a uma reducao de 32,5% na resisténcia ao torque.
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Método dos Elementos Finitos; Otimizac¢ao Topoldgica; Ago; Tubo; Tor¢ao; Analise Nao Linear.



Abstract

The present dissertation investigates the topological optimization of tubular elements under torsional
loading. It focuses on the application of advanced commercial finite element software typically

employed in the automotive and aerospace industries, to an application in civil engineering structures.

The objectives of this research are to evaluate the feasibility of using commercial software for the
structural design of civil engineering structures and to validate the use of nonlinear finite element
analysis (NLFEA) following linear elastic optimization. To that end, a thin-walled commercial pipe is
selected as the case study and the study includes mesh convergence and computational efficiency. The
topology is optimized for volume fraction (60%). The optimized geometry is then subjected to non-
linear analysis to assess its performance under torsion. The analysis indicates that at a volume fraction

of 60%, the optimized pipe leads to a 32.5% decrease in torque resistance.

Keywords

Finite Element Method; Topology Optimization, Steel; Non-linear Analysis; Pipe ; Torsion.
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1 Introduction

1.1 Motivation

The structural optimization [1], in terms of the sections utilized, has proven to be a particularly arduous
task in fixed structures in an ocean environment. These structures are typically composed of thick
tubular steel elements that are connected by welding [2]. Given their substantial dimensions, the
rigidity of these connections, and the thermal variations of the ocean environment, these elements are
subjected to a considerable amount of torsion [3],[4],[5].This behavior renders the optimization of
sections considerably more challenging, a task that is more suited to tensioned, compressed, or bent

elements.

Notwithstanding the potential benefits of topology optimization [6],[7], including material savings,
improved performance, and advances in manufacturing, its adoption in civil engineering, particularly
in the context of tubular elements, remains limited. The optimization of tubular elements faces several
challenges. These methods often involve complex calculations and advanced software, especially when
considering nonlinear behavior. However, experimental data concerning the topology optimization of
tubular elements under torsion is highly scarce. Conversely, a considerable number of papers have been

published on finite element methods [8],[9].

The following investigation will assess the possibility of employing commercial software, which is
commonly used in the automotive and aerospace industries, for the structural design of civil

engineering structures. This work will focus on tubular steel members under torsion[10].

1.2 Objective of dissertation

The objective of the current research endeavors is twofold: first, to assess the feasibility of employing
commercial software commonly used in the automotive and aerospace industries for the structural
design of civil engineering structures and second, to validate the utilization of nonlinear finite element
analyses (NLFEA) [11],subsequent to the linear elastic optimization stage . Additionally, the research

seeks to provide studies that address mesh convergence and efficiency.

1.3 Followed Procedure

In this investigation, numerical methods are employed[12], namely the use of finite element software
incorporating topological optimization algorithms, to optimize the geometry of tubular elements under
torsion. For this reason, a thin-walled commercial pipe was selected for the study. Optimizations were
executed for volume fraction (60%). In the context of the present study, the SIMP (Solid Isotropic
Microstructure with Penalty) method [13], with a penalty factor of 3 was chosen and solved with the
Moving Asymptotes method. The objective was to minimize the maximum design response values. The

non-optimizable domain was established through the delineation of ring regions at the extremities of



the pipe. Hence, non-linear analyses of the optimized solution were then conducted to ascertain its

response [14], [15].

1.3.1 Formalization of the problem

The topology optimization problem under consideration can be outlined as follows:

consider a given design domain Q, within which the material distribution is expressed by the density
variable p(x). Hence, a minimization problem is defined for the objective function F, the state field is
represented by u, and the constraints are denoted by G, with Go < 0 representing the volume constraint

and Gi < o representing the remaining constraints.

min {F} (1)
F=F(u(p),p) = gf, f(a(p), p)dVv (2)
Gy(p) = [ p(x)dV=V, < 0 (3)
Q
G;(u(p),p) <0,i=1,..., M (@)
p(x) = {0,1}, VxQ (5)

1.4 Outline of dissertation

This dissertation is divided into 4 chapters. The present chapter aims to provide an introduction to the
research, highlight the objectives and summarize the modelling and analysis process. In the Chapter 2,
the definition of geometry of the case study, and the procedure for selecting a thin-walled commercial

pipe are elucidated.

The chapter 3 is dedicated to the exposition of the process, encompassing the presentation of the
modeling and linear analysis steps, the application of constraints and loads, and the study of mesh

convergence.

The objective of Chapter 4 is to provide a comprehensive explanation of the optimization process with

volume fraction reduction and the optimization results with linear analysis.

The Chapter 5 will present the optimization results with linear analysis and non-linear analyses of the

optimized pipe, along with the conclusions that were derived from these analyses.



2 Case-Study

2.1 Geometrical definition

The initial step in this procedure is the selection of a thin-walled commercial pipe.

The following rule is used to determine whether a section can be treated as thin-walled:

RT’" > 20 )

Where:

e R,: Mean radius of the cross-section. It represents the distance from the center of the section
to the midline of the wall.

e t: Thickness of the wall.
R,, = (406.4/2)-4=199.2 mm

t<9.96mm

t=8 mm

The pipe in question was obtained from the "CHAGAS" table, see Table 1, with a diameter of 406.4

mim.



Table 1. "CHAGAS" table (hot-rolled structural round pipes).

Tubo Estrutural Laminado a Quente

CHAGAS Redondo
n 1
MNorma Dimensional - EN 10210-1
" " Material $355 12 H
ey

M A L i Wel Wpl It Cct 5
mm | mm_| Kg/m am' | em? cm em’ [lenem!| em® | em® | mift
193,7 | 63 | 291 | 37,00 | 1630 | 6,600 | 1663 | 2213 | 3260 | 336,6 | 209
1937 | 80 | 365 | 4667 | 2016 | 6572 | 2081 | 276 | 403L | 4162 | 16,61
1937 | 100 | 453 | 57,71 | 2442 | 6,504 | 2521 | 3378 | 4883 | 5042 | 1343
1637 | 12,0 | 53,8 | 68,5 | 2099 | 5,438 | 2932 | 196,80 | Sa78 | 5863 | 11,32
1937 | 14,0 | 62 | 79,04 | 3210 | 6,373 | 33L,4 | 453 | 6418 | 6628 | 9,808
2191 [ 3.6 191 2437 | 1415 | 762 | 1292 | 1672 | 2830 | 256,4 | 35%6
29,1 | 50 | 264 | 3363 | 1928 | 7572 | 176 | 2292 | 3456 | 352 | 26,07
2191 | 63 33,1 | 42,12 | 2386 | 7,537 | 2178 | 2854 | &77 | 4356 | 20,82
219,1
19,1
2191

80 | 41,5 | 53,06 | 2060 | 7,90 | 2702 | 35,7 | 5919 | 5403 | 16,53
10,0 | 515 | 6560 | 3508 | 7,401 | 3285 | 43,6 | 7197 | 656, | 13,35
12,0 | 613 | 73,07 | 4200 | 7,33 | 3834 | 5153 | 8400 | 766,8 | 11,3
2445 | 50 | 295 | 37,61 | 2699 | 6,460 | 2207 | 286,8 | 5397 | 4415 | 26,01
44,5 | 60 | 353 | 4496 | 3198 | 8,435 | 2616 | MLA | 6397 | 5033 | 77
2445 | 80 | 4,7 | 5944 | 4160 | 8,366 | 40,3 | 47,6 | 8321 | 680,1 | 16,46
284,5 | 100 | 578 | 73,67 | 5073 | 8,298 | 415 | 550, | 10150 | 630 | 13,28
244,5 | 12,0 | 698 | 67,65 | 5938 | 8,231 | 4858 | 649,3 | 11880 | 9715 | 1L16
2445 | 140 | 796 | 1014 | 6756 | 8,164 | 5528 | 7447 | 13520 | 1106 | 0,652
2730 | 50 | 33 | 421 | 3781 | 9,477 | 277 | 359, | 7562 | 554 | 2595
23,0 | 60 | 395 | 5033 | 4487 | 9,842 | 3287 | 4278 | 8974 | €574 | 21,71
23,0 | 80 | 523 | 666 | 5852 | 9,373 | 4287 | %62 | 11700 | 8574 | 164
273,0 | 10,0 | 645 | 62,62 | 7154 | 6,305 | 524,01 | 692 | 14310 | 1045 | 13,2
273,0 | 120 | 77,2 | 93,39 | 639% | 9,237 | 6I51 | B8 | 16790 | 1230 | 114
273,0 | 140 | 894 | 1139 | 9580 | 917 | J0L6 | 940 | 19160 | 1404 | 9,51
323,9 | 50 | 39,0 | 50,00 | 6368 | 11,08 | 393,53 | 5085 | 12740 | 786,6 | 25,88
3239 | 60 | 47 | 5902 | 7572 | 11,4 | 4676 | 606,4 | 15140 | 9352 | 2163
323,9 | 80 | 623 | 79,39 | 9910 | 11,17 | BIL9 | 795,5 | 19620 | 1224 | 16,33
3239 | 100 | 77,4 | 9,60 | 12160 | 11,1 | 750,7 | 9857 | 24320 | 15,01 | 13,14
3239 | 12,0 | 923 | 1176 | 14320 | 11,04 | 8842 | 1168 | 28640 | 1768 | 11,02
3239 | 140 | 107 | 1363 | 16400 | 10,67 | 1012 | 1345 | 32780 | 2025 | 9,51
3556 | 60 | 517 | 650 | 10070 | 12,3 | 5664 | 7334 | 20040 | 1133 | 216
3556 | 80 | 696 | 67,36 | 13200 | 12,09 | 7425 | 966,8 | 26400 | 1485 | 16,29
3556 | 10,0 | 857 | 108,56 | 16220 | 12,07 | 6125 | 1185 | 32450 | 1825 | 13,11
3556 | 12,0 | 102 | 1295 | 16140 | 12,16 | 1076 | 1417 | 38280 | 2153 | 10,88
3556 | 14,0 | 118 | 1502 | 21950 | 12,00 | 1235 | 1635 | 43900 | 2469 | 9,472
3556 | 16,0 | 13¢ | 1707 | 24660 | 12,02 | 1387 | 1847 | 48330 | 2774 | 8,3%7
60 | 992 | 7547 | 15130 | 14,16 | 7445 | 067 | 30260 | 1489 | 2155
$0 | 786 | 1000 [ 10870 [ 1400 | 978 | 1270 | 39750 | 195 | 1624
8064 | 10,0 | G676 | 1245 | 24480 | 14,02 | 1205 | 1572 | 48950 | 2409 | 13,06
4064 | 12,0 | 117 | 1487 | 28940 | 13,05 | 1424 | 1867 | 57670 | 2848 | 10,94
4064 | 140 | 135 | 1726 | 33260 | 1388 | 1637 | 2157 | 66520 | 3274 | 9,424
4064 | 160 | 15¢ | 1952 | 37450 | 13,81 | 1843 | 2440 | 74900 | 3685 | 8,268

A pipe with a diameter of 406.4 mm and a length of 5 m was assumed. The geometric characteristics of

the pipe are shown in Table 2.



Table 2. The geometrical characteristics of the pipe.

t 8 mm
D 406.4 mm
R 199.2 mm
Ry 195.2 mm
R, 203.2 mm
L 5 m
Iy 397477855.70 mm+
Ay 124660.4 mm?2

Where

t: Wall thickness of the thin-walled pipe.
D: Diameter of the pipe.

R,,: Mean radius of the cross-section.
R;: Inner radius of the pipe.

R2: Outer radius of the pipe.

L: Length of the pipe.

Iy: Polar moment of inertia.

A,,: Area bounded by the center line of the wall.

2.2 Material definition:

This case study’s pipe was made of Grade 50 steel according to the ASTM A572/A572 M standard. This
law specifies a minimum yield strength of 345 MPa, the minimal ultimate strength of 450 MPa [10] ,

see Figure 1.

00, ASTM A572-Gr50 Steel Prop. Ao Abaqus:
B Elast.
450 B 200000 0.3
- r
400 = - Yield. Stress Plast. Strain
o= 345 0
.-
350 o=t 450 01783
T 470 0.2483
300 ||
T I
S 250
N
200 |
I
150 *
1 = # = Proposed mode! 3, Trilinear with ficticious hardening
100 |
I
50 *
I
o4
0

Figure 1.A572 Gr50-Steel law



2.3 Torque Resistance

The second step in the process is to calculate the torque resistance T [16]. This is achieved by employing
Bredt's first formula for thin-walled closed sections. The formula requires the specification of 4,,, which

is the area bounded by the centre line of the wall, and t which is the wall thickness.
TRZTmax*z*Am*t (2)
The maximum shear stress is as follows:

Ty = f—z = 200 MPa (3)

T = 3989 KN.m



3 Modeling

The objective of this section is to provide a comprehensive presentation on the modeling, optimization,
and analysis steps involved [10]. To that end, a case study has been selected for examination. The A572
Grade 50 steel pipe with symmetrical holes meticulously drilled along the length of the pipe, thereby
creating areas of variation in internal stress, as illustrated in Figure 2, has been selected for analysis.
The pipe's dimensions are as follows: a length of 5,000 mm, a diameter of 406.4 mm, and a thickness
of 8 mm. It contains 28 holes, each with a diameter of 40 mm. Thay are distributed in seven planes
perpendicular to the longitudinal axis, with four holes symmetrically distributed in each plane. It has

been determined that the distance between the levels is 500 mm, and the distance from the end of the

pipe is 1,000 mm.

Figure 2. Case-study pipe

3.1 Modelling and (Material) linear Analysis

Because the goal of this analysis is to apply topological optimization, linear analysis was chosen to be
used to simplify the process of initial analysis[17],[18]. Subsequent to obtaining the optimized model,
nonlinear analysis is utilized to examine the static response of the model. It is important to note that,
as by-standard, N, mm and MPa (N/mmz2) units have been used. The chosen software for this work was

Abaqus and Tosca for Topology Optimization of Steel [10].

Initially, the file is opened and saved. Subsequently, the path for storing the model files is selected from
the "Set Work Directory" option. Thereafter, in the dialog titled "Create Part” the name "work_piece"

was defined. In the following steps, "3D" was selected for the modeling space, "Deformable"” for the type,



“Shell” for Shape in Base Feature and “extrusion” for Type. The auxiliary grid approximate size has been

defined as 1000 mm.

Using “Create Circle: Centre and Perimeter”, the coordinates of the center point (0,0) and one point on
the perimeter (0,203.2) are introduced to draw the circle. Within “Edit Base Extrusion” dialog 5000
has been defined for depth. With “Create Datum Plane” one can introduce auxiliary datum plane YZ
Plane and XZ Plane. Thereafter, use each plane to draw the circles to create the holes as reported in

Figure 3. “Create Cut Extrude” command has been used.

Using “Create Circle: Centre and Perimeter” in the Sketch module. For the hole in the middle of plane
the coordinates of the center point (0,0) and one point on the perimeter (0,20) are introduced to draw
the circle. The "Linear Pattern" command has been used for the remaining holes. The spacing between
the circles and the number of circles is introduced to draw the circles. Accordingly, the task of creating

the holes has been accomplished, see Figure 4.

4= X Sketch the section for the extruded cut Done 1775 smauLI[

Figure 3. YZ plane
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Figure 4. Final defined pipe

It is imperative to consider the pipe ends as non-optimizable domains of the steel pipe , this is essential
to ensure the uniform distribution of stress. Hence, the area within a distance of 406.4 mm from the
pipe's extremity was be considered non-optimizable domains of the steel pipe. Topological optimization

was be implemented within the middle domain.

With “Create Datum Plane” one can introduce an auxiliary datum plane XY Plane with offset 406.4 from
the principal plane for the first partition and an auxiliary datum plane XY Plane with offset 4593.6 for
the second partition. The “Partition Face: Use Datum Plane” command has been used to create
partitions. Partitions for the pipe's edges have been created. These rings are considered non-optimizable

domains of the steel pipe. See Figure 5.

D’S SiMmuLIA

Figure 5.Creating the limits for non-optimizable domains



The linear material law must be inserted within the "Create Material" option of the "Module Property"
tool. In the dialog titled "Edit Material” the name " A572 Gr50-Steel " has been defined [10]. The A572
Gr50-Steel constitutive law was initiated by first selecting the Mechanical Elasticity option. Then, the
relevant parameters were entered. The values of 200 x 103 for Young's modulus and 0.3 for Poisson's

ratio have been entered into the appropriate fields.

In the “Create Section” dialog, a section named “pipe” was created, and its Category (Shell) and type
(Homogeneous) were defined. After that, the shell thickness was defined as 8 and “A572-Gr50-Steel”
was selected as the material. Hence, the "Assign Section" option should be applied after the whole model

has been selected and "Done" has been selected. This process is illustrated in Figure 6.

4= X Select the regions to be assigned a section ( (B Create set: ) [Done Sets.. 35 simuLIA

Figure 6.Assigned section to the pipe.

The following step was to "Create Instance" within the Assembly Module. As shown in Figure 7.
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Figure 7.Creating the instance

The "Create Step" option has been selected to define the procedure type as "General," and subsequently
as "Static, General". The Maximum number of increments has been defined as 10,000, and the

Increment size Initial and Maximum has been set to 0.01.

3.2 Application of constraints and loads

The utilization of a coupling serves to apply loads and boundary conditions to a designated point, which
is subsequently propagated to a broader area. In the context of our study, the coupling is employed to

apply a force to a reference point (RP) that is coupled to the surface of the pipe's edge.

The reference points RP-1 (0, 0, -406.4) and RP-2 (0, 0, 5406.4) have been created in the Assembly
Module. Module Interaction has been activated. In "Create Constraint" dialog Constraint-1 has been
defined as the name and Coupling has been selected as the type before continuing to select RP-1 and
the opposing surface of the pipe section. The coupling type was set to "kinematic," and all constrained
degrees of freedom were activated. The process should be repeated for RP-2, with one modification:
only U1 and U2 displacements were constrained in "constrained degrees of freedom". This process is

illustrated in Figure 8.

11
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Figure 8.Creating Coupling

The "Create Load" option in the Load Module was selected. The "Moment" has been defined as the
name, and the "Moment" has been selected as the types of selected steps, where "Step-1" has been
chosen. The category has been set as "Mechanical", After that, PR2 was selected, and a value of

3.98913E+08 was declared for "MC3", see Figure 9.

Figure 9.Creating the load

In the Load Module, the “Create Boundary Condition” is activated. Then, “Restrain” was created with
the following properties: “Initial” step, “Mechanical” category and “Symmetry / Antisymmetry /
Encastre” was the option for “Types for Selected Step”. Following the selection of PR1 the option

“Encasrte U1=U2=U3=U4=U5=U6=0"is chosen, See Figure 10.
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Figure 10.Defined restraints

3.3 Mesh convergence study

The goal of this study is to determine a mesh size that will produce real-world results with a minimum
of computational effort. In this study, triangular finite elements were first considered and nine mesh

options were tested for the entire pipe to evaluate the most efficient mesh refinement.

Table 3. Tested meshes

Number of elements

1914 Elements
Size 57

A A R Y A R A A A A A A A A A AR A AT AR 2652 Elements

Size 50
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3108 Elements
Size 45

4032 Elements
Size 40

5076 Elements
Size 35

7310 Elements
Size 30

10200 Elements
Size 25

16064 Elements
Size 20

28390 Elements
Size 15



The simulation was repeated, and Von Mises stress values were recorded at the midpoint of the pipe for

each mesh level. The following curve has been delineated, see Figure 11.

328
327.5
327
326.5
326
325.5
325
324.5
324

Von Mises stress values[Mpa]

3235

—0
323

0 5000 10000 15000 20000 25000 30000
Number of elements

Figure 11. Curve (Von Mises stress values [Mpa], Number of elements)

A value of 20 has been selected for the element size with 16064 elements in the mesh, with the objective
of minimizing computational effort[21] . This determination was made through a detailed analysis of
the previous curve, which revealed that the mesh level corresponding to the value 20 for element's size
produced only a marginal increase in the value of von mises stress. In contrast, a substantial rise in the

number of elements was observed.

Ensuring the accuracy and independence of the simulation results from the mesh size is imperative. To
this end, it must be noted that the value of ¢ at the free end of the pipe is the parameter that will be used
to compare with results extracted from Abaqus for each level of mesh at a later stage. The value of ¢ has

been calculated using the following formula:

_ Tr*s 1)
¢ = 4xAZ +G+t 4

where:

Tr: torque resistance.
A,,: area bounded by the center line of the wall.

t: Wall thickness of the thin-walled pipe.
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@ :angle of twist per unit length.
s perimeter of the centerline of the wall

G shear modulus

G=— (5)

2(14v)

G =~ 81000 N /mm?

Modulus of elasticity
E =210 000 N/mm?

Poisson’s ratio in elastic stage
v=203

For the specified object, the curve (Tr, ¢) has been delineated, see Figure 12 . Subsequent analysis was
conducted to ascertain the extent of conformity between the theoretical curve provided by Bredt's theory

and the curves extracted from Abaqus for the 20 mm and 57 mm mesh levels.

Recording the results extracted from Abaqus allows for the tracking of how the value parameter changes
as the mesh is refined [22]. This ensures that the simulation results are accurate and independent of

the mesh size.

450
400
350
300
250
Bredt's theory

200
—@— size 20

Tr [KN.m]

150
size 57
100 —

50

0 0.002  0.004 0006  0.008 0.01 0.012 0014
@lradian/m))

Figure 12. Curve (Tr [KN.m], ¢[radian/m])

By studying the curves in Figure 12, it was found that the theoretical straight line matches the same one
extracted from Abaqus for the 20 mm mesh level, which means that the simulation results are accurate

and independent of the mesh size.
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In order to adequately ascertain the level of refinement, it is imperative to take into consideration a

range of factors, including but not limited to computational resources and time constraints[20].

In the Mesh Module, the option “Part” was activated and “Seed Part” was selected. The approximate
global size has been defined as 20 mm. Following the activation of the "Assign Element Type", the
entirety of the model was selected and the option "tri" was chosen. Upon opening the Element Type
dialogue, the options "linear" for Geometric Order, "Shell" for Family, and "Tri" Triangular for element

shape were selected.

In the Module Job the “Create Job” option was selected. In “Parallelization” page, the option “Use
multiple processors” was activated and “4” processors were required to reduce the calculation effort. In
the "Job Manager," the "Data Check" option was selected in order to initiate the analysis of the Input
File, and the "Monitor" option was subsequently selected in order to access the results. A thorough
examination of the obtained results reveals the presence of high local stress points in some finite

elements due to numerical error, see Figure 13.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)

] +6.430e+02

] +6.133e+02
+5.836e+02
+5.538e+02
+5.241e+02
+4.944e+02
+4.646e+02

+4.349e+02
+4.052e+02
+3.754e+02
+3.457e+02
+3.160e+02
+2.862e+02

Max: +6.430e+02
Elem: WORK-PIECE-1.7202
Node: 15343

Figure 13 . Result of linear analysis

Following a series of experiments aimed at resolving the issue, the following modifications were

implemented.

Partitions for the outer limit of the holes have been created with radius r1 = 80 mm. For this, “Partition
Face: Sketch” command has been used and new circle has been drawn with radius of ri= 80 mm in the
middle of Sketch module, using “Create Circle: Centre and Perimeter”. The remaining circles have been

drawn by using “Linear Pattern" command, Figure 14.

The spacing between the circles and the number of circles is introduced to draw the circles. the geometry

is defined as illustrated in Figure 15.
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4= X Sketch partition geometry |Done 25 simuiia

Figure 14 .Creating the partitions
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Figure 15 . Partitioned pipe

In the Mesh Module, the option “Part" was activated, and "Seed Part" was selected. The approximate
global size has been defined as 5. In the "Assign mesh control” option, the "quad-dominated” was
activated after the entire model has been selected. Subsequently, the "Assign Element Type" option was
activated, and the entirety of the model was selected. the options "linear" for geometric order, "shell"
for family, and "quad" for element shape were selected. Then, the option "Mesh Part" was activated, the

selection of the "Yes" option was made to mesh the part, as illustrated in Figure 16.
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Figure 16 .Meshed pipe

The entire pipe (with 5 mm mesh level) was subjected to topography optimization.
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4 Topology Optimisation

The method for TO is designed in the same Abaqus environment and is based on the already modeled

geometry. It should be remembered that the basic units used are N, mm and MPa (N/ mm?2).

In the Optimization module, the "Create Optimization Task" option was selected and the task was
named "TO”. The entire pipe has been selected. After opening the Edit Optimization Task dialog box.
The "Advanced" folder is selected. In the "Material Interpolation Technique", the "SIMP" option has

nan

been activated [23],[24][25] ,and the Penalty Factor was set to "3", Figure 17.

Figure 17 . Creating optimization task

In the optimization module, the "Create Design Response" option was selected and designated "stress."
The "Single-term" option was selected for the "Type" field. In the subsequent step, the entire model was

selected. The "stress" option was selected in the "Edit Design Response" dialogue box.

Within the optimization module, the "Create Design Response" option was selected, and the name
"Volume" was designated. The "Single-term" option was selected for the Type. Upon selecting the

"Whole Model" option, the "Volume" option was selected in the "Edit Design Response" dialog box.

In the optimization module, the "Create Objective Function" option was enabled to generate an
objective function designated as "Min_Max_ Stress"[10].Within the "Edit Objective Function" dialog
box, the objective "Minimize the maximum design response values" was selected as the target. To this
end, the "Name" field was designated as "stress". An objective function that seeks to minimize the
maximum design response is an important optimization formulation. In each design cycle, the
Optimization module first identifies the set of weighted design responses that attain the maximum
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value, and subsequently endeavors to minimize that design response. In numerous instances,
minimizing the maximum design response yields a satisfactory solution because it reduces the
maximum of a number of design responses. In the present study, design responses are defined from the
stress in multiple regions of the model. The objective is to minimize the maximum design response

attempts to minimize the stress in the region that exhibits maximum stress.

In the next step, the optimization module is utilized to generate a constraint, designated as "Red_Vol."
Within the "Edit Optimization Constraint" dialog box, under the "Design Response" section, the
"Volume" has been selected for the "Name". Additionally, within the "Constrain Response" section, the

"Fraction of Initial Value" parameter has been set to "0.6".

The "Create Geometric Restriction" option was enabled within the optimization module. The designated
name for this option is "Rings," and the "Frozen area" parameter was selected for the “Type”. Therefore,
the non-optimizable domain has been created by defining ring regions at the extremities of the pipe

manually, as illustrated in Figure18, 19.

Figure 18. Ring regions as non-optimizable domain
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4= X Select frozen area region ( @ Create set: [HIEE ) [Done] Sets.. 5 sipmuLIA

Figure 19. Defined non-optimizable domain

In the Job module, the "Create Optimization Process" option was selected. However, in order to define
the optimization process, it was necessary to utilize the "Edit Optimization Process" dialog box. Within
the "optimization" folder, the value of "50" was designated for the Maximum cycles, and in the
"Parallelization" folder, the "Use multiple processors" option was selected and set to "4". In addition, in
the Job module, the Optimization Process Manager module, the "Validate" command has been selected
to start the Analysis Input File. After solving all the problems with errors and warnings. the "Submit"
option was selected in the "Optimization Process Manager to start the Tosca Structure pre-processor.
The “Monitor” was activated to follow the cycles. It should be noted that in the Monitor dialog box, the
"Monitor" is enabled to follow the steps of the Abaqus/Standard analysis and the “Kill” option can be

used to stop the calculation process.

The "Plot" option can be activated during or at the conclusion of the optimization calculation procedure,
see Figure 20. This option enables the visualization of the evolution of both the constraint parameter

and the objective function.
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Figure 20. Constraint and the objective function evolution of the optimization.

Upon completion, the "Combine" option must be selected to integrate the optimization results from

each cycle. The Submit and Close options must be used consecutively.

In order to draw the "Moment" - "Rotational Displacement" plot, first "Create XY Data" was activated
in module "visualization" and "OBD" Field Output" was selected. In the "Variable" folder, "Unique
Nodal" is selected for Position, and "UR: Rotational Displacement — UR3" is chosen. Next, on the
Elements/Nodes page, "Node Sets" is selected for Method, and "reference_point 2" is selected for Plot.
This enables the display of a curve (time, rotational displacement) on the ordinate. Then, the "Create
XY Data" option was enabled and "Operate on XY Data" was selected. The "Rotational Displacement”
data was already available due to its previous create, only the data for the "Moment" was needed.
Therefore, the "Create XY Data" option was selected, and "ODB field output” was chosen. The steps
previously presented to generate the UR3 data for the node “reference point 1” were then employed.
Two data sets were available for plotting in the "Operate on XY Data" dialogue box: Moment RM3 +
Rotational displacement UR3. Ultimately, the "combine " function was selected. Following the selection
of the operators and the designation of the dataset’s names, the expression was plotted, see Figure 21.
It is necessary to note that for the moment, the values were multiplied by -1 in order to ensure the

positivity.
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Figure 21. Rotational displacement UR3, Moment RM3 plot

The findings suggest a significant challenge in analyzing large data sets. The selection of optimal points

for data extraction has been identified as a pivotal factor in enabling efficient knowledge extraction.
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5 Results and Conclusions

5.1 Optimization results with linear analysis

Initially, the optimization process was designed to undergo a minimum of fifty cycles. However, this to
be proved insufficient. Therefore, the number of cycles was increased to sixty-five. The total number of
cycles required for the optimization process to reach completion was fifty-two. The optimization process
was executed on an Intel(R) Core (TM) i5-13420H @ 2.10 GHz processor with 8 GB of RAM. The
duration of the optimization process was 33 hours. The results indicate that the primary challenges in
optimizing tubular elements subjected to torsion are limited computational resources and temporal

constraints.

5.1.1 Reference case: non-optimized pipe

In order to establish reference conditions for the behavior of optimized topologies, the original pipe was
analyzed. A finite element mesh of 202,063 S4R elements was defined, refer to Figure 22. The rotational

displacements of the linear analysis are displayed in Figure 23, while the stress maps and peak stresses

are shown in Figures 24, 25, respectively.

Figure 22. Mesh for the non-optimized pipe
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UR, UR3

+6.269e-02
+5.747e-02
+5.224e-02
+4.702e-02
+4.180e-02
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+3.135e-02
+2.612e-02
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+1.567e-02
+1.045e-02
+5.224e-03
+3.973e-28

Figure 23. Rotational displacement map for the non-optimized pipe[radian]

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+7.914e+02
+7.417e+02
+6.920e+02
+6.423e+02
+5.926e+02
+5.429e+02
+4.932e+02
+4.435e+02

+3.938e+02
+3.441e+02
+2.944e+02
+2.447e+02
+1.950e+02

Figure 24. Von Mises stress map [MPa]
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S, Mises
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Max: +7.914e+02
Elem: WORK_PIECE-1.8376
Node: 1508

Figure 25. peak values [MPa]

5.1.2 Optimized pipe for the volume fraction (60%).

Once optimized to a fraction of 60% of its original volume (volume reduction 40%) with the goal of
minimizing the stress in the region that exhibits maximum stress. The pipe topology is reduced to the
depiction in Figure 26. The findings of the study indicate the potential for conducting an optimization
procedure that primarily targets zones of lesser engineering usefulness, while exerting minimal impact
on the most stressed areas[23],[26]. This observation aligns with the theory that when a torsional load
is applied to the pipe induces compressive and tensile stresses in perpendicular helical planes that are
45° from the long axis. It is noteworthy that the tensile stress is maximum in a plane +45° from the long

axis and maximum compressive stress occurs at —45°, see Figure 27.

As illustrated in Figure 28, the stress map reveals the distribution of stress throughout the structure.
Figure 29 provides a detailed analysis of stress peaks. As Figure 29 indicates, the presence of localized
high stresses, which are caused by sudden changes in geometry and sharp corners or edges. These

geometric features have the effect of creating stress concentrations.

27



28

Figure 26. Optimized pipe for the volume fraction of 60%

S, 511

SNEG, (fraction = -1.0)

(Avg: 75%)
+8.249e+02
+6.893e+02
+5.536e+02
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+1.467e+02
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-2.603e+02
-3.95%+02
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-8.02%e+02

Figure 27 . Stress map S11 [MPa]



S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+2.161e+03
+1.981e+03
+1.801e+03
+1.621e+03
+1.441e+403
+1.261e+03
+1.081e+03
+9.006e+02
+7.204e+02
+5.403e+02
+3.602e+02
+1.801e+02
+2.267e-06

Figure 28. Von Mises stress map [MPa]
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Figure 29. Peak values [MPa]

5.2 non-linear analyses

5.2.1 Reference case: non-optimized pipe

A non-linear analysis of the entire pipe with a 255,000 S4R elements mesh (with 5 mm spacing) was
executed on an Intel(R) Core (TM) i5-13420H @ 2.10 GHz processor with 8 GB of RAM. The analysis
took two hours and resulted in the rotational displacement and stress maps depicted in Figure 30, 31,

and rotational displacement-moment plot shown in Figure 32.
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S, Mises

SNEG, (fraction = -1.0)
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Figure 30. Von Mises stress map [MPa] (entire pipe)
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Figure 31. Rotational displacement map [radian] (entire pipe)
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Figure 32. Rotational displacement-moment relation for non-optimized entire pipe

The second model, which incorporated perforations with a diameter of 40 mm with a 207,908 S4R
elements mesh (with 5 mm mesh level), was subjected to non-linear analysis and took 9 hours to

generate the results depicted in Figure 33,34,35.
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Figure 33. Von Mises stress map [MPa]
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Figure 34. Rotational displacement map [radian]
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Figure 35.Rotational displacement-moment relation for non-optimized pipe with holes
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5.2.2 optimized pipe

A non-linear analysis of the optimized pipe necessitates the extraction of the optimized surface
mesh[26],[27]. To do so, one must first access the Job module and select the "Optimization Process
Manager. “The "Extract" option in the "Optimization Process Manager" can be utilized to export a
surface mesh that has been optimized. The "Extract Surface Mesh" dialogue box will then appear, and
the user can enter "Opt_surface" as the output name. "Abaqus input file" has been enabled to generate
an Abaqus input file in INP format. The input parameters "iso value " and "filtering" were set to "0.2"
and "moderate," respectively. Next, we need to import the optimized geometry into Abaqus from the
previously exported file in INP format (Abaqus input file). For this purpose, the Global
Standard/Explicit option has been selected. Utilizing the "Import"” and "Model" commands within the
File menu, the *. Inp file will be selected using the File Filter option to initiate the opening of the file.
Then the model is renamed using "save as" from the file menu. The final step entails the application of
loading and boundary conditions to the model, followed by a nonlinear analysis, analogous to the

previous procedure performed on the non-optimized pipe[28].

A non-linear analysis of the optimized pipe with a 389258 S3R elements mesh was executed on an
Intel(R) Core (TM) i5-13420H @ 2.10 GHz processor with 8 GB of RAM. The analysis took fifteen hours
and resulted in the rotational displacement , stress maps depicted in Figure 36, 37 , as well as the

rotational displacement-moment plot shown in Figure 38.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+4.700e+02
+4.331e+02
+3.963e+02
+3.594e+02
+3.226e+02
+2.857e+02
+2.489e+02
+2.120e+02

+1.752e+02
+1.383e+02
+1.014e+02
+6.45%+01
+2.774e+01

Figure 36. Von Mises stress map [MPa] for optimized pipe
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UR, UR3

+2.109e+02
+1.876e+02
+1.643e+02
+1.410e+02
+1.177e+02
+9.444e+01
+7.116e+01
+4.787e+01
+2.459%+01
+1.304e+00

-2.198e+01
-4.526e+01
-6.855e+01

Figure 37. Rotational displacement map [radian] for optimized pipe
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Figure 38. Rotational displacement-moment relation for Optimized pipe-vol 60%
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5.3 discussion the results

The findings indicate that decreasing the optimized tube's volume by 40% results in a 32.5% reduction
in torque resistance and displays a torque resistance of 280 kN.m. On the other hand, the non-optimized
tube with holes, which has undergone a volume reduction, displays a torque resistance of 400 kN.m

and a 3.75% reduction in torque resistance.

The evaluation of the displacements associated with the design capacity indicates that the original pipe
demonstrates a deformation of 11 radians. However, the optimized pipe did not indicate the
deformation because the simulation continued even after the design capacity was reached and did not

give a result, as shown in Figure 39 .

600

(9]
o
o

N
o
o

non-optimized pipe

moment [KN.m]
w
o
o

N
o
o

non-optimized pipe

100 with holes
optimized pipe-vol
0 60%

0 5 10 15 20 25

Rotational displacement [radian]

Figure 39. Rotational displacement-moment relation for (non-optimized entire pipe, non-optimized
pipe with holes,optimized pipe-vol 60%)

5.4 Conclusions

This dissertation investigates the topological optimization (TO) of tubular elements under torsional
loading, focusing on the application of advanced commercial finite element software, typically used in
the automotive and aerospace industries, to civil engineering structures. The primary objectives were
to evaluate the feasibility of using such software for civil engineering design and to validate the use of
nonlinear finite element analysis (NLFEA) following linear elastic optimization A thin-walled
commercial pipe was selected as the case study, and the topology was optimized for a volume fraction
of 60%. The optimized geometry was then subjected to nonlinear analysis to assess its performance
under torsional loading. The results demonstrate that the optimized pipe for a volume fraction of 60%

results in a 32.5% reduction in torque resistance.
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The findings suggest a substantial challenge in the analysis of extensive data sets. With regard to the
latter issue, it has been demonstrated that the selection of the most suitable points from which data

should be extracted is paramount to facilitating efficient knowledge extraction.

The findings further underscore that the predominant challenges in optimizing tubular elements under

torsional loading are constrained by both computational resources and temporal limitations.

The study highlights the challenges of optimizing tubular elements in civil engineering, particularly
under torsional loads, which are more complex to handle compared to tension, compression, or

bending.

The study also underlines the necessity for mesh convergence studies to achieve accurate and reliable
results, as well as the importance of remeshing and controlling mesh distortions during the optimization

process.

Due to the thermal variations of the ocean environment, these elements are subjected to a considerable
amount of torsion. It is therefore recommended that the reduction impacts on fatigue life of optimized

pipe be evaluated. Accelerated testing under operational conditions is imperative.

The findings indicate that TO has the capacity to attain substantial material savings. This, in turn,
results in economic and environmental advantages, including reduced material expenditures,
diminished carbon emissions, and curtailed energy consumption during manufacturing and

transportation.
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