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Os processos de solda por fusdo sdo amplamente utilizados na industria naval,
devido principalmente a sua velocidade de producdo e a estanqueidade obtida. Contudo,
alguns problemas podem ser gerados por conta do alto gradiente de calor imposto pelo
processo de soldagem, como distorcdes e tensdes residuais. As distor¢cdes podem chegar
a proporcdes que dificultam a futura unido de pecas, painéis ou blocos. O que torna a
producdo mais lenta e consequentemente mais custosa. O objetivo deste projeto é a
dimunuicdo das distor¢cdes em painéis reforcados por meio otimizacdo da sequéncia de
soldagem. Utilizando um algoritmo genético para otimizacdo e andlises de elementos
finitos para a avaliagcdo das distor¢des geradas, mostrou-se que sequéncias de soldagem
especificas podem gerar distor¢des consideravelmente menores. Além de serem
otimizagdes viaveis em escala industrial quando se considera o tempo gasto na otimizagao

de um painel.
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The fusion welding processes are largely employed in the naval industry, mainly
due to its productivity and obtained water tightness. However, some problems may be
generated due to the high-temperature gradient that is imposed by the welding process,
as distortions and residual stresses. Distortions may reach elevated values, making
difficult the future assembly of pieces, panels or blocks. Therefore, production becomes
slower and consequently elevating costs. The objective of this project is the reduction of
distortions on stiffened plates by optimization of the welding sequence. Using a genetic
algorithm for the optimization and finite element analysis for the prediction of induced
distortions was shown that specific welding sequences might considerably reduce
distortions. Additionally, optimizations may be feasible in the industry when considered

the time spent on the optimization of a single panel.
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1. INTRODUCTION

Welding is the principal assembly method used in marine structures and fusion processes
form the greater part of the welding methods. Ships and offshore platforms may have
thousands of meters of welding, thus its effects become an important aim to the naval
industry. On a structural view, one of the main issues of welding is residual stresses and
distortion, which may drastically influence the structural response of marine structures.
Considering that ships and platforms have a lifespan of 20 years or more, these effects

may become relevant.

Residual stresses and distortion are consequences of the great temperature gradient
observed during a welding process. Therefore, becomes an important subject for the
industry as the ultimate strength may be influenced. Chen [1] analyzed the reduction in
longitudinal ultimate strength due to residual stresses for steel stiffened plates. Using a
model with a simple beam and a plate, Chen found a decrease of 5-7% for different plate
thicknesses. Varying the slenderness of an aluminum stiffened plate, composed by a tee-
bar, a plate and transversal plates at ends, Farajkhah [2] evaluated the buckling strength
reduction. The author found a maximum decrease of 16.5% for these models. Distortions
have a more complex role in structural behavior. Depending on the main direction of
distortion, the strength may be reduced or increased [3]. Although for the collapse of
cracked stiffened plates, the presence of distortions reduces its ultimate strength [4].

Welding sequence has great importance in the final distribution of residual stress and
distortion. Some works showed these relations in simple structures [5-7] using Finite
Elements Analysis (FEA), presenting a welding sequence that generates lower residual
stresses or distortion. Similar studies were carried for more complex structures, as a
stiffened grid [8] and a stiffened plate [9] reaching the same consideration. Although
some simplifications were made in these models to reduce the computational effort. A
small part of authors also uses experiments to study welding sequence [10], as the costs
are much higher than simulations. However, the assessment of welding sequence in
complete complex structures, as stiffened plates, continues a great boundary of current

studies due to computational capacity in FEA.

In order to overcome the computational capacity problem, some methods were developed

as the Local/Global approach. This method is based on the FEA solution for small



portions (Local Models) of a complex structure (Global Model), which are joined together
to achieve the solution of the Global Model. The main advantage is the time used to run
the simulations, which are much lower than a direct simulation of the Global Model.
Local/Global approach was introduced by Michaleris [11] for the prediction of welding
distortion for a stiffened plate. The local simulation used a two-dimensional cross-section
transverse to the welding direction that gives the residual stress distribution. These results
were utilized to determine the elastic buckling and large deformations in the three-

dimensional global model.

Souloumiac [12] also used the Local/Global approach; however, considered a three-
dimensional local model. It was assumed that the plastic strains are located close to the
welding bead and only dependent on thermal and mechanical conditions. This enabled
the computation of the residual plastic strains in the Local Model and extrapolation to the
Global Model. In this work, the Local/Global method was used to optimize the welding

sequence, in order to reduce distortions.

The purpose of the present work is to create a model capable to determine the optimal
welding sequence of a complex stiffened plate. Considering the objective function as the
minimization of average distortion on the base plate. The simulation model is be based

on the Local/Global method and a genetic algorithm to run the optimization.



2. STATE OF THE ART

2.1. WELDING SIMULATION

Welding simulations have been used to study different problems, as residual stresses and
distortions [13-15], cracks [16,17], keyholes [18—-20] and molten pool related problems
[21,22]. Although these works may have different approaches, they tend to have a
common framework. The most important part of a simulation is the theory behind it.
Previously the codes were firstly based on analytical formulations and later on Finite
Differences. However, the most popular codes are currently based on Finite Elements.
Next will be presented the basic and most important components of a welding simulation.

Models

Simulations start with a model, which will bring the real structure to the numerical
language. Therefore, it is essential to build a highly accurate model. The first main
component of the model is the form. For a simple structure, some numerical entries may
be enough to represent the form, like a bar or even a truss. Although, for more complex
structures, it is necessary to use a CAD software.

The second component is the material properties. These are crucial parameters for
simulation, because they carry the responses for thermal and mechanical processes.
However, it is difficult to obtain all parameters for a specific material, the experimental
measurement of these properties become laborious due to the great variation of
temperature. The most common solution is to use the properties of a measured material
from the family. Typical material properties are density, specific heat, heat conductivity,
melting temperature, thermal expansion coefficient, Young modulus, Poisson ratio, yield

stress, ultimate tensile strength and elongation.
Initial and Boundary Conditions

With the model in hands, the next step is to set up the Initial and Boundary Conditions.
The Initial Condition is the temperature field of the model before the starting of the
welding process. Normally, the temperature is homogenous over the model and equal to

the room temperature.



Boundary Conditions have mainly focus on global displacement and it is fundamental to
grant that the model does not have the freedom to move. These movements are divided
into translation and rotation around each axis. Therefore for a three-dimensional model,
it is necessary to cover the six degrees of freedom (three of translation and three of

rotation).

Again, it is important to highlight that the model will represent the reality, thus the
boundary conditions need to represent the real restrictions. If the structure is clamped on
some points or areas of its surface, for example, these characteristics will be taken into

the simulation.

Some Boundary Conditions are difficult to be taken into a simulation, as a simply
supported plate. Fu et al. [23] investigated some cases and concluded that the boundary
conditions depicted in Figure 1(a) are a good approach for a free supported condition.
Later, Caprace et al. [24] studied three boundary conditions during a benchmark for T-
joint welding, using the one presented by Fu and two additional. These boundary
conditions restrict the movements around the six degrees of freedom, but allow the model
to expand freely on x and y directions. The higher restraints are on the z axis, which is
imposed at least on three points. These examples shows how different may be the

representation of reality in a simulation.

Uz=0 Uz=0

U)(:Uv:Uz:O Ux=Uz=0

.UX=UY=UZ=0 Ux=Uz=0. .Ux= Uy=Uz=0 UX=UZ=O. . .
(@) (b) (©)

Figure 1 - Boundary conditions for a free supported butt welding plate. The dots on the edges represent the
constraints that are imposed on a single point. On the last figure, the squares are areas where the constraints are
defined.

The restriction of movement is the focus of boundary conditions; however, there are other
important considerations on this phase. Forces or pressure that are imposed on the model,
are also considered boundary conditions. Forces may be a resultant force that a part of the

structure implies on itself, simplified for the simulation, for example. In the case of

4



submerged welding, under a certain depth, it is important to consider and set the pressure

of surroundings in the simulation.

Especially on welding simulations, more boundary conditions may be considered.
Radiation and Convection are important factors of energy loss during welding. Instead of
the whole energy be directed into the welding itself, some part is lost due to radiation and
convection. Therefore, these boundary conditions may be relevant to a welding

simulation.
Welding Configuration

The next important step is to configure the characteristics of the welding process. Firstly
are the welding parameters, which are mainly linked to the energy of the welding. Voltage
(V) and Amperage (A) indicates the electrical energy amount that will be transformed into
thermal energy per time. Generally, this amount of energy is given by the Power of the
welding, which is the product between Voltage and Amperage. The last welding
parameter is the Travel Speed (TS), indicating the velocity of the welding torch. This
parameter also defines the Energy Input Rate (EIR), or the energy per length, that will be
delivered into the welding bead. The EIR is given by:

EIR =

TS

With the amount of energy that will be delivered to the welding, it is necessary to define
how this energy will flow. The device that will do this role is the Heat Source. Currently,
this is one of the most important features in welding simulations. The main aspects of
welding, as the shape of the weld bead and Heat Affected Zone (HAZ), may considerably
vary due to the choice of the heat source. The next section will cover deeply the Heat

Sources.

One last welding configuration is the welding sequence. For structures that have more
than one welding, the sequence and direction become an important factor in the expected
results, as distortion and residual stress. This will also be covered deeply, due to its

importance in this study.



Mesh

The last topic of welding simulation is the mesh. Its principal role is to describe the model
in a discrete way, dividing it into smaller parts called elements. These parts are used to
calculate the response of mechanical and thermal procedures, also the response of each
element due to the behavior of the other elements. The size of the elements will interfere
in the accuracy of the results. Simplifying, smaller the elements, better the results.
Although, it is recommended to make a sensitivity analysis of the mesh. Running
simulations with different sizes of elements and evaluating when the results converge.
The mesh will also interfere with the computational power that is necessary to run a
simulation. Therefore, the choice of mesh size is a balance of required accuracy and

computational effort.

2.2. HEAT SOURCE MODELS

Simulation of welding processes is a specific branch of finite element analysis, which
requires numerous settings. Some of these configurations are common to a generic
analysis, such as boundary conditions and material properties. However, when the scope
is welding, the most important setting is the characteristics of the thermal procedure,

which is given by a heat source.

Heat sources describe how the heat flows from the welding machine to the base material,
which affects the temperature field over the weld bead. This temperature distribution
determines the size and shape of the molten pool and the heat-affected zone (HAZ), which
are important characteristics of a welding process. Therefore, each welding process,
which generates a specific weld bead, has a related ideal heat source that is called
Equivalent Heat Source (EHS).

2.2.1. EVOLUTION OF HEAT SOURCES

The evolution of heat sources may be divided into generations, although the complexity
progression does not necessarily match with the chronological sequence. This
classification tends to enclose heat sources to its capacities and accuracy, which are

enhanced generation by generation, as Goldak and Akhlaghi [25] described.



First Generation

The first generation includes basically three simple heat sources proposed by Rosenthal
[26] and Rykalin [27]: point, line and sheet heat sources. The point heat source may be
useful for shallow weld pools, where a good representation of the temperature field may
be achieved. The only necessary parameter is the rate of heat input, considering that all

heat sources need to have a defined travel speed.

Line heat sources may be useful for full penetration welds, as laser and electron beam
welding. Although the temperature distribution is not quite accurate near the molten pool,
this heat source may be used when significant simplifications are acceptable. The
parameters used to define it are the length of the line and the rate of heat input per unit of
length.

The last heat source of the first generation, known as the sheet heat source, may be used
to represent welds made with sheet electrodes on very thick plates. In this case, the
parameters that define the heat source are the dimensions, length and width, and the rate

of heat input per unit of area.
Second Generation

The second generation achieves better results in accuracy, which was possible due to the
adoption of more complex function to heat flux distribution. Pavelic et al. [28] achieved
advances proposing a heat source with a Gaussian distribution of heat flux, which is
known as the disc heat source, due to its projection over the analyzed surface. This
distribution of heat flux resulted in a volumetric heat source, which enhanced the results
of temperature distribution studies. Although this heat source presents limitations for

pointed weld pools, which presents high rates of depth/width on the molten pool.

In 1984, Goldak et al. [29] proposed the most complete heat source model of the second
generation, known as double ellipsoidal heat source. Owing to its complex form, which
is composed of two hemispheres of different ellipsoids, this heat source may generate
better results in the analysis of fusion and heat affected zones. Therefore, this model has

been chosen for the present work.

These heat sources increased the accuracy of weld simulations, through its capacities of

representing complex shapes of weld pools. It is also possible to represent nonlinear



characteristics as temperature-dependent thermal conductivity, specific heat, radiation

and convection boundary conditions.

On the other hand, this generation is limited to temperature distribution analysis outside
the weld pool frontier. As long as real physics is not considered inside the molten pool,
as the fluid velocity field. This results in fictitious temperatures inside and great accuracy

on temperature distribution outside the boundaries of the molten pool.
Third, Fourth and Fifth Generations

The next generations of heat sources aimed to study what occurs inside the molten pool
using various theories. Considerations as convection, velocity field and grain growth were
used to improve these analyses. These generations will not be discussed in details as long

as the aim of the present works remains at the second generation.

2.2.2. DOUBLE ELLIPSOIDAL HEAT SOURCE

Goldak proposed the double ellipsoid heat source in 1984 [29] in order to overcome the
differences observed in temperature distribution observed for an ellipsoid heat source.
The main contrast was present at the front and trailing edge of the heat source, where the
temperature gradient diverged from the experimental experience. Using two different
ellipsoids, one for the front and one for the rear, this problem was solved. The heat source

scheme is presented in Figure 2.

Figure 2 - Goldak double ellipsoidal heat source scheme



The power density distribution for the front quadrant of this model is given by:
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And for the rear quadrant:
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Such that:
frtfh=2

Q=nVI

For these equations x, y and z represents the spatial coordinates, t the temporal coordinate
and v is the travel speed. The fractions of power density are divided in front and rear
quadrant given by fr and f. respectively. @ is the power delivered to the base material,
considering the efficiency (n), voltage (V) and amperage (I) of the welding process. The
semi-axes of the double ellipsoid are represented by a for the front quadrant, a,. for the

rear quadrant, b for the transverse and c for the vertical.

2.3. WELDING SEQUENCE ANALYSES

Welding sequence is a recurrent interest in many segments of the industry as nuclear
[8,30,31], naval [6,9,32] and offshore [33]. The main objective is to control the distortion
caused by welding, which may be achieved by a specific welding sequence. Distortions
have a great impact on these industries influencing the ultimate strength [1,3,34] or the

required tolerances [8,30,31].

Studies on welding sequence will have, at the most part of cases, the objective of
distortions or residual stresses minimization. For some industries, distortions will
complicate the assembling stage, as occurs on shipbuilding. The main current method
used on shipyards is the construction by blocks, where stiffened plates are joined into
blocks. Then these blocks are welded to form the ship, as presented in Figure 3. Stiffened
panels already have a considerable number of welding beads, which may cause distortions

that will difficult the assembling to form blocks. These distortions may also trouble the
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joining between the blocks. Therefore, distortions may increase the time and resources

spent on construction, which will increase the cost.

Figure 3 - Scheme of a block assembling. Starts on joining pieces into a stiffened plate. The stiffened plates are
joined to form a block

Another important influence of distortions is on nuclear fusion equipment, as vacuum
vessels. In this case, the problem does not rely on construction costs, but on the necessity
of nearly perfect shaped structures. The pressure gradient that is imposed on this
equipment is very severe, which may collapse due to weakened areas. Therefore, the

tolerances are much more restricted when compared to the naval industry.

Finite Element Analysis (FEA) plays an important role in these studies due to the low
cost, when compared to experiments. Optimization requires a considerable number of
variations for a model, which may become financial impracticable depending on how

efficient the optimization is desirable to be.

Studies on the influence of welding sequences are made for a wide range of structures.
Going from small models, as simple T-joints, to larger models, as a complete stiffened
panel. In this section, the studies will be presented according to its structures complexity.

Going from the simplest to the most complexes. It is important to highlight that all studies
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use FEA, using experiments only to validate the models. Exposing the importance of FEA

for welding studies.

2.3.1. SMALL MODELS

Fu et al. [6] and Bai et al. [35] studied the welding sequence influence on T-joints and I-
beams respectively. The first assessed different welding sequences using two or four
welding beads to assembly the T-joint model, checking the resultant distortions and
residual stresses. On Bai’s study, the number of welds is kept constant, changing only the
sequence and the direction of weld beads. For the I-beam model was used one weld bead
for each side of joining, therefore two beads for lower and two beads for the upper

assembly. In this case, it is also analyzed the distortions and residual stresses.

These studies concluded that the welding sequence has a great impact on distortions, as
deflection and angular distortion. Distortions may reach differences of 25% in some
points when angular distortion was considered. Bai also emphasizes that an optimum
welding sequence was determined, based on four sequences previous defined.

Advancing on the analysis of simple structures, Shao et al. [36] and Bonnaud [37]
introduced a new feature, optimization methods. Shao made a multi-objective
optimization for a T-joint. The considered variables were welding parameters (current,
voltage and travel speed) and welding sequence and direction. Results endorsed that the
welding sequence influences on distortion and residual stresses. Also exposing the
opposed relation on distortion and residual stresses, where the decrease on one, leads to
an increase of the other.

Bonnaud [37] studied a different case, the impact of welding sequence on multi-pass
welding. The models were a plate and a pipe with 10 mm of thickness, which receives 8
weld beads each (4 beads on each side). This work shows that even for multi-pass welds,

the sequence is an important factor when distortion is analyzed.

2.3.2. LARGE MODELS

Large structures are treated here as structures that have a more complex design than a T-

beam or an I-beam. Works reported in this section have a complex interaction between

its weld beads, driving to a complicated interference of distortions. Examples of welding

sequence on large structures are given by Xiu et al. [30] and Guirao et al. [31]. On these
11



works, authors focused on parts of vacuum vessels, which have tight tolerances for

distortions due to welding.

Xiu et al. [30] studied a curved stiffened panel composed of two parallel plates and four
stiffeners, joined by six weld beads. Distortions were evaluated on the outer and inner
shells and for the stiffeners using six welding sequences. Were also used different
constraint conditions. The results showed that different distortion distributions are
generated for different welding sequence. Although all sequences had a decrease on
distortion when the model is under the constraints. Additionally, the zone that is most
affected by distortion, changes according to the considered sequence.

The second author focused on a different type of structure, which is a stiffened panel.
However, the stiffeners are not only straight but also cylindrical. As pipes that cross the
parallel plates. The weld beads are made on the straight stiffeners and on the cylindrical
ones. The results show great differences in welding sequences, which may give 68%
difference in radial distortion on the middle of the plate. Knowing the importance of the
distortion control in this type of structures, this work reinforces the importance of welding

sequence.

The naval industry is another segment that stiffened plates are commonly employed.
Therefore, some studies are also aimed at straight panels. Chen et al. [9] investigated the
influence of welding sequence for a panel composed of five transverse and two
longitudinal stiffeners. The welding sequence considered only the five transverse ones.
Studying six different sequences, the author analyzed the distortion through different
longitudinal and transverse lines. Results show that welding sequence made a great
impact on distortions, but also depends on the points that are studied. In this case, welding
sequences that were the best choice on one line became one of the worsts on another line.

Therefore, the right choice of evaluation points is a crucial step.

Li et al. [38] studied a similar panel, but composed of 5 longitudinals and 3 transversals.
Each longitudinal was joined to the base plate by two welding beads of equal length. The
authors also evaluated the use of interface elements, comparing the results with an
experimental case. Which concluded that the combination of interface elements and FEA
IS more accurate to predict distortions than the traditional FEA. Additionally, an optimal

welding sequence was defined among the considered cases.
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As proposed on the present work, Shadkam et al. [32] used inherent strains to evaluate
the welding sequence on a stiffened plate. The model was composed of three longitudinal
and two transverse girders. Additionally, the authors also considered different types of
stiffeners in order to analyze the influence on distortions. The results show the good
agreement that inherent strains achieve on thermal elastic plastic simulations. Welding
sequence influence was demonstrated for eight different cases, reaching an optimal one.
Experiments were carried only on the first part of the work, which is the inherent strains

phase.

Welding sequence was the main common subject of these presented works. Although
another consideration connects them, which is the limited cases of welding sequences.
These restricted cases lead to an optimal result, which may be a local or global optimum.
In order to grant that the result is a global optimum, all the possible welding sequences
need to be considered. As this may be impossible for some works due to the great number
of possibilities, an optimization method is a solution. Although these methods may not

achieve the exact optimum point, they lead to a closer one.

2.4, LOCAL/GLOBAL METHOD

Large and complex welded structures may be considered a challenging problem for Finite
Element Analysis (FEA). The current computational power is not adequate to solve these
types of models directly, due to the coupled thermal-elastic-plastic analysis. Some authors
used hardware improvements to make the assessment viable, as Tian et al. [39], which
ran simulations using a cluster composed of four high-performance personal computers.
Another hardware solution was GPU (Graphics Processing Unit) parallel computing [40—

42], that may decrease time and memory consumption for simulations of large structures.

Differing from this first group of researches, some authors focused on altering the
methods behind the FEA. Instead of trying to accelerate the simulations through powerful
machines, they proposed modifications as the Iterative Substructure Method (ISM). Akira
et al. [43] and Bhatti et al. [44] are examples of this type of method, which reduces the
nonlinear problem to the surroundings of the weld, simplifying the remaining model as a
linear problem. This type of approach may be used on the mesh of the model, using an
adaptive method that only refines it on the surroundings of the weld. Huang et al. [45] is

an example that combined ISM with this adaptive mesh method to achieve high-
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performance simulations. Another solution based on meshes was to combine 2D and 3D
elements, where some parts of the mesh were made from shell elements and some parts
from volume elements [46]. Regarding the complexity, the zone beneath the weld bead

was described by volume elements.

The method chosen for this project is called Local/Global Method, used by many authors
to study welded stiffened plates [30,32,47-51]. It starts with the subdivision of the Global
Model (GM), which represents the structure. Similar weld beads will be represented by a
single model, called Local Model (LM). The number of Local Models will depend on
how the weld beads may be grouped. If the Global Model has many different types of
welds, many Local Models will be necessary. On the other hand, if the Global Model is
composed of a single type of weld bead, all of them may be represented by a single Local
Model. These Local Models are composed by the weld bead and adjacent structures. In
the case of stiffened panels, the adjacent structures are the base plate and stiffeners. An

example of the Local Model composition is depicted in Figure 4.

Figure 4 - Example of a Local Model composition

With the Local Models in hands, the next step is to run the simulations and define the
mechanical consequences of the welding process. Each Local Model will be simulated
using Finite Element Analysis (FEA), which will be a Thermo-Elastic-Plastic (TEP)
Analysis. These simulations will give mainly the residual stresses and distortions on the
adjacent structures. Based on the Inherent Strain Theory, a database containing the
generated strains will be created using the results of the Local Models. The Inherent Strain
Theory will be deeply discussed on the next section.

The last part of the method is to use the obtained strains to evaluate the global response
of the welded structure. Thus, the welds of the Global Model are substituted by its
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respective Local Model strains. A Finite Element Analysis (FEA) will calculate the

overall response for each weld, using an Elastic Analysis. The Local/Global Method is

schemed in Figure 5.

Global
Model
Local Local Local
Model 1 Model 2 Model n
TEP FEA TEP FEA TEP FEA
1 2 n
Inherent Inherent Inherent
Strains 1 Strains 2 Strains n
Inherent
Strains DB

l

Global . Elastic
Model FEA

l

Results

Figure 5 - Local/Global method scheme based on Inherent Strains

The main advantage of the method is that the GM only requires a mechanical analysis,
using the results from the LM simulations. Thermo-mechanical analysis, which is heavier
to compute, runs only on the LM. Therefore, less computational power is needed to run a
large structure. It is important to highlight that this method is interesting for models that
have numerous homogenous weld beads. Because the computational effort will be
lowered on running a reduced number of thermo-mechanical analysis. If all the welds on
the model are different from each other, will be necessary to create a local model for each

weld. Losing the advantage of the method.

2.5. INHERENT STRAINS THEORY

The concept of Inherent Strains was introduced by Ueda et al. [52] in 1975 as a more
general definition of residual stresses sources in a welded structure. Current methods

available at the time were based on the relaxation of stresses, measuring respective
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deformations caused by sequential cuts. Therefore, these methods were infeasible for
complex structures, being this the motivation for a more general method.

2.5.1. CONCEPTUAL MODEL

As an introduction to the Inherent Strains concept, the model presented in Figure 6 may
be used. The model is composed by a central bar C and two sidebars S, all fixed on rigid
walls, although the rigid wall on the right is free to move along the horizontal axis. This
model represents the vicinity of a weld bead, considering the heating of the central bar C.
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Figure 6 - Conceptual Model of Inherent Strains

Some simplifications are considered in this model and the first is that the material is
perfectly plastic. This means that the material will have fixed stress for plastic
deformation, being equal to the yield stress (ay). This behavior is presented in Figure 7.

Will also be considered that the material properties are not dependent on temperature.
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Figure 7 - Stress-Strain Simplification
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The inherent strain is influenced by the maximum temperature (T,,,,,) reached during the
heating process. There are bands of temperature that defines the elastic-plastic behavior,

which are based on the yield temperature (Ty), given by:

Oy
T, = —
Y7 aE

Where,
a = coefficient of thermal expansion

E = elastic modulus

This is the temperature where the material reaches the yield stress only with the
temperature variation. The bands of elastic-plastic behavior are defined as:

1. Low Temperature Thax < Ty
2. Medium Temperature Ty < Thax < 2Ty
3. High Temperature 2Ty < Thax

The model will be analyzed for these three bands and the thermal cycle given by:
0°C = Tppay = 0°C
Conceptual Model for Low-Temperature Cycle

The simpler way to understand the behavior of the model during the thermal cycle is using
the Stress/Strain x Temperature graphic. Figure 8 gives the behavior of the model for the
Low-Temperature cycle. In this case, the maximum temperature is equal to the yield
temperature (Ty) and when the model reaches this temperature, is also reached the yield
stress (ay). However, these values are not exceeded, generating only elastic strain, as
may be seen on the right vertical axis. During the cooling stage, the central bar returns to

the initial state, with no residual stresses.
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Figure 8 - Stress/Strain behavior during the Low Temperature cycle

Considering the model mathematically, the central bar heating and consequent elongation
leads a displacement u of the free rigid wall. Remembering that the displacement
corresponds to the volumetric variation of the central bar due to heating. However, it is
different from a free bar variation, because the side bars restrain some part of this

variation. The total strain may be given by:

u
=7
For each bar the strain are given by:
Bar S: € =g
Bar C: e=¢e®+¢el

Where:
€¢ = elastic strain
el = thermal strain
Hence the strains and stresses are given by:
Bar S e =u/L o =Eu/L

Bar C e =u/L—aT o=E/L—aTl)
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In equilibrium, the summation of the forces on the system must be equal to zero. Knowing
that A,/2 are the sectional area of each side bar and A the sectional area of the central
bar, the equilibrium gives:

0=A0i—u+AE(%—aT)

Rewriting on u:

A

=2 TL
A+ 49"

u

Then it is possible to obtain the stresses in function of the temperature, substituting u in

the stress relations found:

A

When the central bar reaches the temperature Ty, the displacement of the free rigid wall

is uy, and using the stress relation:

Then:

Ty = (%+%)/a

The relations may be rewritten substituting uy, and Ty, thus:

A+ Aoy
Y7 A, Ea

. A <A+A0>O'yL_AO'yL
WA+ a0\ 4, JEa " 4, E

After the cooling stage, the bars return to the original state. As the yield stress was not

exceeded, the deformations occurred in the elastic zone.
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Conceptual Model for Medium Temperature Cycle

In this second case, the central bar C will be heated to a maximum temperature T,
such that Ty < Tpax < 2Ty. Using again the Stress/Strain X Temperature graphic, the
medium thermal cycle is presented in Figure 9. During the heating stage, the point A is
reached, where the temperature is equal to Ty. The transition from elastic behavior to
plastic behavior occurs at this point. As the model was simplified considering the material
perfectly plastics, the stress is kept constant and the free rigid wall does not move
anymore. All the increase in temperature from this point will generate compression plastic
strain over the central bar, reaching the point B. After the cooling stage, the point D is
reached, which indicates that the stress is not zero anymore. This point represents the

residual stress over the central bar, resultant from the thermal cycle.
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Figure 9 - Stress/Strain behavior during the Medium Temperature cycle

Considering the model, it can be considered that the strain increment after point A is given

by Ae. This increment is composed by a plastic and a thermal portion:
Ae = AP + AeT
As there is no more deformation over point A, Ae = 0, thus:
0 = AP + AeT
AeP = —AeT

AeP = —a(Tpax — Ty)
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The cooling stage will be divided into two stages, the first goes from T4, 0 T = Tpox —
Ty, which represents a cooling of Ty,. And the second stage goes from T to 0°C. At the
first stage, the variation of temperature generates a shrinkage strain increment Ac” that is

given by:
AET ES _aTY

Each bar is experiencing the first cooling stage differently. Although strain is equal for
these bars because the strain is related to the displacement of the free rigid wall.
Considering that Ae is the strain measured on the free rigid wall and Au the displacement

of the free rigid wall, the relations for each bar may be obtained:

Bar S: Ae = Ast
£ T £

Au
Bar C: Ae = 7= Ag€ + aTy

Where,
Ae€ = elastic strain increment

Thus, the increments of stress may be expressed by:

A
Bar S: Ao = E—u
L
Au
Bar C: Ao =E (T - aTy>

The increment of displacement may be obtained by the equilibrium of forces, that gives:

Au Au
AOET+AE(T—aTY) =0

Thus,

T.L = AO-yL
A+4, 57 T T A E

At this point, given by C on Figure 9 the increment of displacement is equal to the total
displacement generated by the heating stage. Therefore, the model becomes to the initial

position without displacement, stress and strain.
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On the second cooling stage, the temperatures will be decreased to 0°C and reach the
point D on Figure 9. The total strain on bar C is composed by elastic and thermal strains,
that are related to the strain of the free rigid wall and given by:

Au
Ae = I = Ae® — (Tnax — Ty)
In addition, stress may be:
Au
Ao =E {T + a(Thgx — Ty)}
The increment of displacement may be calculated by the equilibrium of forces:

Au Au
AoT‘l‘A{T"" a(Tmax - Ty)} = 0

Solving the equation for Au:

Au = —

A+ A4, aL(Tmax _TY)

The final stresses on the bars may be given by:

A
Bar S: g = —Ema(Tmax — Ty)
0
A
Bar C: o=E {—A 7 A(Tax — Ty) + a(Tax — TY)}
0
Simplifying:
Bar S: g = —Ema(Tmax — Ty)
0
AO
Bar C: o= EA ~ A A(Tmax — Ty)
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Might be logic that this second cooling stage is responsible by the residual stresses.
Although, these stresses are generated at the heating stage when the yield temperature is
surpassed due to plastic strains. The source of residual stresses is the plastic strain, that

receives the name of Inherent Strain (&*). Numerically the Inherent Strain is given by:
e = Al = —a(Trax — Ty)
Integrating the Inherent Strain is found the Inherent Displacement (AL*):
AL = 'L = —a(Thax — Ty)L
Conceptual Model for High-Temperature Cycle

In this cycle, the maximum temperature (7,4, ) reached is equal or higher than 2Ty, that
results in different residual stresses. As presented for the previous cycles, is used the
Stress/Strain x Temperature graphic depicted in Figure 10. On the heating stage, the
model reaches the point A, which represents the boundary between elastic and plastic
behavior. The model is kept under heating and goes to point P, due to the perfectly plastic
material consideration, that keep constant the stress on plastic strain. After the heating
stage, the model is cooled reaching the point R, which is another boundary of stress due
to the perfectly plastic material consideration. At this point, the model continues to loose
heat and goes to point G. Therefore the model does not go to the initial state, were
generated residual stresses on the workpiece. It is important to note that in high
temperature cycle, the model suffers two plastic strains, one of compression on heating

and another of tension on cooling.

Stress Strain
G ‘47 Ty—pe—— Ty—r‘
Aehi~ .| Plastic
GY 3 £ Y
G R T
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!
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Figure 10 - Stress/Strain behavior during the High-Temperature cycle
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Mathematically, it is important to analyze the second heating stage, where the model goes
from point A to point P. At this phase there is no strain on the free rigid wall, which may

be described as:
As = AP + AT =0
Rewriting:
AP = —AeT = —a(Tpx — Ty)

This formulation exposes that all thermal strain (Ac7) is generating compressive plastic
strain (AsP) on the model. In addition, the plastic strain is numerically equal to the
extrapolation to the point P, which gives Ae” = A&P. The cooling stage will be separated
into three stages. The first cooling the model by Ty, which goes from point P to point Q.
A second stage being cooled also by Ty, reaching the point R, and the last stage cooling

the model to 0°C, reaching the final state at point G.

The first cooling stage leads the model to a free stress state that is represented by point
Q. As done in the first stage, the model is cooled again by Ty, going from point Q to point
R. At this cooling stage, the central bar enters again the stress zone, however under a
tension stress. Point R represents the boundary between elastic and plastic tension strain,
this indicates that the next cooling stage will generate plastic strain on the central bar. As
occurred in the heating stage, all the thermal stress turns into plastic strain, which may be

represented by:
AP = —AeT = a(Tpay — 2Ty) = AeY

The residual stresses on each bar are given by:

Bar C: o = oy
A
Bar S: o= —(A—0> Oy

As mentioned before, plastic strains are generated in the heating and cooling stages. On
the first stage, compressive plastic strains are generated and tensile plastic strains on the
second stage. The residual plastic strain is given by the sum of these two strains applied

on the central bar, which gives:

AeP = _a(Tmax - TY) + a(Tmax - ZTY) = —aTy
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Remembering that the generated plastic strain corresponds to the Inherent Strains (&), it

may be resumed by:
e = Ael + Ael = —aTy
The corresponding Inherent Deformation:
AL* = ¢*L = —aTyl
It should be noted that as done in earlier thermal cycles, Ty may be expressed as:

T = A oy
YT A+ AyEa

2.5.2. USING INHERENT STRAIN IN LOCAL/GLOBAL MODELS

Inherent Strain concept was first developed aiming a more general model to analyze the
residual stresses generated by fusion welding processes. Later it was adopted by
Local/Global methods in Finite Elements Analysis (FEA), which uses Inherent Strains as

a tool to transfer information from a Local Model to a Global Model.

Considering that the local models results are in hands, these data may be transferred to
the global model. At this point, the Inherent Strains are applied to the global model and
some steps are necessary to determine the residual stresses or distortions distribution. It
starts with the calculation of the equivalent nodal forces for each element {f}¢, which is
found using the work done on each element. The external work done by nodal forces is

given by:
{6a}*"{q}°
Where
{6a}® = virtual displacement of nodes
{q}¢ = individual forces on nodes

It is also possible to calculate the internal work due to stress and body forces:

{6} {0} — {6u}"{b}
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Where,
{6e} = virtual strain within the element
{o} = stress on the element
{6u} = virtual displacement within the element
{b} = distributed body forces

Considering that {u} = [N]{a}, {e} = [B]{a} and that ([A][B])T = [B]"[4]7, the work

done by internal forces may be rewritten as:
{8a}*" ([B]"{a} — [N]"[b])
Where,
[B] = strain — displacement matrix
[N] = shape functions matrix

The external work must be equal to the internal work integrated over the element volume,
thus:

[B]"{c} dV* —f

Ve

(60} (q)° = {6a)” ( j [N (b} dve)
174

e

Hence:

(@ = j BT o} ave - f INT" (b} dV®

ve
Knowing that:
{g}° = [K]*{a}® + {f}*
Where,
[K]¢ = stif fness matrix for the element
{f}¢ = equivalent nodal force

As [K]¢ is given by:



The equivalent nodal force may be given by:

(e = - f N Yave - f BIIDICE dve + | (B (o) ave

ve
Where

{eo} = initial strain

{oo} = initial stress

In the specific case of Inherent Strain, the body forces and initial stress are not considered.

Therefore, considering {¢,} = {&*}, the nodal force is given by:

(1 == | 1By dve = ey

These equivalent nodal forces are summed all over the model, giving an equivalent force

oy
(1) =D 4y = ) —[L1°()° = ~[LIe)

Using the stiffness matrix, these forces are converted into nodal displacements:

{u} = -[K17'{f} = —[CI{f} = [CIIL]{e"}

Considering again each element, the strain is composed of an elastic and a plastic

component, relating to the displacements on elements by:
{e}® +{e"}* = [BI*{u}® = [BI°[T]*{u}
Where,
[T]¢ = displacement transformation matrix

This matrix transforms the displacements into displacements for a single element.

Substituting the previously found relation of displacements:

{e}* + {7} = [BI°[TI°[C][L1{e"}

Considering a matrix that converts the total inherent strain into inherent strain for each

element, it is given:
{e7}e = [U]*{e"}
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Where,
[U]¢ = inherent strain transformation matrix

Thus, the elastic strain on each element may be given by:

{e}* = [BI°[TI°[C]ILI{e"} — [U]*{e"}
That may be condensed in:
{e}* = [H"]°{e"}
To achieve the elastic strains and residual stresses on the model, it is necessary to
summarize the elastic strains ({¢}{) and residual stresses ({c}{) on each element i.

Considering that the elements are A, B, ..., respectively, the elastic strain and residual

seresses on the model are given by:
{e} =lleld lelg, .. I = [H"]{e"}
{0} =1lol lolg, ... I" = [M']{e"}

2.6. OPTIMIZATION METHOD

One of the crucial phases of this project is the optimization of the welding sequence. Due
to the time consumed in each simulation, it is important to achieve an optimal result with
the lower number of iterations as possible. This goal success relies on the right choice of
the optimization method. Virfac, the software used for the welding simulations, presents
an enhanced optimization code based on a genetic algorithm, which is a known method
in welding optimization [53,54].

The main advantages of genetic algorithms, when compared to conventional algorithms,
are the effectiveness in reaching the global optimum, the governing function does not
need to be continuous and the transition rule is probabilistic. These characteristics

appropriately match with welding optimization needs [55].

2.6.1. GENETIC ALGORITHMS

Inspired by the biological process of natural selection, Genetic Algorithms (GA) mimics
the advantages of sexual reproduction under environmental pressure. As described by
Kramer [56], a basic genetic algorithm may be represented by the flow chart depicted in
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Figure 11. It starts by setting an initial population, where each individual is represented
by a vector or a string of bits. The entries of the vector or bit string determine the genotype
of each individual and represent the characteristics under study. It is also necessary to
define the domain of each entry, which always might be respected when a genotype is
defined.

Initial
Population

Fitness
Computation

]

Termination
Condition

Optimized
Result

l

Selection

Crossover

l

Mutation

Figure 11 - Flow chart of a generic genetic algorithm

The next step is the evaluation of the individual genotype, given in the flow chart by the
Fitness Computation. This evaluation is made based on the phenotype, which is the
resultant characteristic exerted by the genotype. For a single objective optimization, only
one phenotype is considered. However, more phenotypes may be evaluated in the case of
multi-objective optimizations. The concept of phenotypes may be illustrated considering
the optimization of welding parameters: voltage, amperage, travel speed, etc. Phenotypes
are the weld bead characteristics generated by a combination of welding parameters,
which may be the depth and width of the bead, the quality, etc.

On all types of optimizations, it is necessary to define a termination condition, which tells
when the algorithm loop stops. This condition will depend on how much time is available
for the complete optimization, considering the computational effort and the time spent on

each iteration. A common termination for heavy optimizations is the number of iterations.
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In this case, the user is able to estimate the time that will be spent to run the complete
algorithm. For lighter studies, may be used the stagnation parameter. When the difference

between the results obtained during iterations becomes too small.

Selection is the stage where individuals from a generation are selected to be the parents
of the next generation. On nature, the selected individuals are those who are better adapted
to the environment. On optimization, the selection is made based on the phenotypes that
are better suited to the optimization objective. In the case of minimization, the phenotype
should be the lower of its generation. For maximization, the individual should be the one
with the higher results of its generation.

Genetically, the main feature of sexual reproduction is the crossover. This phenomenon
is characterized by the combination of the genetic material of parents. It is also the most
important step in a genetic algorithm, being the main responsible of domain coverage.
The crossover may be depicted by Figure 12, where the offspring receives a part of the
first parent genotype and a part of the second parent genotype. In this case, the portions
of genotype passed from each parent are equal, however this may adjusted. A possibility
Is assume a random percentage, where the unique constraint should the sum of portions

from each parent, which needs to be equal 100%.

parent | parent 2

\ offspring /
I
Figure 12 - Crossover scheme
The last step in the genetic algorithm presented in Figure 11 is the mutation. This is a
natural process of genotype construction, which is independent of sexual reproduction. It
is adopted in the genetic algorithm as another method of domain coverage, as crossover
may stick the optimization into a local optimum. There are three main requirements for
mutation. The first is reachability, i.e., each point of solution space must be reachable by
mutation. The second requirement is unbiasedness, which is the prevention of bias in a

particular direction of the domain. The last one is scalability. This concept may be

translated as the rate of mutation that should occur in the algorithm. A common adoption
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Is a Gaussian distribution for mutation probability, as many natural processes are modeled
by this distribution.

The concepts addressed here are the base of genetic algorithms. However, some
modifications are made in order to enhance the efficiency of these algorithms. A
promising approach is the use of neural networks inside a genetic algorithm [57,58]. This
is a concept adopted by Virfac optimization module and will be better discussed in the

next section.

2.6.2. XTREME TECHNOLOGY

Xtreme is a technology developed by Optimal Computing [59] and present in Virfac
optimization module. It is an advanced genetic algorithm enhanced by a neural network,
which performs as a simplified simulation model. The Xtreme algorithm, depicted in
Figure 13, sends back the results obtained from each simulation to the neural network.
This procedure provides data to train the neural network as an approximate simulation.
Hence, an inner optimization is made by the genetic algorithm and the neural network,
providing models to the main simulation that are closer to the optimal point. This inner
optimization allows a faster convergence, working as a filter to points that could distance

the current model from the optimal point.

The neural network performance is clearly linked to the size of the database that is created
to train it. Therefore, as the optimization advances in iterations, better should be the
predictions made by the neural network. Filtering more effectively models that could
drive the optimization to undesired directions.
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The algorithm may be more clearly explained considering a model with one design
variable and one minimization objective. Figure 14 depicts the algorithm after three
iterations, where the triangles represent the results obtained by the main simulation of
three different models. The neural network is trained using these models and it builds a

simplified simulation, represented by the curve. It allows finding an optimum model by

START

Design of
Experiments

Neural Network
Training

INNER OPTIMIZATION

I
: Genetic
| Algorithm

-—

]
Neural |
Network :

Model

Figure 13 - Xtreme Technology algorithm scheme

the genetic algorithm, depicted by the circle in Figure 14.

Objective

.

3

-

Design Variable

Figure 14 - Explanation of Xtreme algorithm in a first stage
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The current model is analyzed by the main simulation, resulting in a new point on the
data available for the neural network. This stage is presented in Figure 15. The neural
network is trained and it results in a more accurate simplified simulation, represented by
the new curve. Therefore, a new inner optimization is made, given by the circle on the

minimum of the curve.

.
>

Objective

-

Design Variable

Figure 15 - Explanation of Xtreme algorithm in a second stage
The expectation is a more efficient optimization, converging in fewer iterations when
compared to a standard genetic algorithm. The company promises drastically
acceleration, achieving up to 100 times faster the optimal solution. However, the
efficiency will strongly depend on the performance of the neural network, which would

be affected by the nature of the evaluated model.
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3. METHODOLOGY

The method developed for this project is quite similar to the local/global method.
However, instead of ending it with the global model, optimization is applied. A detailed
scheme of the method is presented in Figure 16. It starts with the stiffened plate,
considering how the weld beads should be grouped to determine an ideal set of local
models. These groups should comprehend similar beads, although it is normal to exist
variations among the considered similar beads. In practice, the beads may vary due to

fluctuations in welding equipment or welder skills.

With the groups determined, the local models are developed in a CAD tool or software.
A common procedure is to develop a CAD model for the global model and cut the local
models from it. Easier than creating every single model, this procedure also grants the
geometry equivalence. It is important to take some precautions in this phase. As the aim
of this method is to map the distortions field and use it into a global model, the models
should grant that a level of similarity is achieved. An important factor is the size of the
model. It needs to give space for the thermal field development during the welding.
Therefore, the plates that are being welded need to have a considerable length and width.
Although there is no recommendation or rule of thumb, it is an important feature that
should be considered.

Finite elements analysis has some crucial settings as constraints, which will prevent the
translation and rotation of the model. In the case of local models, constraints have a more
important role, because a part of the global model is being simulated separately. Thus,
the boundaries of the local model need to have similar behavior as it is being simulated
inside the global model. The recommendation of Virfac manuals is to restraint the
translation of the generated faces, preventing them to move in any direction. This
approach is not the ideal one, as expansion or retraction of the adjacent material is
expected. However, it is a better approximation than a free condition, as the rest of the

global model exerts resistance for these movements.
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Figure 16 - Method flowchart
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Another essential setting in welding simulations is the choice and adjustment of the heat
source. It will define how the heat flows from the welding equipment to the weld bead
and base material. Therefore, this is one critical step of the method. The choice of the heat
source is an easier task, as the Goldak [29] heat source is currently the best option when
the analysis is restricted to the outside part of the welding pool.



For the adjustment of this heat source, a considerable effort is necessary as it is made by
trial and error method. Simulations are ran using guesses for the first set of parameters
and variations are made according to the results. The main feature used for the adjustment
is the generated molten pool, which must match with the weld bead shape. Width (wy)
and depth (dy) are the typical parameters used to describe the shape of the molten pool,
as presented in Figure 17. A second feature may be used for the adjustment, as the Heat
Affected Zone (HAZ) shape.

Wr

oveffill

weld pool
fusion zone ds

Figure 17 - Molten pool shape, described by width and depth

The results of each local model are then transferred into a database through the inherent
strains method, as explained in section 2.5.2. This data is commonly called the inherent
strains of the local model. Using the stiffened plate CAD, it is possible to build a global
model based on the local models. As made for the local models simulations, important

characteristics of the global model are defined in this phase.

Again, the constraints are one of the most important features that need to be set. However,
in the global model, the restrictions will depend on how the simulation intends to
represent the real experiment. Some constraints, as simply supported case, are
complicated to represent due to the limitations of finite elements. In the real experiment,
translation and rotation are avoided by a combination of gravity and friction. Although
some level of movement is allowed. This need for translation and rotation restriction will
lead sometimes to approaches that are far different from the real experience. However,

will be a tool to represent as close as possible the reality.

In the Local/Global method, another important feature is the welding sequence, which
will be driven by the optimization algorithm in this project. The sequence is modified in
order to reduce the distortions, which are assessed by a mechanical simulation based on

local/global method. This part of the method is described by a loop, which has the number
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of iterations as the stoppage criterion. The choice of the iterations as the criterion is due
to the elevated time consumption of these simulations. If another criterion was chosen, as
a relative decrease on distortion, it would be possible that the optimization runs for long
terms, like weeks. Thus, it is essential for the project the right choice of the stoppage

criterion.

It is expected that this method will give an optimized welding sequence, which reduces
considerably the distortion over the base plate. Also supported by other works on this
field. The next section will show the application of this method for a real large stiffened

plate and next to the results obtained from it.
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4. CASE STUDY

4.1. AIM OF STUDY

The object of analysis in this project is a stiffened plate that was assembled and studied
by DAMEN in order to validate Virfac welding module. We received its specifications
and used it as the base of our study. Shown in Figure 18, the stiffener plate is composed
by a base plate, two girders and four stiffeners. This is a common composition for straight
stiffened plates in shipyards, maybe varying in number of stiffeners and girders.
However, these variations are not a problem for an application of the proposed method.

Figure 18 - Studied stiffened plate, composed by two girders and four stiffeners

4.1.1. MAIN DIMENSIONS AND MATERIALS

Starting the description with the base plate, its dimensions are 1500 mm in length, 1200
mm width and 4 mm thickness. Over the base plate two girders are disposed, with a
spacing of 1000 mm, and four stiffeners, with a spacing of 300 mm. The girders are T
profiles composed by 6 mm thickness welded plates, with 200 mm height for the web and
60 mm width for the flange. Stiffeners are HP3.7x80 profiles, meaning 3.7 mm thickness

and 80 mm height. These profiles are visually represented in Figure 19.
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Figure 19 - Dimensions of girder and hp profiles

This stiffened panel is composed by two aluminum alloys. Base plate and webs are made
of Al 5457 0/H111, while flange and stiffeners are made of Al 6082 T6. The main
mechanical and thermal properties of these materials are given in Table 1, which was
passed by Damen. It is important to highlight the similarity of these materials, which have
near properties as density, elasticity modulus and thermal expansion. The other properties
have a considerable difference, like thermal conductivity that presents almost 20% of
variation and tensile strength with 50%.

Aluminum 5754 0/H111 Aluminum 6082 T6

Density [kg/m?3] 2660 2700
Melting point [°C] 600 555
Modulus of Elasticity [GPa] 68 70
Thermal expansion [m/K] 2.40E-05 2.40E-05
Thermal conductivity [W /m. K] 147 180
Yield Tensile strength [MPa] 160 - 200 295

Table 1 - Materials main properties

4.1.2. WELDING BEADS

The objective of this project is the simulation and optimization of a large structure. The
main feature of this stiffened plate is the number of weld beads, which enables to classify
it as a large structure. There are 166 beads in total, joining the girders and stiffeners to
the base plate and the girders web to the flange. In the experiment, stiffeners and girders
were firstly tacked before welding, but this procedure was not considered in the
simulation model. The main nomenclature of the weld beads is presented in the next

figure:
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Figure 20 - Weld beads main nomenclature

There is a secondary classification for the beads, as there are beads on both sides of
horizontal welding lines and four beads for the vertical welding lines. For the horizontal
beads, the classification is made by a simple Fore (F) and Aft (A) prefix and a number
that represents the position of the bead. For the vertical beads the classification is also
made by a Fore and Aft system, but instead using a number as the second prefix, it is used

a second Fore and Aft system. The adopted system is presented next:

AA AF

FA FF X

o,

Figure 21 - Vertical beads nomenclature convention

For the joining of the parts was used a MIG procedure, using 100% argon gas as shield.
During the experiment, welding parameters were kept constant. However, variations on
the weld beads are observed, as the travel speed is varied from for bead. The parameters
used in the welding process are given in Table 2. The variations also may become from
the variation of the power supplied by the welding machine. Using these given
parameters, we see that there is a minimum of 2120 W, when both parameters are

minimal, and a maximum of 3270 W when both parameters are on its maximum.
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Welding Parameters

Voltage [V] 255
Amperage [A] 10§ *

Wire Speed [mm/s] 12.2

Table 2 - Welding parameters used in all welding processes

The first beads to be exposed are the beads belonging to W1 and W2 welding lines. These
beads are responsible for the joining of girders to the base plate. On each side, there are

eight weld beads, as depicted in Figure 22.

Figure 22 - Weld beads of W1 and W2 welding lines

Considering upward as the positive direction of x-axis and right to left the positive
direction of the y-axis, the beads of W1 and W2 welding lines are named as:

W1A8 WI1A7 W1A6 W1A5 W1A4 W1A3 W1A2 W1A1
W1F8 WI1F7 W1F6 WI1F5 W1F4 WI1F3 W1F2 WI1F1
Figure 23 - Identification of W1 weld beads
W2A8 W2A7 W2A6 W2A5 W2A4 W2A3 W2A2 W2A1
W2F8 W2F7 W2F6 W2F5 W2F4 W2F3 W2F2 W2F1

Figure 24 - Identification of W2 weld beads

The experiment resulted in different sizes of weld beads, in both length and throat. This
resulted from the adoption of different traveling speeds and welding machine fluctuations,
as mentioned before. As the focus of the project is the optimization of welding sequence
using a local/global method, the beads were homogenized to group them into one local
model. The original characteristics of each bead are given in APPENDIX A.
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For the model, the length of the beads is given by an equal division of the free space on
the welding line. This resulted in 142 mm in length for each bead. For the throat, was
used the mean value, given by 3.55 mm. The profile of the weld bead for W1 and W2

welding lines is given next:

3.6 mm

5.0 mm

-

Omm
Figure 25 - Profile of W1 and W2 weld beads
The next is the longitudinal weld beads, which joins the stiffeners to the base plate. These
beads belong to W3, W4, W5 and W6 welding lines and are 10 beads on each side. They
are depicted in Figure 26. Following the same consideration for the axis, the nomenclature
present in Figure 27 is for welding line W3, but may be extended to the other welding
lines. The only change is the “W3”, modified to “W4”, “W5” or “W6”.

Figure 26 - Weld beads of W3, W4, W5 and W6 welding lines
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W3A10 | W3F10
W3A9 W3F9
W3A8 W3F8
W3A7 W3F7
W3A6 W3F6
W3A5 W3F5
W3A4 W3F4
W3A3 W3F3
W3A2 W3F2

W3A1 W3F1
Figure 27 - Identification of W3 welds beads

Again, the beads shape and characteristics vary from each other. The original information
from these beads may be found in APPENDIX A. The same simplification was made in
this case, homogenizing the beads shape. Here one difference is observed, the length of
beads are different. For the beads that lie among the girders (blue beads in Figure 26), the
length is equal to 166 mm. While 125 mm for the others (green beads in Figure 26).
Although differences may be found in the length, the shape was kept equal for all beads
in these welding lines. The mean throat is 4.06 mm, given resulting in the shape presented

in Figure 28.

4.1 mm

5.9 mm

—

.6 mm

Figure 28 - Profile of W3, W4, W5 and W6 weld beads

W7 and W8 represent the welding lines that join the girder flange to the web. In these
welding lines, the number of weld beads varies, being 5 beads on each side for W7 and 6
beads on each side for W8. In Figure 29 is seen the representation of W8 welding line.

However, the only change for W7 is the number of weld beads.
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Figure 29 - Weld beads of W8 welding line

For the W7 welding line, the nomenclature is given by:

WT7F5 WT7F4 WT7F3 WT7F2 WT7F1
W7A5 W7A4 W7A3 W7A2 W7A1
Figure 30 - Identification of W7 welds beads

And for the W8 welding line:

WB8AG6 WB8AS5 W8A4 W8A3 W8A2 W8A1
W8F6 W8F5 W8F4 W8F3 W8F2 W8F1
Figure 31 - Identification of W7 welds beads

The shapes of weld beads were simplified as done before for the other welding lines and
original information may be found in APPENDIX A. Here differences are seen in the
length of weld beds between welding lines W7 and W8. Due to the number of weld beads,
the length for W7 is 240 mm and for W8 is 200 mm. The throat of weld beads is given

by the mean value, equal to 4.04 mm, and the final shape is:

4.0 mm

5.7 mm

—

.7 mm

Figure 32 - Profile of W7 and W8 weld beads

The vertical beads, given by the welding lines J1 to J8 represents the assembly between
girders and stiffeners. In this group of weld beads, there are 2 weld beads on each side.
However, in this case, the beads are different in height from each other, as seen in Figure
33. The height for the short beads (light blue) is 58 mm and for the tall beads (dark blue)

is 74 mm.
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Figure 33 - Weld beads of J1 to J8 welding lines

Vertical weld beads identification is given in Figure 34. It is presented only the
nomenclature for the J1 group. However, to identify the other groups, it is just necessary

to change the “J1” for the respective group, as “J2” to “J8”.

J1AA | J1AF
J1FA | J1FF
Figure 34 - Identification of J1 to J8 welds beads

The shape simplification was made for all beads. Thus, the mean value comprises the
short and tall beads throats, which is given by 5.18 mm. The original values and
characteristics may be found in APPENDIX A. The shape of the beads is:

5.1 mm

7.8 mm

Pr—

.8 mm

Figure 35 - Profile of J1 to J2 weld beads

45



4.2. LOCAL MODELS

As presented earlier in section 1, the first main step of the methodology is the creation of
the local models. It is necessary to define how to group the weld beads, to set the
simulation of each local model e and then run the models to obtain the distribution of

distortions.

In this project, the groups of weld beads are almost defined by itself due to its
characteristics. The first attempt of grouping is division in longitudinal welds (W3, W4,
W5 and W6), transversal welds (W1, W2, W7 and W8) and vertical welds (J1,...,J8).
However, the transversal welds considerably differ in shape between the flange/web and
girder/plate beads. Hence, it is necessary to subdivide this group. Another problem is
observed in the vertical welds group. Where the height of weld beads differs and may
present a different distortion pattern due to proximity to the bulb profile. Thus, another

subdivision is made in this group.

With these considerations, the groups of local models were created as described in the

next table:
Model Weld Lines
LMO1 W3, W4, W5 and W6
LMO2 J1..J8 - AA and FA
LMO3 J1...J8 - FF and AF
LMO04 W1 and W2
LMO5 W7 and W8

Table 3 - Description of local models

Visually, the local models were stated as:

Coreitudin Short and Tall
ongitudinals LMO1 LMO02 LMO3 Verticals

\ 'Y g
e T

J LMO4 LMO5 L1 ——

Girder/Plate Flange/Web

Figure 36 - Designed Local Models
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One last parameter that was missing in the description of welding beads, made in the
previous section, is the travel speed. It was calculated for each local model by the mean
value and the results are presented in Table 4. The original values of travel speed for each
weld bead are given in APPENDIX A.

Travel Speed [mm/s]

LMO1 11,4
LMO02 8,8
LMO03 9,6
LMO04 15,2
LMO5 12,9

Table 4 - Travel Speed for each model

The crucial step of this phase was the adjustment of the heat source for each simulation
and it was made based on the throat and width of the weld bead. This means that the depth
of the generated molten pool should be equal to the throat of the weld bead and the width
of the molten pool should be equal to the width of the weld bead. Remembering that the
Goldak heat source is defined by four shape parameters (ay, a,, b and c) and by the heat
input (power), these are too much parameters to define based only on the bead throat and
width. Therefore, some considerations are needed to reduce the number of parameters

combination, as presented next:
a, = 4af
b= af

This adopted approach was reported by Fu [60] and intends to reduce the number of
variables in the heat source adjustment. In this consideration, only the front length and
the depth are adjusted, the other parameters are linked to the front length. As mentioned
before, the adjustment was made by trial and error method. This means that a great time
was consumed in this phase, as the simulations need some hours to be completed. The
combinations of parameters are shown in Table 5. It is important to highlight that in some
cases, as in LM02 and LMO03, was needed to disrespect the considerations mentioned
above. In these cases, the defined width of the heat source was not enough to reach the

width of the weld bead. Thus, some modifications were made.
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Power Travel Speed af ar b c

Model

[W] [mm/s] [mm] [mm] [mm] [mm]
LMO01 2850 11,4 1 4 1 1
LM02 3070 8,8 1 4 6 1
LMO03 2900 9,6 1 4 6 1
LMO04 3270 8,2 1 4 1 1
LMO05 3270 12,9 1 4 1 1

Table 5 - Parameters obtained on the heat source adjustment phase

It is important to remark that LM04 did not form the proper molten pool, even with the
maximum power (3270 W), and was needed to decrease its travel speed. This is possible
due to the large difference present in the travel speed of each weld bead of the experiment.
Therefore, this reduction will not interfere with the Global Analysis. It is important to

emphasize that all models have efficiency equal to 100%.

The constraints for each model are the restriction of movement on the faces that were
created by cutting the local model from the global model. Restrictions were made in all
three directions, which also grants the restriction for rotation. This type of constraints is

indicated by Virfac manual on local/global analysis.

Another important feature of the local models composition are the materials settings. The
aluminum alloys used in the experiment were described earlier in section 4.1.1. However,
the data required as input for Virfac were not available for the simulations. Another
aluminum alloy was adopted as a solution, AA7075 presents similar characteristics with

the original alloys. The differences in composition are depicted in Figure 37.

_|

Composition (wt. %)
w

1 I
m N | R |

0 N
Mn Fe Mg Si Cr Ti Zn Cu Others
(Total)
mm AA7075 (JMatPro) AA5754 (Min) AA5754 (Max)

Figure 37 - Differences between aluminum alloys AA5754 and AA7075
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As the composition of these materials are quite similar and the original one is not
available, the aluminum alloy AA7075 was used for the simulations. Table 6 presents the
features of each material under normal conditions, like room temperature. However, for
the simulations are necessary the behavior of the material varying with the temperature.
This type of data is difficult to obtain, which justifies the use of AA7075.

AA 5754 | AA 6082 | AA 7075
Density [kg /m?] 2660 2700 2810
Melting point [°C] 600 555 | 477 -635
Modulus of Elasticity [GPa] 68 70 71.7
Thermal expansion [m/K] 2.40E-05 | 2.40E-05 | 2.34E-05
Thermal conductivity [W /m. K] 147 180 173
Yield Tensile strength [MPa] |160-200| 295 228

Table 6 - Mechanical and thermal characteristics of aluminum alloys
Materials change its behavior by temperature variation, hence for thermo-mechanical
simulations is required the properties of the material for a range of temperature. On Figure
38 are depicted Young’s Modulus, Poisson Ratio, Yield Strength and Coefficient of
Thermal Expansion. The physical properties Thermal Conductivity, Specific Heat and
Density becomes on Figure 39. Are also presented the Hardening Coefficient and

Hardening Exponent on Figure 40.

0.80

0 100 200 300 400 500
Temperatura (°C)

e = Young's Modulus [10*11Pa] — . . Poisson Ratio

----- Yield Strength [1078Pa] Coeff of Thermal Expansion [107-4 1/K]

Figure 38 - Mechanical properties of AA7075 for temperature variation
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Figure 39 - Physical properties of AA7075 for temperature variation
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Figure 40 - Coefficients for the power law empirical relation

The local models were simulated on a cluster in Belgium, as our available computers were
not capable to hold the simulations due to the refinement of the mesh. The used mesh had
a maximum cell size of 6 mm and a minimum cell size of 0.5 mm. Also granting that

inside a radius around the weld bead, the cell size should be equal to the minimum cell
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size. This radius varied with the bead shape, going from 5.4 mm in LMO05 to 7.7 mm in
LMO02 and LMO3.

Local Models have an initial temperature of 17,8°C. This is the average ambient
temperature of the experiment, which was carried in three days. Another necessary study
was the cooling time needed to reach the initial temperature. This parameter was set as
1000 seconds, although the models did not reach the ambient temperature, they ended
with temperatures around 30°C. The problem of setting large cooling times is that the

time consumption grows considerably.
4.2.1. LOCAL MODEL RESULTS

Local models were run on a cluster at Belgium as a partnership with GeonX, decreasing
the time spent in this phase. Normally, the evaluated results for welding simulations are
the shrinkage and bending of the base plate. However, the considered boundary
conditions do not allow this study. All of the displacements were constrained on the faces

that were created on the local models.

In order to assess the behavior of the local models after the welding simulation, the
displacements were captured over two lines. One longitudinal, right under the weld bead,
and a second transversal to the weld bead. Both lines are parallel to the base plate. Next
will be presented the local models and its respective axis orientation, followed by the

displacements, in mm, over the defined lines.
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Local Model 01

AXis orientation:

Figure 41 - Axis orientation for Local Model 01

Studied lines:

Figure 42 - Longitudinal and transversal lines for Local Model 01
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Results for the longitudinal line:
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Figure 43 - Displacements for longitudinal line in Local Model 01
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Results for the transversal line:

Displacement (m)

0.0002

0.00015

0.00076

0.000744

0.00072

0.0001

Be-5

-5+

-0e-54

-Be-54

-0.00014

-0.000124

-0.000144

-0.00016

-0.00018

-0.00024

— DEplicemeant_x
—— DEkplicemeant_Y
— DEplocement_Z

1]

001

0bz

0.04

005 ade

Length (m)

007

o008

o9

Figure 44 - Displacements for transversal line in Local Model 01
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Local Model 02

AXis orientation:

Figure 45 - Axis orientation for Local Model 02

For this local model were considered two longitudinal and two transversal lines. The first
set of longitudinal and transversal lines considered the plate as a base plate. The second

set considered the stiffener as the base plate:

Figure 46 - Longitudinal and transversal lines for Local Model 02
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For the first longitudinal line:

Displacement (m)
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Figure 47 - Displacements for the first longitudinal line in Local Model 02
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For the first transversal line:
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Figure 48 - Displacements for the first transversal line in Local Model 02
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For the second longitudinal line:

Displacement (m)
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Figure 49 - Displacements for the second longitudinal line in Local Model 02
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For the seconds transversal line:
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Figure 50 - Displacements for the second transversal line in Local Model 02



Local Model 03

AXis orientation:

Figure 51 - Axis orientation for Local Model 03

In this case, were also considered two sets of longitudinal and transversal lines, as defined
on LMO02:

Figure 52 - Longitudinal and transversal lines for Local Model 03
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For the first longitudinal line: For the first transversal line:

— DEpkicemeant_X — Dbpkicemant_x
000027 —— DEplicement_y 0.00024 —— Dbplicement_y
—— DEplocement_Z —— Dbplacement_Z
0.00018 0.000184
000016+ 0.000164
0,000744 0.000144
0000124 0.000124
00,0007 0.0007
Be-54 B8e-54
Ge-5 He-5
4e-54 Ae-5-4
—~~ ~
= E
~— 2e-54 o 2e-54
= " =
= of £ o1
5y T
2 205 2 205
& / 73
b -d4e-54 ey -de-54
a @]
-6e-54 -He-54
-Be-54 -Be-54
-0.0007 -0.00014
-0.000124 -0.000124
-0.00074 -0.000144
0000164 -0.000164
-0.00018 -0.000184
-0.00024 -0.0002
001 0bz2 0b3 0ba 0d5 0do 007 008 0be ol ol 001 0bz 0b3 0da 0bs odo 007 008 0be 01 ol
Length (m) Length (m)
Figure 53 - Displacements for the first longitudinal line in Local Model 03 Figure 54 - Displacements for the first transversal line in Local Model 03
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For the second longitudinal line: For the second transversal line:
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Figure 55 - Displacements for the second longitudinal line in Local Model 03 Figure 56 - Displacements for the second transversal line in Local Model 03
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Local Model 04

AXis orientation:

Figure 57 - Axis orientation for Local Model 04

Studied lines:

Figure 58 - Longitudinal and transversal lines for Local Model 04
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For the longitudinal line: For the transversal line:
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Figure 59 - Displacements for longitudinal line in Local Model 04 Figure 60 - Displacements for transversal line in Local Model 01
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Local Model 05

AXis orientation:

Figure 61 - Axis orientation for Local Model 05

Studied lines:

Figure 62 - Longitudinal and transversal lines for Local Model 05
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For longitudinal line: For the transversal line:
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Figure 63 - Displacements for longitudinal line in Local Model 05 Figure 64 - Displacements for transversal line in Local Model 05
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4.3. GLOBAL MODEL
4.3.1. GENERAL SETTINGS OF THE GLOBAL MODEL

Initially, the method of the project was designed to run an optimization of the global
model using Virfac welding module. This method depends on external optimization
software. However, during the project execution was launched a new version of Virfac,

which includes an optimization module.

This new feature of Virfac is based on Jweld, a solver developed by JSOL [61], and have
some different approaches. The main difference is that Jweld uses shell elements to
represent the model, which reduces the time spent in a simulation. For the purpose of the
project, this new tool represents a possibility to improve on the number of iterations on

the optimization. Therefore, was decided to adopt this new module to the project.

In addition, the module presents an optimization code, which is specifically designed for
welding optimization. This optimization code is based on Xtreme technology [59],
explained in section 2.6.2. Was also decided to adopt the optimization code to the project

method, as it would accelerate and facilitate the implantation of the optimization.

For this new welding module, a new global model was necessary. Figure 65 depicts the
generated model, only based on 2D elements. In the software, it is possible to determine
the thickness of each face. However, emerged a problem with the HP profile stiffeners.
They were unable to be represented in this software. To overcome this, these stiffeners

were transformed into flat bars by the inertia.

Rhinoceros was used to calculate the moment of inertia of the HP profile, giving

2.7 X 1077 m*. Thus, the correspondent flat bar may be calculated by:

_ bh?

| = —
12

Rearranging:
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For the flat bar, b is the thickness. Keeping the same thickness of the HP profile, which

is 3.7 mm:

C(12x27 %1077\
| 3.7x1073

h = 0.096 m

This calculation allowed the creation of the model that is presented next:

Figure 65 - Global Model constructed for Jweld solver, only composed by 2D elements

An important setting of the model are the constraints. For the global model was used a
group of constraints that works as a free supported condition, which tries to simulate the
real condition of the experiment. Figure 66 shows the used restraints that consist of one
extreme point with movement restraint on three directions, another restrained on
longitudinal and vertical directions and a last one restrained on the vertical direction.
These constraints were used by Caprace [24] and restraints translation and rotation on all
three directions. However, no other regions of the base are restricted, only the three

defined points.
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Ux=0
Uy=0
Uz=0

Figure 66 - Constraints for the Global Model that works as a free supported condition

4.3.2. INHERENT STRAINS DATABASE

The results obtained in the simulations of local models need to be imported to Virfac
database. Based on the inherent strain method, this procedure is made by Mega Inverse
module. At the end of importation, Virfac presents a comparison between the imported
results and the original data from local models. Therefore, the configuration of the
parameters that will be presented next is based on these results.

Importation starts by sectioning the weld bead, dividing it into smaller portions. All local
models were equally sectioned into four parts. The sections were defined by the length or
height of the weld bead, starting at 0% and going through 25%, 50%, 75% and ending in
100%.

The next important parameters are the sampling points, as presented in Figure 67. These
points are distributed along seven longitudinal lines, one in the middle of the base plate,
two on each side of the base plate and two on the web. The settable parameters are the
number of points in each longitudinal line, the distance between points and distance
between lines.
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Figure 67 - Scheme of sampling points distribution

For all local models were used ten points, starting at 10% of the length and ending at 90%
of the length. These points are all equally spaced by 18,9% of the length. The lines on the
base plate are distributed on 10% and 90% of the width of each side. For the lines on the
web, also the 10% and 90% of the height were used. The obtained model may be seen in
Figure 68, which represents the Local Model 01 (LMO01). The same configurations were

used for other models, which presented better results when compared to the original data.

Figure 68 - Configuration of Local Model 01 with 10 sampling points

Results obtained for each local model presented a similar behavior, with good agreement
when compared to the original data. The assessed data are the displacement and rotation
over the X and Y axes for each point. Only rotation over X axis had a deviation from the

original data. This behavior was present on all models, although was the best achieved
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during the importation of inherent strains. The comparison of imported and original

results may be seen in Figure 69 and Figure 70.
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Figure 69 - Comparison of imported and original displacement for LMO1
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Figure 70 - Comparison of imported and original rotation for LMO1

4.3.3. WELDING SEQUENCE

The original welding sequence, made by DAMEN, was an experimental sequence, greatly

differing from the patterns used in shipyards. As the aim of the procedure was to evaluate

the induced distortions, a non-standard welding sequence would be better. The original

sequence is presented in APPENDIX B, due to the elevated number of entries, it will not

be effectively presented here in the text, but a brief description.

68



Although the sequence is not a usual one, some patterns are adopted. It may be seen by

the steps present next:

1.

W8 and W7 welding lines. These welding lines are responsible to join the
respective flanges to the webs of the girders. One welding line is fully welded
before the other is started. The sequence of welded beads does not follow a
pattern, sometimes one bead is welded in one side (fore or aft) and followed by
its matching on the other side. However, this pattern is not ever followed.

W1 and W2 welding lines. These welds make the assembly of girders to the weld
plate. W1 is completed before W2 is started. Again, no pattern is observed on the
welding sequence for each welding line.

W4 and W5 welding lines. These are the middle longitudinal welds that join the
HP stiffeners to the base plate. As occurred on the other welds, W4 is completed
before W5 starts and no pattern is observed.

J1 to J8 welding lines. The next is the vertical welding lines, which join the
stiffeners to the girders. Here some patterns are observed, where the first beads
are the FF beads of odd welding lines, i.e., the sequence is J1FF, J3FF, J5FF, and
J7FF. This same pattern is applied for FA, AF and AA, respectively. For the even
welds J2, J4, J6 and J8, the same pattern is applied. However, it starts with AF,
followed by AA, FF and FA.

W3 and W6 welding lines. These are responsible for the joining of outer stiffeners
to the base plate. Again, no logical pattern is followed, although the W3 is fully

completed before W6 is started.

As mentioned before, these welds are not a common pattern practiced in industry. Thus,

was decided to construct a second model, which should be a more realistic model. The

second model will allow a comparison between this non-conventional welding pattern

and a more common practice. Hence, some simplifications were made to develop the

second model.

The first simplification is the merge of neighboring longitudinal beads. Presented in

Figure 71, all the beads of the same side were merged together. This implied on a several

decreases of the number of weld beads. Going from 20 weld beads on each welding line

to only two beads.
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Figure 71 - Longitudinal weld beads merge

The same simplification was applied for W7 and W8 welding lines, the ones that join the
flanges to the webs of the girders. In the original model, W7 had 10 beads in total and
W8 had 12 beads. These were reduced to two beads on each welding line, which may be

seen in the next figure:

Figure 72 - W7 and W8 weld beads merge

The last simplification was made for W1 and W2 welding lines. However, in this case, it
is not possible to merge all neighboring beads due to the already merged longitudinal
beads. Thus, only the beads that lie between the stiffeners were merged, as depicted in
Figure 73. In each welding line were present 16 beads, which were reduced to 10 after

the mergence.

Figure 73 - W1 and W2 welding lines simplification
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For this second model, the welding sequence was also determined to represent an industry
practice. The first welding lines to be welded were W7 and W8, joining the flanges to the
web girders. Starting the assembly by these welding lines may result in an easier welding
procedure, as the girders may be welded in different positions than the original. The next
parts to be welded are the longitudinal stiffeners, following the numerical sequence: W3,
W4, W5 and W6. Ending the horizontal welding lines, the girder is assembled on the base
plate by the welding lines W1 and W2. The last welds to be made are the verticals, where
the entire group of four welds are sequentially made in each weld line J1 to J8. The exact

welding sequence may be found in APPENDIX B.

From now on, the first model, which simulates the original experiment, will be called
Original Welding Sequence Model. The second and simplified model will be called
Common Welding Sequence Model. The adoption of a second model will enable the
comparison of the optimized welding sequence. Revealing if a more complex structure is

better or worse for the distortions over the base plate.
4.3.4. MESH SENSITIVITY ANALYSIS

In order to understand the behavior of the results according to the mesh refinement, a
mesh sensitivity analysis was made. In this assessment were evaluated four different

points on the base plate, which are represented in Figure 74.

Figure 74 - Considered points to in mesh sensitivity analysis
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The coordinates of these points are given by:

Point x(mm) y(mm) z(mm)

1 750 600 0
2 750 1100 0
3 100 290 0
4 420 900 0

Table 7 - Coordinates of considered points

Two parameters were used to assess the meshes, the distortion magnitude and the
distortion on z direction. The distortion magnitude is given by the square root of the sum

of the squared distortion in each direction, as given next:

d= /d§+d§+d§

The evaluated meshes were generated with no restrictions, i.e., the mesh all over the
stiffened plate may assume similar elements sizes. It was not made any refinement near
the welding areas, as the objective of the optimization is on the base plate. In this case,
without constraints, the mesh generator algorithm in Virfac tries to use the maximum cell
size as much as possible. Thus, the main parameter for mesh evaluation is the maximum

cell size.

During the sensitivity analysis, the maximum cell size was minimized as possible. The
minimum value that the computer was able to run the simulation was 2.5 mm. For values
lower than this, the computer was not able to finish the simulation due to memory

bottleneck. The next tables present the results obtained:

Distortion Magnitude

Run MaxCell Size  Min Cell Size Pointl Point? Point3 Pointa

5 0.0025 0.0005 1.267 2.744 3.339 2.352
2 0.003 0.0005 1.365 2.933 3.536 2.356
1 0.005 0.0005 1.176 3.245 2.670 2.878
3 0.008 0.0005 2.008 3.718 2.948 3.459
4 0.010 0.0005 2.447 4.182 2.005 3.523

Table 8 - Mesh analysis for distortion magnitude
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Distortion Z Direction

Run Max Cell Size  Min Cell Size Pointl Point? Point3 Pointd

5 0.0025 0.0005 0391 -2.615 3131 -2.269
2 0.003 0.0005 0.101 -2.772 3.284  -2.248
1 0.005 0.0005 -0.463 -3.161 2459  -2.825
3 0.008 0.0005 -1.324  -3557 2570 -3.371
4 0.010 0.0005 -2.233 -4126 1.756  -3.487

Table 9 - Mesh analysis for distortion on z-direction

With these results in graphics presented in Figure 75 and Figure 76, it is possible to note
that the points tends to behave equally. The tendency of increase or decrease is repeated
by almost all points, the exception is point 3 that behaves differently. Although point 3
presents a strange variation in distortion magnitude, it is possible to see a more defined

tendency of distortion on z direction.

Distortion Magnitude
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Figure 75 - Distortion magnitude generated according to mesh size

73



Distortion on Z direction
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Figure 76 - Distortion magnitude generated according to mesh size

The great limiting of this project is the time consumed in each simulation. Any variation
in the time spent to achieve results will generate a great variation on the optimization, due
to the elevated number of iterations. In Table 10 is possible to note the great difference that
the cell size refinement generates. Reducing the cell size by 4, Run 4 to Run 5, the time

Is increased 26 times. This may turn the optimization unfeasible.

Run Max Cell Size Min Cell Size Time

5 0.0025 0.0005 07:35
2 0.003 0.0005 04:18
1 0.005 0.0005 01:17
3 0.008 0.0005 00:30
4 0.010 0.0005 00:17

Table 10 - Time consumption according to the mesh refinement

The choice for the project was the coarser mesh, which has 10 mm for the cell maximum
size and spends 17 minutes to run the simulation. As the points over the base plate tends
to have a similar behavior and the focus of the project is to minimize distortions, was

assumed that the same minimization will be achieved with the coarser mesh.
4.4. OPTIMIZATION

The objective for both models was the same, the minimization of distortions on the base

plate. As mentioned before, the assessed distortion is given by its magnitude
(d = \/dZ + dZ + dZ). Therefore, it is not possible to minimize only the vertical

distortion. However, the main contributions for the magnitude are the vertical
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displacements, as the resistance on longitudinal and transversal directions are

considerable greater.

The main difference on optimization settings of the models is seen on the constraints. The
Original Sequence Model (OSM) has no constraints, while the Common Sequence Model
(CSM) was constrained by welding lines. The weld beads on W7 and W8 welding lines
are the firsts to be joined. The order among beads of these welding lines is optimized, but
they need to be completed before the next group. The second are the longitudinal welding
lines W3 to W6. Again, these weld beads may be permutated among them, although may
be completed before the next group starts to be welded. Next are the welding lines W1
and W2, which joins the girders to the base plate. Lastly, the vertical welds are performed.
The mathematical formulation for the optimization problem of the Original Sequence

Model (OSM) may be seen on equations 1 to 9:

1
minimize d(S) = J [d()]? + [dy ()] + [d,(S)] @
Subject to:

n+1
inj=1 Vi={01,..,nn+1} @)

j=0

n+1
inj=1 vi={01,..,nn+ 1} 3

i=0
szijS K| —1 Vi,j 4)

i€K jeK

S ={51,5, .., Sn} (6)
s =7 | Xoj =1 Vj={12,..,n} @)
Sp=J | xs,,;=1 Vj={12,..,n},p={23,..,n} (8)
Xn+1;0 = 1 (©)
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Where:
x;j = path of the welding, going from the end of bead i to the start of bead j
n = number of weld beads
K = set of a possible sub — route
S = welding sequence vector

Equation (1) is the objective function, which is dedicated to minimize the distortions for
a given welding sequence S. Constraints start in (2), imposing one single end for each
bead, while (3) imposes one single start for each bead. Equation (4) works against sub-
routes. In (5) is stated the values that x;; may assume, one if the path goes from the end
of bead i to the start of bead j. The variable may assume zero if that path is not part of the
sequence. The welding sequence vector is defined in (6) and the first entry of the vector
is given in (7). The following entries of the vector are given by (8). The points 0 and n+1
are virtual nodes, used to impose the start on 0 and end on n+1. The last constraint (9)
forces the sequence to be closed by going from the last virtual node to the first virtual

node.

It is important to remember that the OSM has no constraints on the welding sequence.
However, for the Common Sequence Model (CSM) were set rules, imposing that
sequence starts on flange/web beads on girders, going to longitudinal stiffeners/base
plate, next are girders/base plate beads and the last are the vertical beads joining
longitudinal stiffeners to girders. For CSM the number of weld beads is 64 (n = 64).

Therefore, the groups of beads may be given by:
flange/web beads = {1, ... 4}
longitudinal stiffeners/base plate beads = {5, ...,12}
girders/base plate beads = {13, ...,32}

longitudinal stiffeners/girders beads = {33, ...,64}
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The mathematical formulation for the CSM is also given by equations 1 to 9, adding the
constraints 10 to 13:

sp=1{1,...4) Vi={l,..,4} (10)
s, =1{5,..,12} Vi={5..,12} (11)
s, = {13,..,32) Vi={13,..,32) (12)
s, = {33,..,64} Vi={33,..,64} (13)

Constraint (10) imposes that flange/web beads are the first set to be made. The next set
of beads are longitudinal stiffeners/base plate beads (11), followed by girders/base plate
beads (12). The last set to be welded are longitudinal stiffeners/girders beads, given in
(13).

Genetic algorithms are based on random procedures, which may generate different results
for runs with the same settings. Therefore, the indicated stop criterion is the number of
iterations. If a reduction in distortion is adopted, the time spent in a run may vary greatly.
In this project were adopted two runs for each model, one with 100 iterations and another

with 200 iterations.
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5. RESULTS AND DISCUSSION

As expected, the models consumed several hours to achieve the determined number of
iterations. They were run by an Intel Core i7-4770 3.40GHz with 16GB of RAM memory.
The Original Sequence Model (OSM) spent 22 hours to complete 100 iterations and
almost 47 hours to complete 200 iterations. For the Common Sequence Model (CSM),
less time was spent in optimization, as the number of beads is lower when compared to
the OSM. Hence, were necessary 8 hours to achieve 100 iterations and almost 16 hours
to achieve 200 iterations. The initial and optimized welding sequences are available on
APPENDIX B.

These time spans may be improved using a cluster or a more powerful computer, which
is not an expensive acquisition for industry segments. However, even the obtained time
terms are practicable for the industry. If considered that the optimizations are run along
the detailed project and even during the constructions phase, the practiced terms are truly

practicable.

Follows in Figure 77 the optimization of Original Sequence Model with 100 iterations.
The model starts with 10.7 mm of average distortion on the first iteration, is minimized
to 6.4 mm on the 98" iteration. This represents a decrease of 40.2% in the total distortion
over the base plate, which is a considerable reduction that may facilitate the assembling

of panels and blocks.

Average Distortion (m)

Figure 77 - Optimization of Original Sequence Model for 100 iterations
Next is presented the optimization of OSM with 200 iterations in Figure 78. Again, the
model starts with 10.7 mm of average distortion over the base plate. However, the doubled
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number of iterations was not capable to achieve a better result. Instead, the optimization
reached only 6.8 mm of distortion on 194" try, which represents a decrease of 36.5%.

This unexpected result may be a side effect of the chosen optimization method. One
probable explanation is the seed used on each optimization, which maybe different and
led to a local minimum. Another explanation for this behavior is the Xtreme technology
[59]. The neural network present in the optimization method may not work properly,
mistakenly modeling the problem. As the optimization code is not open, the assessment

of this problem is not effectively possible.
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Figure 78 - Optimization of Original Sequence Model for 200 iterations

Now changing to the second model, the Common Sequence Model (CSM), is presented
in Figure 79 the results for 100 iterations optimization. The model starts with 11.7 mm of
average distortion, reaching 10.3 mm in 85" iteration. This is a 12.0% reduction is
distortion over the base plate. If compared to the decrease obtained on the OSM, this

optimization was not too efficient.
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Figure 79 - Optimization of Common Sequence Model for 100 iterations

The last is the 200 iterations optimization for the CSM. It results in a decrease to 7.1 mm
of average distortion on 199" iteration, presented in Figure 80. This represents 39.3% of
reduction, approaching to the results obtained for the OSM. Remembering that CSM has
simplifications and constraints that approximate it to real practice, this reduction may be

interesting to industry. This must facilitate the assembly of panels and blocks.
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Figure 80 - Optimization of Common Sequence Model for 200 iterations
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Summarizing the obtained results, it is presented in Table 11, which shows the distortion
and relative decrease for each optimization.

Original Sequence Common Sequence
Distortion (mm) Decrease (%)  Distortion (mm) Decrease (%)
Initial 10.7 - 11.7 -
100 Optimization 6.4 40.2 10.3 12.0
200 Optimization 6.8 36.5 7.1 39.3

Table 11 - Summary of the obtained results for optimizations

Figure 81 shows the displacement on the vertical direction for the base plate. It is possible
to note that the initial sequence has a great negative displacement on the edges. The results
of optimizations transform the main part of distortion into a positive displacement. It is
even possible to see that the plate with 6.4 mm distortion has more white areas, which

denotes a distortion near to zero.

10.7 mm 6.4 mm 6.8 mm

Figure 81 - Comparison between base plate distortion for initial sequence, 100 optimization and 200 optimization of
Original Sequence Model

The same illustration is presented for the Common Sequence Model in Figure 82. The
starting welding sequence generates a different profile when compared to the OSM, as
the main displacement is now in a positive direction. Being maximum on the areas near
to the girders. The optimizations show the whitening of displaced areas, diminishing the

overall distortion.

11.7 mm 10.3 mm 7.1mm

Figure 82 - Comparison between base plate distortion for the initial sequence, 100 optimizations and 200
optimizations of Common Sequence Model
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The visual comparison is not an accurate method, becoming important to present the
results data on another format. Figure 83 shows the normalized frequency of distortions
on vertical direction over the base plate for each welding sequence: initial, 100
optimization and 200 optimization. It is also shown the mean value and the standard

deviation for each welding sequence.

As the results described earlier, it is evident in data analysis that the 100 iterations
optimization achieved the minimum distortion. The mean value most close to zero is
given by the 100 iterations optimization, indicating that distortions are better distributed
along the negative and positive displacement axis. Additionally, the 100 optimization has
the lower standard deviation, indicating that frequencies are closer to the mean than the
other welding sequences. The combination of near to zero mean distortion and lower

standard deviation confirms that try 98 is the best result achieved during the optimization.

The same representation is made for Common Sequence Model in Figure 84. May be seen
on chart and by the mean value of distortion, that try 199 from 200 optimization has the
mean most close from zero. This welding sequence also presents the lower standard

deviation, indicating a higher concentration of distortions around the mean value.

As discussed before, try 98 from OSM and try 199 from CSM are the better welding
sequences found during the optimization process. This is concluded from the data
generated by Virfac, which is the comparison between distortion magnitude, and from
analysis of vertical displacement, given by visual comparison and frequencies

distribution.

The last results to be presented are the comparison between the two models, depicted in
Figure 85. The results given by Virfac show that optimized welding sequences have a
near distortion, 6.4 for OSM on 98" try and 7.1 for CSM on 199" try. However, Figure
85 shows that mean frequency of distortions is much closer to zero on OSM than CSM.
Although CSM presents a lower standard deviation, the difference between the OSM
standard deviation is not great. OSM mean represents only 16.3% of the CSM mean,
while CSM standard deviation is 93.9% of OSM’s. This comparison shows that the
difference on standard deviation is negligible when considered the difference between
mean distortion frequency. Therefore, the results given by Virfac are reinforced, even

though the vertical displacement is only one part of the results presented by Virfac.

82



Frequency

0.040 Try 001 Try 098 Try 194
Mean -2.265 -0.166 -0.555
Std Dev  2.154 1.717 1.867
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Figure 83 - Normalized frequency of distortions over the base plate for Original Sequence Model
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Figure 84 - Normalized frequency of distortions over the base plate for Common Sequence Model

84



Frequency

-15

0.040

0.035

-10

-5 0 5 10

Z Displacement (mm)

Figure 85 - Comparison between optimized welding sequences of OSM and CSM
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Other parameters that may be assessed are the shrinkage on the in-plane direction, the
longitudinal and the transversal shrinkage. These values are calculated as the difference
in mm between the edges of the base plate. For the longitudinal shrinkage, are considered
the transversal lines on x = 0 mm and x = 1500 mm. The same is done for the
transversal shrinkage, but with longitudinal lines on the edges, the first at y = 0 mm and

the second at x = 1200 mm.

The results of longitudinal and transversal shrinkage are presented in Figure 86 and Figure
87. Are presented the shrinkage for the original welding sequence for both models,
Original Sequence Model (OSM) and Common Sequence Model (CSM). Also, are shown
the shrinkages for the optimized sequence of each model. The positive values correspond

to shrinkage and the negative to stretch.
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Figure 86 - Longitudinal shrinkage of the global models
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Figure 87 - Transversal shrinkage of the global models
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6. CONCLUSIONS

On this project, a method was developed to minimize the distortions over a stiffened plate.
The first phase was responsible to create and simulate local models, which results were
used to compose and predict the distortions over the stiffened plate, called global model.
Next, an optimization was implemented on the welding sequence in order to minimize

the distortions over the base plate.

The method was able to minimize the distortions on the base plate, reaching a decrease
of 40.2% for the model based on the original welding sequence (Original Sequence
Model) and 39.3% for the simplified model (Common Sequence Model). Although the
obtained welding sequence is not a usual one, it may improve the assembling of panels
and blocks in shipyards. Leading to a reduction in time spent in this phase, which tends

to reduce the costs.

Another important feature of the proposed method is its feasibility into an industrial
environment. The time spent on the optimizations are viable to be implemented through
the detailed project phase and could be extended over the construction phase if necessary.
Furthermore, the computer necessary to run the optimization does not have an elevated
cost. If a cluster is combined with the proposed method, which has a higher cost when

compared to the user computer, a great gain in time spent is expected.

Becomes a difficult task for a welder to implement a random welding sequence, as the
ones generated by the optimizations. However, robots are becoming more usual in
industry, which enables the adoption of complicated welding sequences. Also a multi-
objective optimization may be studied adding the travel distance of the robot as a part of
the objective function.

The results also shown a side effect of the optimizations, which is local minimum. Maybe
the code was led into a local minimum, as occurred on the 200 iterations optimization for
the Original Sequence Model. As the results are worst when compared to the 100

iterations optimization, which is the opposite of the expectation.

The great difference observed on vertical displacements, was not present on in-plane
shrinkage when comparing the original and optimized models. However, a severe change

on the pattern was observed between models. The main modification was observed on the
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longitudinal shrinkage, where the simplification of the model led to shrinkage instead of

stretch, as presented by the original model.

Comparing the optimized results of both models, it was seen a considerable difference on
distortion distribution. The Original Sequence Model (OSM) presented fewer vertical
distortions when compared to the optimized Common Sequence Model (CSM). Thus,
would be an interesting study to also analyse the ideal number of weld beads that is
necessary to optimize the distortions. As the current study presents a great difference on
the number of beads for longitudinal stiffeners. OSM presents 20 beads for each stiffener,

while CSM presents only two.

Another important and crucial enhance for this work is the validation of simulations.
Although the use of computational simulations is getting more reliable, the validation is
one essential step. On this project was expected to compare the obtained results with the
original experiment. First, we expected to receive the experimental data from GeonX after
the results of the simulations. However, these data were not passed for us. Now we are in
direct contact with DAMEN, trying to get the experimental results. The costs to perform
an experiment were elevated, making it unpractic for the laboratory. Maybe in the future,

this project may be offered to a partnership turning the experiment feasible.
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APPENDIX A

W1 WELD BEADS

Weld Length [mm] Weld throat thickness [mm] Direction Duration [s]

W1F1 145 3 3 3 - 8

W1A1 140 4 4 4 - 10
WI1F2 140 5 4 3 - 12
W1A2 150 4.5 3 3 - 12
WI1F3 150 4 5 5 - 8

W1A3 145 5 4 3 + 12
WI1F4 145 55 3 3 - 11
W1A4 160 4 4 3 - 11
W1F5 150 3.5 3 3 + 10
W1A5 135 4 3 4 + 10
W1F6 130 4 3 3 - 10
W1AG6 150 4 4 4 + 11
WI1F7 150 4 3 3 + 11
W1A7 150 5 4 3 - 13
WI1F8 140 3.5 3.5 4 + 9

W1A8 145 5 3 4 + 9

W2 WELD BEADS

Weld Length [mm] Weld throat thickness [mm] Direction Duration [s]

W2F1 145 4 3.5 4 - 17
W2A1 145 5 4 4 - 11
W2F2 140 5 4 4 - 14
W2A2 145 4 4 4 - 12
W2F3 140 4 4 5 - 11
W2A3 150 4 3.5 3.5 - 10
W2F4 145 4.5 4 3 - 12
W2A4 120 4.5 4 3 - 13
W2F5 140 4.5 3.5 3.5 + 12
W2A5 160 5 4 3 + 14
W2F6 150 4 4 4.5 + 14
W2A6 150 4 4 3 - 12
W2F7 140 5 4 4 + 13
W2A7 125 4 4 4 + 13
W2F8 140 4.5 4 5 + 12
W2A8 140 4 4 4 + 10

W3 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

W3F1 - 135 4 3 3 10
W3A1 - 125 5 4 4 10
W3F2 - 110 4.5 4 4 10
W3A2 - 120 5 4 4 9

W3F3 - 160 4 3 3 14
W3A3 - 140 4 3 4 14
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W3F4 - 170 4 3 3 16
W3A4 - 165 4 3 3 16
W3F5 - 170 4 3 3 13
W3AS5 - 165 5 4 3 17
W3F6 + 160 5 4 3 17
W3A6 + 175 4 3.5 3 15
W3F7 + 160 4 4 4 14
W3A7 + 170 5 3 4 17
W3F8 + 160 4 3 3.5 14
W3A8 + 165 4 3.5 3 15
W3F9 + 125 4 4 4 11
W3A9 + 115 5 4 4 9
W3F10 + 120 5 4 4 9
W3A10 + 130 4 4 3 10

W4 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

WA4F1 - 140 4.5 4 3 11
W4A1 - 135 4.5 4 3 11
WA4F2 - 100 5 4 3.5 14
W4A2 - 110 5 4 3 10
WA4F3 - 150 5 4 4 16
WA4A3 - 155 5 4 3.5 14
WA4F4 - 165 4.5 4 3.5 15
W4A4 - 160 5 4.5 4.5 16
WA4F5 - 170 5 4 4 11
WA4A5 - 175 4.5 4 4 16
WA4F6 - 180 5 4 3 18
W4A6 + 180 4.5 3.5 4 14
WA4F7 + 165 4 4 4 17
WA4A7 + 170 4.5 4 3.5 14
WA4F8 + 155 5 4 4 16
W4A8 + 150 5 4 3.5 16
WA4F9 + 110 4.5 3.5 3 12
W4A9 + 110 4.5 4 3.5 9
WA4F10 + 135 5 4 4 11
WA4A10 + 130 4 3 3.5 9

W5 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

W5F1 - 130 4 3.5 4 10
W5A1 - 125 5 4 3 11
W5F2 - 110 4 3.5 4 10
W5A2 - 120 5 4 3 12
W5F3 - 160 5 4 4 16
W5A3 - 160 5 4 4 14
W5F4 - 175 4 3 4 16
W5A4 - 170 4 4 4 13
WS5F5 - 170 3.5 3 4.5 15
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W5AS - 165 5 4 3.5 15
W5F6 - 160 4 3 3 12
W5A6 + 170 5 4 5 14
WSF7 + 165 5 4 4 15
W5A7 + 165 5 4 4 17
W5F8 + 165 5 4 4 17
W5AS8 - 160 4.5 4 4 15
W5F9 + 115 5 4 4 12
W5A9 + 120 4 3.5 4.5 10
W5F10 + 135 6 5 3.5 11
W5A10 + 120 5 4 4 12

W6 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

WG6F1 - 110 5 3 4 10
W6A1 - 105 4 3 4 10
WG6F2 - 115 4.5 3.5 3 14
WG6A2 - 115 5 4 4 9
WG6F3 - 155 5 4 3 16
W6A3 - 150 4.5 4 3.5 12
WG6F4 - 165 5 3 3.5 16
W6A4 - 175 4 3 3 12
WG6F5 - 160 3.5 3 3.5 14
WG6AS - 160 5 4 3 14
WG6F6 + 160 4 3 3 15
WG6AG + 160 4.5 3 4 13
WG6F7 + 180 4 4 3.5 17
W6A7 + 170 4.5 3 4 12
WG6F8 + 155 5 3.5 3 12
W6A8 + 155 5 3 5 15
WG6F9 + 120 5 4 4 11
WG6A9 + 120 4 3 4 9
WG6F10 + 115 4.5 4 3 9
WG6A10 + 115 4 3 3.5 10

W7 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

WT7F1 - 235 4 3 3 16
W7A1 - 240 4 3 3 19
WTF2 - 235 4 3 4 16
W7A2 - 240 4 3 3 16
WT7F3 - 235 4 4 3 13
W7A3 + 250 5 4 4 17
W7F4 + 240 4 4 5 20
W7A4 + 245 4 3 3 15
W7F5 + 240 4 4 4 10
W7A5 + 225 3 3 3 13
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W8 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

W8F1 - 220 5 4 4 11
W8A1 - 220 5 4 4 12
W8F2 - 200 5 4 4 12
WB8A2 - 200 4 5 5 12
W8F3 - 205 4.5 4 4 16
W8A3 + 190 5 4 4 15
W8F4 - 80 5 4 4 11
W8A4 + 105 4 4 4 16
W8F5 + 240 5 4 5 16
WB8AS + 205 4.5 5 5 15
W8F6 + 270 5 4 4 16
WB8AG + 280 5 5 5 16

J1 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

J1FF + 80 4.5 7
J1AF + 80 5 10
J1FA + 80 5 11
J1AA + 80 4 9

J2 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

J2FF + 80 5 9
J2AF + 80 55 10
J2FA + 80 4 11
J2AA + 80 3 8

J3WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

J3FF + 80 5 6
J3AF + 80 5 9
J3FA + 80 5 6
J3AA + 80 4.5 9

J4WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

JAFF + 80 5 10
JAAF + 80 5 8
J4AFA + 80 5 11
JAAA + 80 5 10
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J5 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

J1FF + 80 7 8
J1AF + 80 4.5 9
J1FA + 80 5 7
J1AA + 80 4.5 7

J6 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

J1FF + 80 4.5 10
J1AF + 80 4 8
J1FA + 80 5 12
J1AA + 80 4.5 9

J7 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

J1FF + 80 6 7
J1AF + 80 4 8
J1FA + 80 6 9
J1AA + 80 4.5 10

J8 WELD BEADS

Direction Weld Length [mm] Weld throat thickness [mm] Duration [s]

J1FF + 80 4 12
J1AF + 80 4 7
J1FA + 80 6 12
J1AA + 80 4.5 10
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APPENDIX B

ORIGINAL SEQUENCE MODEL - REPRESENTATION

W8A6

WS8AS5

W8A4

WS8A3

W8A2

WS8A1

W8F6

W8F5

WS8F4

W8F3

W8F2

WS8F1

W7F5

W7F4

W7F3

W7F2

W7F1

W6A10 | W6F10 W5A10 | W5F10 W4A10 | W4F10 W3A10 | W3F10
W6A9 | W6F9 W5A9 | W5F9 WA4A9 | WA4F9 W3A9 | W3F9
W2A8 | JBAA JBAF | W2A7 | W2A6 | J6AA J6AF | W2A5 | W2A4 | J4AAA | JAAF | W2A3 | W2A2 | J2AA | J2AF |W2A1
W2F8 | J8FA J8FF | W2F7 | W2F6 | J6FA J6FF | W2F5 | W2F4 | J4FA JAFF | W2F3 | W2F2 | J2FA J2FF | W2F1
W6A8 | W6FS8 W5A8 | W5F8 WA4A8 | WA4FS8 W3A8 | W3F8
W6A7 | W6F7 W5A7 | W5F7 W4A7 | WA4F7 W3A7 | W3F7
W6A6 | W6F6 W5A6 | W5F6 WA4A6 | WAF6 W3A6 | W3F6
W6AS5 | W6F5 W5AS5 | W5F5 WA4AS5 | WAF5 W3AS5 | W3F5
W6A4 | W6F4 W5A4 | W5F4 W4A4 | W4F4 W3A4 | W3F4
W6A3 | W6F3 W5A3 | W5F3 WA4A3 | WAF3 W3A3 | W3F3
WI1A8 | J7AA J7AF | W1A7 | W1A6 | J5AA J5AF | W1A5 | W1A4 | J3AA J3AF | W1A3 | W1A2 | J1AA | J1AF |WI1A1
W1F8 | J7FA J7FF | W1F7 | W1F6 | J5FA J5FF | W1F5 | W1F4 | J3FA J3FF | W1F3 | W1F2 | J1FA JIFF | W1F1
W6A2 | W6F2 W5A2 | W5F2 WA4A2 | WAF2 W3A2 | W3F2
W6A1 | W6F1 W5A1 | W5F1 W4A1 | WA4F1 W3A1 | W3F1
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W7A4

W7A3

W7A2

W7A1




ORIGINAL SEQUENCE MODEL - ORIGINAL SEQUENCE

5 10 1 11 7
6 9 2 12 8
16 22 21 18 14
15 20 19 17 13
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ORIGINAL SEQUENCE MODEL - 100 ITERATIONS (TRY 98)
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4 9 10 3
5 8 11 61
14 18
13 16




ORIGINAL SEQUENCE MODEL - 200 ITERATIONS (TRY 164)
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COMMON SEQUENCE MODEL — REPRESENTATION

WS8A

WS8F

W7F

W7A

WG6A | W6F W5A | W5F WA4A | WAF W3A | W3F
W2A5 | JBAA | JBAF| W2A4 |J6AA |J6AF| W2A3 |J4AA |JAAF| W2A2 |J2AA|J2AF | W2A1
W?2F5 | J8FA |J8FF | W2F4 |J6FA |J6FF | W2F3 | JAFA |JAFF| W2F2 |J2FA | J2FF | W2F1
W6A | W6F W5A | W5F WA4A | WAF W3A | W3F
W1AS |J7AA |J7AF| W1A4 |J5AA (J5AF| W1A3 |J3AA|J3AF| W1A2 |J1AA|J1AF|W1Al
WA1F5 |J7FA |J7FF | WI1F4 | J5FA |J5FF | WI1F3 |J3FA|J3FF| W1F2 |J1FA |J1FF | W1F1
WG6A | W6F W5A | W5F WA4A | WAF W3A | W3F
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COMMON SEQUENCE MODEL — ORIGINAL SEQUENCE

12 | 11 10 9 8 7 6 5
32 | 64 | 62 31 56 | 54 30 48 | 46 29 40 | 38 | 28
27 | 63 | 61 26 55 | 53 25 47 | 45 24 39 | 37 | 23
12 | 11 10 9 8 7 6 5
22 | 60 | 58 21 52 | 50 20 44 | 42 19 36 | 34 | 18
17 | 59 | 57 16 51 | 49 15 43 | 41 14 35 | 33 | 13
12 | 11 10 9 8 7 6 5




COMMON SEQUENCE MODEL — 100 ITERATIONS (TRY 85)

12 | 11 10 9 8 7 6 5
15 | 54 | 34 32 63 | 49 31 57 | 44 30 41 | 37 | 29
18 | 58 | 60 28 50 | 48 27 45 | 59 26 40 | 38 | 25
12 | 11 10 9 8 7 6 5
24 | 56 | 36 23 47 | 39 22 43 | 42 21 35 | 33 | 20
19 | 64 | 53 17 46 | 52 16 55 | 62 14 61 | 51 | 13
12 | 11 10 9 8 7 6 5
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COMMON SEQUENCE MODEL — 200 ITERATIONS (TRY 199)

12 6 11 | 10 9 7 8 5
15 | 35 | 60 31 50 | 57 30 37 | 59 29 40 | 39 | 28
22 | 42 | 58 27 49 | 55 25 46 | 48 24 36 | 38 | 23
12 6 11 | 10 9 7 8 5
18 | 43 | 34 21 64 | 56 26 45 | 41 32 44 | 33 | 20
19 | 61 | 53 17 47 | 52 16 54 | 63 14 62 | 51 | 13
12 6 11 | 10 9 7 8 5
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