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ABSTRACT

The ship block construction process mostly consists of cutting, welding and
assembling of steel plates and sections. Even though the plates are relatively thick, the
weight and the large size make them behave similar to compliant sheet metal during the
block construction processes. Heat flux welding, the major joining process in block
erection, causes distortions as well as residual stresses in assemblies due to its highly
non-uniform heat flux over very short periods of time, which often results in the
degradation of the dimensional quality of the blocks. Compared to the ship’s total
dimension (on the order of a hundred meters) the required accuracy between the interface
of adjacent blocks (on the order of millimeters) is about one in one hundred thousand.
Block joint alignment thus requires relatively very high accuracy. Misalignment and
nonconformance between the building blocks being erected will adversely impact the
total productivity of shipyard significantly by consuming one of the most critical
resources in the shipyard.

Distortion caused by the welding process is heavily dependent on the plate’s
boundary conditions such as clamping of the plates being welded and the sequence of
assembly can change these boundary conditions. Also, the plate part variations can be
varied through the assembly sequences due to its compliancy. The assembly sequence
when designed adequately can positively affect the distortions and deformations during

the assembly process without costly mitigation processes.

Xvii
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The concept investigated in this research involves the combining of tolerance
analysis/synthesis and finite element analysis, to develop compliant assembly models of
ship block construction. The ultimate goal of this research is to investigate the factors that
control the deformation of non-nominal plate assemblies after being welded and reduce
construction time and cost.

In this dissertation, both tolerance analysis and welding distortion simulation are
vigorously investigated to develop a new method for tolerance analysis method for ship
block joining. The mechanistic variation simulation, which statistically combines the
sensitivity matrix with root sum square method to determine mean and standard deviation
without Monte-Carlo simulation, are used for the tolerance analysis and equivalent
loading method based on the inherent strain. The method combines B-Spline finite
element analysis with empirical data to determine welding distortion without
computationally intensive three dimensional nonlinear finite element analysis. A
Modified Method of Influential Coefficients is developed for tolerance optimization of
ship block erection considering welding distortion. For validation purposes, an example
of ship block which consists of two base plates, four stiffeners, and one web frame is
tested by the Modified Method of Influential Coefficients and the results compare

favorably with that of Monte-Carlo Simulation.

Keywords: Block Assembly, Assembly Sequence, Tolerance, Welding Distortion,
Variational Simulation, Inherent Strain, Equivalent Loading Method, Method of

Influencial Coefficient, B-Spline Finite Element Method
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CHAPTERI1
INTRODUCTION

1.1 Motivation

The concept investigated in this research involves the combining of tolerance
analysis and finite element analysis, to develop compliant assembly models of ship block
construction. The ultimate goal of this research is to investigate the factors that control
the deformation of non-nominal plate assemblies after being welded.

Typically, the number of commercial ships produced from one design is at most
three to five; i.e., ships are built-to-order products. Therefore, during the block
construction process, an intermediate product that does not meet tolerance requirements
is not scrapped, but reworked. At the final construction stage, a ship is built by erecting
and joining blocks or grand blocks in the dry dock, which is one of the most constrained
resources in a shipyard. Compared to its total dimension (on the order of hundred meters)
the required accuracy between the interfaces of adjacent blocks (on the order of
millimeters) is about one in one hundred thousand. Thus it requires relatively very high
accuracy. Misalignment and nonconformance between the building blocks being erected
will adversely impact the total productivity of shipyard significantly by consuming the
most critical resource in the shipyard much more than the case of well-aligned and

conformed blocks.
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The ship block construction process mostly consists of cutting, welding and
assembling of steel plates. Even though the plates are relatively thick compared to that of
the automotive industry, the weight and the large size of the plates make them behave
somewhat like compliant sheet metal during the material handling process. In addition,
the major joining process in block construction, heat flux welding, causes distortions as
well as residual stresses in assemblies due to its high intensity heat flux that actually
melts the steel locally over very short periods of time.

Due to these characteristics of the ship block construction processes, many
shipbuilders have tried to minimize the welding distortions during block assembly
processes in order to achieve higher productivity as well as higher product quality. They
have developed several mitigation techniques such as preheating, pre-stretching,
tempering, etc. The idea of these mitigation techniques comes from the fact that the
distortion is heavily dependent on the mechanical and thermal boundary conditions such
as clamping of the plates being welded and the non-uniformity of high temperature
distributions during the welding process. Since the sequence of assembly can change
these boundary conditions, the proper assembly sequence can positively affect the
distortions and deformations during assembly process without costly mitigation
processes. [Liu 1995, Roh and Shin 1999].

In addition, variation simulation analysis has been gradually adopted in the
automotive industry to predict the variation of the assembled product and identify the
major component tolerances and associated process-related dimensional variations that
can contribute to non-conformance of the final product. They have been successfully
applied to sheet metal assembly cases when welding distortions are negligible.

The goal of this research is to investigate the factors that control the deformation

and final dimensional quality of ship block assembly with non-nominal plates. In order to
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achieve the goal, welding distortion prediction methods and variational simulation
methods are vigorously investigated and a new composite method based on two existing
methods, equivalent loading based on inherent strain and method of influential
coefficients, is developed. Also, a B-Spline plate finite element is developed for

applications in which the slopes and curvatures of final product are important.

1.2 Overview of Related Research

In the strict sense ‘assembly planning’ can be defined as ‘an act of preparing
detailed instructions for the assembly of a product’ [Parkinson 1985]. In this context, an
assembly model in this dissertation is defined as a systematic and generic way of
performing assembly planning with consideration of variations, including welding
distortions, to achieve an optimal plate assembly outcome.

Since assembly planning and assembly modeling must consider a variety of
aspects that affect the production system, this research covers several different but
closely related research fields. This literature review surveys the most important areas
that are indispensable to understand assembly modeling with tolerance considerations,
which are Tolerance Analysis, Tolerance Synthesis, Finite Element Analysis, and

Manufacturing Systems Modeling.

1.2.1 Tolerance Analysis

Assembly planning has significant importance for production systems that build
complex products such as ships, aircraft and automobiles. These products are produced

mainly by assembly through sequential and interdependent steps. Due to these sequential
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and dependent characteristics, part variations or intermediate product variations may be
cumulative so that very small amounts of variations in intermediate products can result in
considerable dimensional errors in the final product. This in turn significantly influences
the quality of a product as well as productivity [Chirillo et al. 1982 and 1985].

The study of this aggregate behavior of given individual variations is referred to
as tolerance analysis, while the process of allocating tolerances to each intermediate
product is tolerance synthesis or tolerance allocation [Lee and Woo 1990]. Among many
methods in tolerance analysis, variation simulation analysis has been gradually adopted in
the early design stage to predict the variation of the assembled product and identify the
major component tolerances that can contribute to non-conformance of the final product

[Liu and Hu 1995].

1.2.1.1 Tolerance Analysis and Variational Simulation

Tolerance analysis is the process of estimating the accumulation of the design
tolerances on component dimensions and features to ensure that parts can be assembled
during production. Tolerance is defined as the permissible variations of a dimension in
engineering design. Since tolerance typically only defines the upper and lower limits on
dimensions, a dimension can occur anywhere in the range, and thus, the notion of random
variables arises with a probabilistic treatment [Henzold 1995].

Tolerance synthesis or allocation is the reverse process of tolerance analysis by
which a rational assignment of tolerances to each intermediate product is made during the
design phase so that the final product can satisfy the desired tolerance criteria. Tolerance
of a part can be represented loosely speaking as a vector since a part may have multiple

tolerances on its dimensions. Usually it is necessary to find the tolerance of a part, i.e., a
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tolerance vector,v , where the ©, component represents the tolerance at i -th source of

variation.

v=f(v,0,,,0y) (1.1)

In special cases, the function f is a linear function. Typically, during the
tolerance analysis, systems of nonlinear equations must be solved. However, because the
variations in manufacturing processes are relatively small compared to the part
dimensions, the above equations can usually be linearized [Gao 1993]. A comprehensive
review of dimensioning, tolerancing, the analysis processes may be found in Roy et al.
(1991) and Chase and Parkinson (1991).

Currently, the primary methods available for the analysis of assembly variation
are worst case, statistical analysis and Monte Carlo simulation. The worst case method
was the first approach used for the stack-up in one-dimensional assemblies. It evaluates
the assembly under the assumption that all parts are at their extreme values. However, the
probability of every part in an assembly having the worst case dimensions at the same
time is very low. Hence, this technique generally overestimates assembly variation and
requires very tight tolerances for the product to meet the design specification [Chase and
Parkinson 1991].

In statistical analysis, the variation of parts are specified as random variables that
follow certain statistical distributions and then the corresponding assembly dimension can
be calculated according to the tolerance chain of the assembly. A subcase of statistical
analysis is the Root Sum Square (RSS) Method. It is based on the assumption that the
variance of the dependent variable can be expressed as a first order Taylor’s series
expansion of independent variables. Also, it is common practice to take the part variation

as a normal distribution with mean value at the tolerance midpoint [DeVor et al 1992].
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This RSS method yields a more realistic estimate and looser part tolerances than the
worst case method [Chase and Parkinson 1991, Lee and Woo 1990].

However, both the worst case and statistical methods are difficult to apply to
complex two-dimensional and three-dimensional assemblies because in both cases, it is
very difficult to represent the tolerances of each part. Monte-Carlo simulation can be
applied to more complex assemblies. This is a widely adopted method that evaluates
individual assemblies using a random number generator to select values for each instance
of each manufactured dimension, based on the type of statistical distribution assigned by
the designer or determined from the production data. By simulating a large number of

assemblies, the output can be represented as a statistical distribution [Craig 1989].

1.2.1.2 Tolerance Analysis of Compliant Assemblies

All the above methods are based on the rigid-body assumption and do not
consider the non-rigid behavior of compliant parts. Gordis and Flannelly (1994)
examined stresses arising from bolt hole tolerances. They showed how the variation in a
simple assembly may be mapped into the frequency domain and solved as transient
dynamic finite element problem. Also Fang and Liou (1994) applied system dynamics to
assembly variation by analyzing a low velocity dynamic assembly of components. This
was accomplished by adding springs at the contact points and updating the stiffness
matrix at each point in a dynamic solution.

Takezawa (1980) applied linear regression models to real production data for
automotive body assemblies in modeling variation stack-ups. He concluded that for
compliant sheet metal assemblies, “the conventional addition theorem of variance is no

longer valid”, because of possible part deformation and springback. In fact, the assembly
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process is capable of absorbing variation of the assembled structure provided the process
is properly designed. This is clearly a function of part compliance. Furthermore, he noted
that “the assembly variance has decreased and is closer to the variance of the stiffer
components”.

Liu and Hu (1995, 1997a, and 1997b) have advanced the area of tolerancing
compliant assemblies. They show that in assemblies of sheet metal on a rigid frame the
final tolerances correspond more closely to the tolerance of the rigid frame. Part
deformation must be considered to accurately predict the assembly tolerances. They
introduce the concept of mechanistic variation simulation to analyze the assembly stack-
up of deformable parts. In this concept, Monte Carlo analysis is used to randomly
displace nodes in a finite element model and then determine the mean and standard
deviation of the assembly.

They expand the concept of mechanistic variation simulation and show how the
order of assembly (parallel vs. serial) affects assembly tolerances [Liu et al. 1996].
Finally, they develop the Method of Influence Coefficients [Liu and Hu 1995] as a more
efficient method of calculating variations due to compliant assemblies. This method uses
a sensitivity matrix obtained from the influence coefficients of the unassembled and
assembled parts. These sensitivities are combined statistically using a root sum square to
determine the mean and standard deviation. However, they deal only with spot-welded
sheet metal assemblies. They do not describe how to combine tolerance stack-ups with
compliant assemblies, and they apply their methods only to simple geometries.

Hsieh and Oh (1997) proposed a similar method for the computer simulation of
variation in vehicle assembly processes, which combines traditional elastostatic structural
analysis with techniques used to evaluate statistics of the system with stochastic

parameters. Soman (1996), and Chang and Gossard (1997) proposed similar models for
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predicting variations in an assembly consisting of compliant non-ideal parts. Merkley
(1996) investigated the covariances among the initial variations and their effects on the
final variations of the compliant assemblies. However, those variation models do not
include variation associated with tooling, i.e., welding and fixtures. In addition, based on
those models, it is hard to generalize some common understanding about the variation
propagation in compliant assemblies.

Based on the mechanistic variation simulation model, Hu and Long (1997)
proposed a unified variation model for compliant sheet metal assemblies by considering
both fixture-induced rigid-body motion and springback deflection. Those studies gave
more realistic variation models and offered better understanding about the impacts of the

tooling variation.

1.2.1.3 Tolerance Synthesis/Tolerance Design

Tolerance Design is the assignment of tolerance based on process capabilities,
cost, performance requirement, etc. This process is also known as tolerance synthesis or
tolerance allocation. Tolerance synthesis can be said to be the inverse process of
tolerance analysis. Given a specification for a design function, tolerances for independent
variables need to be assigned. This is a difficult problem because there is only one
assembly tolerance condition and many unknown component tolerances that must be
determined.

Initial work in this area was also performed by Greenwood and coworkers. He
developed the Uncertain Mean Model, which extends linearized methods to allow for a
mean shift or bias in the statistical tolerance data [Chase and Greenwood 1988;

Greenwood and Chase 1987; Greenwood and Chase 1988; Greenwood and Chase 1990].
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Haugland (1987) and Loosli (1987) also performed research in this area. They applied the
method of Lagrange Multipliers and cost versus tolerance functions to allocate the
specified assembly tolerance among the component dimensions to achieve the least cost.
Their algorithm could also select the most economical process for the task [Chase et al.
1990].

Various models of cost versus tolerance, different search algorithms, and different
empirical optimized object functions have been proposed such as linear [Bjorke 1978],
reciprocal [Chase and Greenwood 1988, Parkinson 1985], reciprocal powers [Lee and
Woo 1990, Chase et al. 1990], exponential [Michael and Siddall 1982] and empirical data
based on discrete points [Lee and Woo 1989]. Larsen (1989) developed a hybrid Monte
Carlo method that included the Method of System Moments. This method used
parametrically defined statistical assembly distributions to rapidly reallocate component
tolerances without repeating the Monte Carlo simulation. Andersen (1990) generalized
the Lagrange Multiplier method to include multiple loop problems and mixed exponent
cost functions. An efficient and robust iteration scheme was devised to find the set of

tolerances yielding minimum cost.

1.2.2 Welding Distortion Prediction

Traditional research on welding deformation prediction has focused on the
simplified load method, numerical simulation method and three-dimensional finite
element analysis. The simplified load method uses empirical equations that have been
verified through years of practical implementation in shipyards. It is assumed that the
quantity of shrinkage deformation and angular deformation can be calculated by solving

equivalent in-plane force and bending moment equations, respectively. The simplified
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load method provides very fast and rough estimation on welding distortion, but it is
difficult to use for complex geometry. The numerical simulation method [Roh and Shin
1998] assumes inherent strain distributions in plates. Inherent strains are determined as
total strain minus elastic strain and by integrating this inherent strain the distortion can be
obtained. Since this method uses the assumptions of inherent strain and measured data to
predict welding deformation, welding deformation data must be stored systematically to
build a database. However, this method also requires a large amount of experimental data

to predict welding deformation accurately.

1.2.2.1 Finite Element Analysis(FEA)

Three-dimensional FEA is the most straightforward, but computationally
expensive and time-consuming method. It can calculate welding distortions of complex
three-dimensional shapes and can predict the deformation accurately. However, it
requires relevant modeling of the welding process and defined geometry. Typically, for
the prediction of welding distortion, the temperature field and stress and strain field are
assumed to be decoupled; i.e., heat input from the torch generates a non-uniform
temperature field in plates and this temperature field is calculated by solving heat
conduction and convection equation using FEA. Then the thermal stress caused by this
temperature field is calculated by FEA [Friedman 1975].

In the 1930s, when the studies on welding distortion began, most research was
interested in the welding experiments of individual welded structures. As written in
Masubuchi (1980), many researchers performed various experiments and established the
empirical formulas to estimate welding distortion. The analytic approaches to the welding

deformations based on elasticity began in the 1950s, which contain the inherent strain
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theory and the dislocation theory. Watanabe and Satoh (1961) and Fujimoto (1970)
considered the initial strain or deformation, which would cause the welding distortion, in
the welding structure and calculated the analytic solution based on elasticity. This method
is far from the reality of welding deformation of actual welded structures since the initial
strains and the welding structures are idealized using simple mathematical models.
However, it became a basis of the numerical and the equivalent loading method.

Since some numerical methods such as FDM (Finite Difference Method) and
FEM (Finite Element Method) were generalized with development of computer
technology in 1960-70 timeframe, many attempts have been made to apply them to the
numerical analyses of welding deformations.

The numerical approaches are mainly focused on the simulation of physical
behaviors of welding, heat transfer analysis and thermo-elasto-plastic analysis due to
welding heat input. In order to get the accurate solution through numerical analysis, two
requirements should be satisfied. Firstly, accurate modeling of complicated physical
behavior during welding is required considering heat source, temperature-dependent
material properties and phase transformation of steel. Secondly, some numerical
algorithms which can guarantee high accuracy, reliability and efficiency in computing
time and cost is also required since welding causes a concentrated local heating and
melting with high singularity. Computationally intensive numerical methods provide
some merits, and can analyze several features of welding deformation, stresses,
temperature, and phase transformation at a time. But it is not efficient for large scale
welded structures such as ship hull blocks. The state of the art of welding deformation
analyses using the numerical approaches was reviewed in detail by Tekriwal (1989), Lee

(1995) and Artem (2001).
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1.2.2.2 Equivalent Loading Method Based on Inherent Strain

In order to analyze welding deformation of large-scale welded structures like ship
hull blocks, an equivalent load method based on inherent strain, which can obtain final
deformation using only elastic analysis, was suggested by Jang et al. (2002).

In the equivalent load method, the intermediate forming stages of welding
deformation during each welding process are abbreviated and only the final deformation
is obtained. Equivalent loads are calculated under appropriate assumptions using inherent
strains obtained from weld test models and heat transfer analysis. Substituting these loads
into the FE model, it is possible to get the final welding deformations through elastic FE
analysis of welded structures. Therefore, the equivalent load method is more efficient
than thermo-elasto-plastic analysis. However, calculation of equivalent loads should be
done in full consideration of mechanical features of welding deformation since the
accuracy of solution is greatly dependent on the equivalent load.

According to the calculation method of loads, the equivalent load method is
divided into two categories, namely the experiment-based equivalent load method and
inherent strain-based equivalent load method.

The experiment-based equivalent load method obtains the forces and moments in
reverse, which can give the same results as the measured deflections and shrinkage. Ueda
et al. (1985 and 1986a) proposed a method, which can calculate equivalent moments
corresponding to angular distortion. He modeled angular distortion by fillet welding as a
cantilever beam, which was given by equivalent moments, and induced moment formula,
which can give the same angular distortion as the empirical formula of Watanabe and
Satoh (1961).

In order to obtain longitudinal shrinkage, transversal shrinkage, and the angular

distortion of butt and fillet welding, Nomoto et al. (1997) modeled the welding area as
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springs, which had extensional and rotational stiffness. In order to obtain equivalent loads
for angular distortion and longitudinal bending deformations, Kim et al. (1996)
performed experiments, and put the results into equivalent moment formulae proposed by
Ueda et al. (1986b). Thus, because of the accumulation of various deformations
according to the assembling sequences like ship hull blocks, the calculation of equivalent
loads becomes difficult. Traditional methods calculate equivalent loads of all assembly
sequences from experimental results of simple members. They are inappropriate to apply
to changes of shapes and boundary conditions according to progress of block assembling.
The equivalent load method based on inherent strain obtains the strains distributed
near the welding area and calculates equivalent loads by integrating inherent strains on
the welding cross section. In order to obtain the inherent strain distribution near the
heating line by line heating, Jang et al. (1995 and 1997) performed a thermo-elasto-
plastic analysis of circular disk spring model, and assumed the inherent strain region as
elliptical. Jang also applied the inherent strain approaches to the line heating problems
[Jang et al. 2002 and 2003]. In a study to apply to the deformation of welded structures,
Seo and Jang (1997, 1999) calculated inherent strain through thermo-elasto-plastic
analysis of one-dimensional bar-spring model. Their studies introduced the concept of the
degree of restraints. It denotes the degree of restraint of an adjacent area, which restrains
expansion or shrinkage of the welding area. It also reflects dimensions of members,
materials, structure shapes, and boundary conditions. Seo and Jang (1997) and Jang et al.
(2004) performed an additional elastic analysis to consider the effect of the block
assembly process for the degree of restraints. As a result, the theoretical background was
prepared, which can consider the effects of changes in boundary conditions and structural

shapes on the calculation of inherent strain. On-the-other-hand, assumptions on the shape
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and area of inherent strain region, and on the value of inherent strains, needs further
improvements for precise analysis for various welding conditions.

Murakawa et al. (1996) used a simplified analysis model to obtain the inherent
strain. They represented the inherent strain as a function of the highest temperature and
degree of restraint. However, this method has limitations in applying it to complicated
structures. Jang and Seo (1995) suggested an efficient method to determine the inherent
strain region and expressed the inherent strains as a function of the mechanical melting
temperature [Ueda and Ma 1995] and the degree of restraint. Seo and Jang (1999)
calculated the deformation of large structure using the unit loading method to obtain the

degree of restraint.

1.2.3 Previous Research on Tolerance and Accuracy in the Shipbuilding Industry

Research work on tolerance analysis or tolerance synthesis are rare in the U.S.
shipbuilding industry. Chirillo et al. (1982 and 1985) performed research on the basic
idea of accuracy control in the ship construction process. Storch (1985) further expands
his statistical accuracy control research into several case studies on accuracy control in
U.S. shipyards. However this work focused on introducing the concepts of statistical
quality and accuracy control into the shipbuilding industry. He further investigated the
variation problem in hull construction and proposed rework level simulation to predict
rework requirement levels in hull block construction by statistical tolerance analysis
[Storch and Giesy 1988]. Their work focused on statistical accuracy control and did not
consider welding distortion and compliancy at the same time. Since the welding
distortion is the major source of dimensional inaccuracy, Chris and Randy (1997)

performed basic research on the control of the welding distortion in think ship panels.
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Spicknall and Kumar (2002 and 2003) investigated the dimensional management systems
applicable to ship block construction stages and developed a dimensional variation
simulation and analysis tool. They included weld shrinkage by considering in-plane
shrinkage and its variation in the heat-affected zones of fillet welds. However their
approach was based on rigid body assumptions so that it is very hard to model the
springback effects of the final assemblies.

In Japan and Korea, prediction of welding deformation has been widely
researched for the purpose of accuracy control in ship production process. Nomoto and
Aoyama performed basic studies on accuracy management systems based on estimating
welding deformations [Aoyama et al. 1997 and Nomoto et al. 1997]. Okumoto and
Matsuzaki (1997) proposed a new approach to accurate production of hull structure by
predicting the welding deformation. Ueda and colleagues (1975, 1985, 1986a, 1986b,
1989, 1991, and 1995) had performed various research on precise prediction on welding
deformation. In addition to prediction of welding deformation, production of curved shell
plates by line heating also have been widely researched in Japan and Korea.

Roh and Shin (1998) showed that the assembly sequence affects the final
deformation shape of the hull block by numerical simulation considering welding
deformation and gravity. However, they only simulated the block assembly but did not
consider variations nor provide any systematic approach or methodology to the generate

optimal assembly sequences.

1.3 Research Objectives

The goal of this research involves the combining of tolerance analysis and finite

element analysis, to develop compliant assembly models of ship block construction. For
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this particular model, part variation stack ups and welding distortion of non-nominal parts
should be considered. In addition, joining processes like fusion welding typically used in
ship block construction, which cause relatively large deformation and residual stresses
during the process, must be considered. The combined processes originally suggested
by Liu and Hu (1995) are further modified and illustrated in a sketch in Figure 1.1.

Efficient tolerance analysis methodology is essential in efficient tolerance
synthesis. In addition, efficient welding distortion prediction is necessary in order to
consider the welding distortion in tolerance synthesis. Three-dimensional finite element
analysis is a computationally expensive and time consuming process. An alternative is
mechanistic variation simulation, which statistically combines the sensitivity matrix with
root sum square method to determine means and standard deviations [Liu 1995]. The
simulations employ the equivalent loading method based on the inherent strain, which
combines finite element analysis with empirical data to determine welding distortion
without computationally intensive three-dimensional nonlinear finite element analysis.
To fulfill the objective, variational simulation of compliant assemblies and welding
distortion are vigorously investigated to develop the Modified Method of Influential
Coefficients. In addition a B-Spline plate finite element is developed for applications
where the slopes and curvatures of the final product are important.

Finally for validation purposes, variational simulation of the out-of-plane
deviation is performed for a ship block which consists of two base plates, four stiffeners,
and one web frame, based on the Modified Method of Influentice Coefficients. In the
example case, two base plates are butt-welded first, then four equally spaced stiffeners
are attached on the welded plate, and the web frame is welded to the plate-stiffener

assembly, as shown in Figure 1.2. Figure 1.3 further elaborates the processes with the
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examples of ship block assembly. The result is compared to that of Monte Carlo

simulation.

1.4 Organization of Dissertation

The presentation of this research is organized as follows. In Chapter II the B-
Spline plate finite element is developed and Chapter III includes the characteristics and
properties of welding distortion simulation and the formulation of the inherent strain
method. Chapter IV provides the method of mechanistic variation model considering
welding distortion effects. A small panel assembly example is presented as well. Chapter
V presents numerical simulation of butt welding of two plates with initial variation for an
example and the assembly case is also examined.

Finally, in Chapter VI, the conclusion and recommendations for future work are

presented.
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Figure 1. 1: Mechanistic Variation Simulation Process for Compliant Metal Plate Assemblies
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(a) two plates are butt-welded

(b) stiffeners are attached and welded
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(c) web frame is attached and welded

Figure 1. 2: Assembly Process for Ship Block Example
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(d) stiffeners are welded and weldline clamping forces are released

Figure 1.3: Mechanistic Variation Simulation Process for Ship Block Example
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(g) all clamping forces are released and final assembly variations are calculated

Figure 1.3: Mechanistic variation simulation process for ship block example (cont.)
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CHAPTER 11
RANDOM B-SPLINE CURVES AND SURFACES

Ship structural designs often call for plate elements to be assembled with other
plate or stiffener elements. During the manufacturing process, these elements may be
clamped to fixtures for fit-up prior to joining. Problems may arise due to the
imperfections in the geometry of the assembled elements, which contributes to significant
clamping forces required for mating and to distortion and residual stresses after assembly.
In order to predict these forces, an adequate description of the plate and stiffener
geometry is needed. Generally this data is available only in a statistical sense.

A common and straightforward method is to measure the maximum out-of-plane
variation of the plate part. It is simple and easy to apply to shipyard practice. However, it
does not account for the point of variation in the part and is not applicable to curved shell
parts. Finite element meshing is also used to represent the shape variation of plate parts.
This method is to measure the location of every mesh point and compare them point by
point with the ideal part geometry. It is relatively simple and robust but cannot effectively
express the slope and curvature and their variations in shape in case they are important. In
order to consider the slope and curvature of the part, Merkley developed the Random
Bézier Curve [Merkley 1998], but it cannot effectively represent the variations of the
plate part since it does not support the locality of the shape. B-Spline representation is
widely used in geometry representation. However, it is not yet developed to represent

statistical shapes such as variations in plate parts. In this chapter, new random B-Spline

22
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curves and surfaces are developed to express plate part shape variation with B-Spline
geometry statistically. For the validation purpose, ship structural parts are first
established by Cubic B-Spline surface and curve modeling. The geometry is defined by
control point coordinates as is common in surface CAD environments. And it is shown
that the mean and standard deviation data for the control points defines the mean values
and standard deviation for the surfaces [Chung and Karr 2004]. By employing B-Spline
finite element analysis, this chapter shows that the control point statistics can be directly
related to the forces required to clamp or flatten the plates and stiffeners to prescribed

surfaces.

2.1 Statistical Representation of Random Bézier Curve and Surface

A Bézier curve of degree n is defined by:

Cw)=YB,WF, 0<usl @

where B, (u) isthe i-th Bernstein basis function of degree n, which is defined by:

B

(1) (- uy™ | 22)

n!
:———. - U
(n—i)t!

—_—

and P are control points, E € R®. As parameter u varies from Oto 1, C(u)

!
represents a smooth curve in R’ space.

For the purpose of part variation representation, an error vector for the i-th

control point, g, , is introduced. The Bézier curve is now represented as
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Cw)=YB,w)E+2)=3 B, wE+> B, e,
= C,w)+C,, ()

(2.3)

where subscript n represents ‘nominal’ and err ‘error’.

Considering the control points, E =[X,,Y,Z]", as random variables, a family of
random curves can be represented by mean value and covariance of the control points.
For Cartesian coordinates, the Bézier curve can be decomposed as three independent

vector components.

x(u)
Cu) =13 y(u) @4
z(u)

Each component of the Bézier curve is described as:
x(u)= B, (u)X,=B,-P, 2.5)

—

where B, represents the vector of Bernstein polynomials of degree ». Similarly, one

n

has:
y(u) =
z(u) =

The mean values and standard deviations of each of these components are respectively:

E
_ (2.6)
B -

E[x(u)) = E[B, - P,1= B, E[P] = B, 1y, = p1,(u) @.7)
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VAR[x(u)] = E[{x(u)~ E[x()]’}] = E[{x() ~ E[x()]} - {x(u) - E[x(w)]}"]
= B,-EW(P - ) (B 1, )'1-B, =B,-%, ‘B, =0’
(2.8)

where ,LTP; =[E[X,], E[X] -- E[Xn]]T , Oy, Iisthe standard deviation of x
component of the control points, and Z, is defined as covariance matrix of x
component of the control points. Similar expressions apply for yand z components.

Each of covariance matrices, = P> z B and X P, 1sa mxn matrix that
describes the variance of each control point and the associated covariance. While there
may be covartance between the control points for a given component direction, there is
no covariance between the components. So x(#), y(u),and z(u) are completely
independent of each other. Thus the variance statement relating the curve variance to the

control point covariance for a random Bézier curve of degree » is:

2 2 _ 2
Ovwy =% =%z

Cw Cu " O Bo,n (v)

Gy - : || B, W) 2.9)
= [Bo,n (u) Bl,n (u) ”' Bg)n (u)] . . . .

O-On O-ln t Gnn Bo,n (u)

Material covariance arises from elastic coupling within a compliant assembly. For
example as some gaps are closed by joining, the joining not only closes the gap at its
location but also decreases the nearby gaps. Geometric covariance describes the
correlation of surface errors at adjacent points on a curve or surface. However, if we
separate the nominal curve from the error curve, we could ignore the geometric
covariance terms in the error curves.

A Bézier surface of degree » is defined by:
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n

Sww=3 3 B,wBE, WP, (2.10)

i=0 =0

where B (u4), B, (u) are i-th Bernstein basis functions, 0<%,v<1 and 1—",—; are

the net of control points, F,; € R’ . Introducing an error vector, ; , to each of the

control points, part variation can be represented as ‘error’ surface.

Sw=Y 3 B, w8, 0@, +z,)

=0 j=0
=3 ¥ B,wB,ME+ 3 3 8,w8,05, @1
= 8,01+ 5., @)

Surface expressions are of the form:

x(u,v) = Z i B,,(w)B,,(v)X,,

=0 j=0
XOO X()l XOm BO,m
_ Xo - : B,
=[B, B, - B,l| . L \ (2.12)
XnO Xnm Bm,m
= _B—n.T[Xi,j ]nxm—‘g;

The mean value and variance of the components can be expressed as:

E[x(s,v)] = E[B, [X, ) Bs] =B, EUX,,),..}1B,
—T —_ (2.13)

= Bn luX,.J Bm

Oy’ = VAR[x(u,v)] = E[{x(u ) — E[x(u,v)]'}]

—r —_ — 2.14
=E[Bn ([Xi,j]—luX,-'j)Bm.BmT([Xi,j]_luX,J)TBn ( )
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The variance can be written as:

o

x(u,v)

—_— T T _—
*=B,-B, B, E[(IX,,1-p, XX, 1-p, )1B,
I ’ T (2.15)

= —‘B_m. ) B B n Py En.
X
where x4, means the mean value of x component of each control points, i.e.,

E[Xoo] E[XOm]
Hy =| : (2.16)
ElX,] - E[X,]

and X, covariance matrix of X components of the control points net.

Each covariance matrix, X~ P> Zp s and X P, > isan (n+1)x(m+1) matrix that

describes the variance of each control point and the associated covariance. Therefore the
mean value of random Bézier surface can be represented as the nominal value of the
control points. In addition, given a distribution of the control points, the statistical

distribution of the entire surface can be obtained.
2.2 Statistical Representation of Random B-Spline Curve and Surface
A p-th degree B-Spline curve is defined by:

Cw)=YN,, )P, asu<b (2.17)
i=0
where f’: are control points, 7’; eR’,and N .,(u) are p-th degree B-Spline basis

functions defined on the nonperiodic (and nonuniform) knot vector:
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U:{a’ T, 4, up+1’ T um—p—]’ ba s b} (218)
p+l p+
and:
1 if ufu<u
N,’O (u) — !f ul u 'u1+1
0 otherwise
u-u, U, —U
N, ()= =N, (u)+—£l—Ni+l,p—l () (2.19)
Uip TY, Uip —Uin

B-Spline surface is obtained by taking a bi-directional net of control points, two

knot vectors, and the products of the univariate B-Spline functions.

S@,v)=Y > N,,) N, F, (2.20)
i=0 j=0
with
U={a, ey, a, up+17 Ty ur_p_p b: Tt b}
+1 +1
, F 2.21)
V:{a’ e, al, vq+1’ es, vs_q_l’ b, ee b'}
g+1 q+1

Since N, ,(u) are piecewise polynomials, a B-Spline curve is a piecewise
polynomial curve, which can be expressed as piecewise Bézier curves. If n=p and
U={0,---, 0,1, ---, 1}, then it is a Bézier curve. For a Bézier curve, it is possible to
statistically relate the curve shape with the control points so that B-Spline curve is also
statistically related to the control points. A similar argument holds for B-Spline surfaces.

Therefore, for B-Spline curve and surface as well, the statistical representations are also

piecewise valid as the case of Bézier curve and surface.
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2.3 Cubic B-Spline Finite Element Definition

The spline functions are important tools in the analysis of the plates and beams.
Among the many spline functions, cubic B-Spline is the most commonly used for plates
and shells analysis in case the geometrical shape information such as slope and curvature
is important. It is computationally efficient, flexible to model different boundary
conditions, and it tends to minimize ‘winkles’ in the element since it is piecewise
continuous so that local shape variation can be modeled without affecting the whole part
shape. In this section, cubic B-Spline beam and plate element are developed based on the

displacement method [Bathe 1996].

2.3.1 Displacement Discretization

For the general B-Spline curve, positions in the curve should be represented as B-

Spline form, such as:

P=Cw)=Y.N,, )P, 0<u<l (2.22)
=0

in tensor notation:

P = N,, (W)P, (2.23)
where superscript i represent each component (i =1,2,3) and the subscript »ndenotes

n -th control points and basis functions. The displacement at any point is a vector and it is
approximated by the set of functions of position, called basis functions or shape

functions, each multiplied by coefficients.
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However, since the generic cubic B-Spline basis function is distributed as Figure
2.1, it is unfavorable to directly apply the functions as the shape function of a finite
element model since the magnitudes of basis functions are not uniformly distributed but
rather concentrated at the both ends of the curve. It would require special cautions to
assemble elements and to apply boundary conditions. To alleviate these problems, a new
basis function that requires two additional control points, has been adopted [Leung and
Au, 1990], as shown in Figure 2.2. In other words, the displacements are defined by
parameters at the knots, some of which are lying outside the curve or surface to be

modeled, in order to consider the boundary conditions and assembly of the elements.

2.3.2 Cubic B-Spline Beam Element

A beam element is first divided into m sections of equal length, /. The spline
function adopted to represent the displacement, w, is a cubic B-Spline which has equally

spaced control points, and is given as:

m+l

w=Sag, (2.24)

i=—1

where «, represents the coefficients and ¢, are cubic B-Spline function which has

non-zero value over four consecutive sections. ¢, are defined as:
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) 3
——3-(x—x,._2) X_,<x<Xx,

617{# +3R% (x—x_)+3h(x~x_) -3(x-x_)} x_,<x<x

¢.() =) —6%{113 +3K%(x,,, —x)+3h(x,,, —x)’ -3(x,, - x)’} x, <x<x,

1
6h’
0 otherwise

3
(xi+2 - x) xi+l <x< xi+2

(2.25)

@, iscentered at x, and is shown in Figure 2.3.

In vector notation, the displacement function for the beam element can be denoted

as:
{w}=[e}{a} (2.26)
where:
[el=lea @ @ - @us G0 Pual 2.27)
{a}=[a, a a - a,. a, a,] (2.28)

According to the strain-displacement relationship, we could derive:

{e}= {(wa} =[¢']{a} 229)

The liner stress-strain relationship for a prismatic beam is:

{o}=[EI]{e} (2.30)
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where FEI is the flexural rigidity of the beam. Then the stiffness matrix with respect to

the spline parameters, [K, ], can be defined as:

[&.]1=["[¢] [E1)lp"]ax (2:31)
with
{f1=[K}{s} (2.32)

Let us consider that the displacement and rotations at the ends of the beam

element can be expressed in terms of the spline parameters as:

w, =—é—(oz_1 +4a, +a,)

1
00 = —2;(—61_1 + al)
; (2.33)
Wm = g (am—l + 4am + am+1)

1
gm = E (—am—l + am+])

And the displacement vector in physical coordinates are defined as the vector with  w,’s

and the rotations at both end of the beam, i.e., , and &, .
(8Y=[w, 6, w - w, w, 6] (2.34)
Then the transformation matrix [7] is defined as:

{6} =[T{e} (2.35)
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Finally the stiffness matrix with respect to the physical coordinate is:

[K]=[7T" [ ][T]" (2.36)

where [K] is (m+3)x(m+3) square matrix.

2.3.3 Cubic B-Spline Beam Element Example

Let us consider cubic B-Spline beam bending problem with material properties,
E and I, and assume that the length of the beam is 44 and the spline consists of 4
sections, as shown in Figure 2.4.

The displacement is:

5
w=Y a, (2.37)
i=—1

And spline parameters and shape fuctions are:

[(0]=[(P—1 D G Py O3 @ (05]
{a}=[a, @, o, o, a, a, aS]T (2.38)

{5}=[Wo &b wm wm owow, 94]T

The transformation matrix is derived as:
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0 0
0 0
0 0
0 0
1
6
2 1
306
0 -
2h ]

Assuming that A =1, the stiffness matrix is calculated as:

201
28
123
28

75
7

[K.]=

123
28
97
28

39

7

5
7
_»

7
132
7

W o

-12

< Do
wn

7
201
28

123
28

123
28
97
28

(2.39)

(2.40)

Figure 2.5 shows the deflection when the beam is simply supported with the

concentrated load P in the midspan. As shown in the figure, the deflection exactly
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matches that of the exact solution. This is because the polynomial displacement function
matches the exact solution from elastic beam bending theory. Figure 2.6 shows the
deflection of cubic B-Spline beam when the beam is simply supported and subject to the
concentrated moment M at one end. Figure 2.7 represents the deflection of cantilever
beam under concentrated load P at the tip.

Let us consider now the clamping force problem. Assuming that the beam is
simply supported, the variations are statistically independent, and has the shape variation

as:

Var, .. =[% =0 6,=0 w=01 w,=-01 w=01 w,=0 6,=0]
Var

stdev

=[0.01 0.01 0.01 0.01 0.01 0.01 0.01] (2.41)

where the subscript mean and stdev represent average and standard deviation of the
beam shape, respectively. Then the clamping forces required to straighten the beam can

be calculated as:

{f} .. =EI[-1.65 -0.75 3.6 -39 3.6 -1.65 o.75]’
{ f}ﬂdev=EI[O.l44l 0.0805 0.2596 0.2362 0.2596 0.1441 0.0805]T

(2.42)

As shown in this example, statistical shape variations in the beam can be directly

used to determine the forces required to clamp or flatten the beam to nominal shape.
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2.3.4 Cubic B-Spline Plate Element

A rectangular plate element of dimensions axb (0<x<ag and 0<y<bh)is

considered as shown in Figure 2.8. The element is divided into a rectangular grid such

that:
h.=a/n, h =b/m (2.43)

The spline function adopted to represent the displacement, w, can be expressed as:

m+l n+l

w=2 > c,0®y,0)=[N|{s} (2.44)

J=—li=—1

where ¢ (x) and w,(y) are cubic B-Splines similarly definedin x and y direction

as Equation (2.25) for the beam element and [N ] is shape function equivalent to [(0]

in beam element. Similarly, spline functions, spline parameters are defined as:

A S S TS S C U C A | (245)

e}, =leas @, = ] (2.46)

[p]=len o0 - @] (2.47)

vl=lv. w0 - ¥l (2.48)
And:

[M=[v]®][e] (2.49)

where @ is the Kronecker product of the matrices. The strain-displacement relationship

is obtained from Kirchhoff’s theory, which is:
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| Ow
o | [iele]
(e)={-2% 1=| -l lolol] |12} =[2](5) @50)
= | Leiviele)
) w
[ oxdy

i 1
£ 1 v 0
!
{5}:1—2(1—:2—) v 1 1o =[Dl{e} =[D][B){s.} (2.51)
0 0 ( —2")

where E is Young’s modulus, v Poisson’s ratio, and ¢ plate thickness.

The stiffness matrix with respect to the spline parameters can be evaluated by:
'm (*n T
[k.]=[" [ [B] [D][B]dvay (2.52)

Considering the rectangular knots grid of spacing 4 and h, along x and y
direction, respectively, we get the following relationships for displacement (w, ),

rotation about the x -axis (§],), rotation about the y -axis (6;), and twist () expressed

in spline parameters:

1
Y3 {16c, ; +4(c, ;.1 + €y €50 FC ) (2.53)

+(Cn, TG TC G jn )}

W=
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(2.54)

1
= 2 {4(ci+1,j - ci—l,j) + (ci+l,j+] +Ci o1 —Cimrja Gy )}
X

0, = (?1)
Y s (2.55)

1
12h,

{4(Ci,j+l - Ci,j—l) + (ci+1,j+1 “Cinty-1 ~Cintju T Oy )}

Y. (2.56)

1
4h (Ci+l,j+1 €1 TG n —Ci—l,j+l)
'ty

The displacement vector in physical coordinates are defined as the vector with

w ., 0., 6

2 Y Yige

and @7 inappropriate order. As the beam element has the rotations
only at the ends of the beam, the grid points on the edge parallel to the y -axis have 6.
Similarly, the grid points on the edge parallel to the x -axis have &, and the four

corner points have 6. Therefore, the displacement vector has the dimension of

(n+3)(m+3) as:

6Y=[w O 6 O wo O — 6o 6] 2.57)

Then the transformation matrix is defined as:

{ot=[Ts.} (2.58)
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Note that [T] isa (n+3)(m+3)x(n+3)(m+3) square matrix. The

transformation matrix can be obtained from Equation (2.53) through (2.56) such that the

submatrix of the transformation matrix, [T ] ,» becomes:

i,

W,
o, r
Qyj - [TC ]i,j [ci-l,j—x Cm1 Gy Gy G Cay Sayq Cijna ci+l,j+l:|
Ly
o
(2.59)
where
[TC ]i,j
1 4 1 4 16 4 1 4 1]
36 36 36 36 36 36 36 36 36
b 14 o 4 1 1
12h, 12h, 12h, 12h, 12h, 12h,
141 0 0 0 1 4 1
12h,  12h 12h 12h, 12k, 12h
1 __1 0 0 1 !
| 4hh, 4hh, 4h.h, 4h.h, |
(2.60)
Finally the stiffness matrix with respect to the physical coordinate is:
[K]=[r]" [&])Ir] (2.61)

where [K] is (n+3)(m+3)x(n+3)(m+3) square matrix.
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2.3.5 Cubic B-Spline Plate Element Example

Let us consider cubic B-Spline plate with material properties, £ and v, and

thickness 7. The plate is rectangular and 4 =k, =1 and the splines consist of 4
sectionsin x and y direction, respectively. The plate element is shown in Figure 2.9.

The displacement is:

w=Y" 3¢, 0 (0w,0) (2.62)

j=-li==1

And spline parameters are:

{55}:[04,—1 Co1 0 C_q Chp Coo 0 Cys cs,s]T (2.63)
[el=le. @ - @] (2.64)
wl=lv, wo - wi] (2.65)

The 49x49 stiffness matrix can be evaluated from Equation (2.61). Figure 2.10
shows the deflection when the plate is under concentrated load, P, in the middle and the
four edges are fixed. Figure 2.11 is the plate deflection under the same loading condition
but the plate is simply supported on all edges. Under distributed load, ¢, and fixed
boundary condition on all edges, the plate deflects as shown in Figure 2.12. In all these
cases, the deflections and slopes of the plate are nearly the same as the exact solution
obtained by analytical methods [Timoshenko and Goodier 1970].

Let us consider a variation problem. Assuming that two plates with initial

variation are to be assembled together as shown in Figure 2.13. For both of the plates,

h = hy =1m, E=2.06x10"Pa, t=0.02m, v=0.29 and the splines are composed
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of 4 sectionsin x and y directions, respectively. The left hand side plate is assumed

to have initial variations only at point 4and B, the right hand side plate at point

Cand D. The edge AB and CD areto be joined without welding distortion.
Assuming that the joined plates are simply supported only along EF and GH,

the variations are statistically independent, and the initial variations ( m ) are given as:

Var,,,, =[w, =002 w, =001 w.=-0.01 w,=-0.01]

mean

Var,,, =[0.01 0.01 0.01 0.01] (2.66)

stdev

Each of the B-Spline plate elements has 49x 49 stiffness matrix and the global
stiffness matrix for the assembled plates will be 84 x84 matrix. The springback
displacements are calculated analytically with the global stiffness matrix. Figure 2.14 and
Figure 2.15 show the mean and standard deviation of the springback shapes of the
assembled plates, respectively. Figure 2.16 and Figure 2.17 show the Monte Carlo
Simulation of plate joining with the same initial variations. One thousand random
variations were generated with same mean and standard deviations and then the statistics
of the springback displacements were collected accordingly. Comparing the cubic B-
Spline element results with MCS, the shape and maximum deflections are very similar

near the sources of initial variations (4,B,C,and D).
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Figure 2. 1: Generic B-Spline Basis Function Distribution

Figure 2. 2: Cubic B-Spline Basis Function Distribution
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Figure 2. 3: Cubic B-Spline Basis Function

Figure 2. 4: Cubic B-Spline Beam Element Example
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Figure 2. 5: Simply Supported Beam with Concentrated Load in the Midspan
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Figure 2. 6: Simply Supported Beam with Concentrated Moment at One End
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Figure 2. 7: Cantilever Beam with Concentrated Load at the Tip
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Figure 2. 8: Generic Cubic B-Spline Plate Element
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Figure 2. 9: Cubic B-Spline Plate Element Example

Deflection (m) (x P(M)

Figure 2. 10: Plate Deflection under Concentrated Load in the Middle (C-C-C-C)
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Plate Deflection under Distributed Load

Deflection (m) (x Q(AVnR))

Plate Deflection under Distributed Load (m) (x Q{N/a?))

Figure 2. 11: Plate Deflection under Concentrated Load in the Middle (S-S-S-S)

Piste Deflection under C: d Load

Deflection (m) (x P(M)

Figure 2. 12: Plate Deflection under Distributed Load (C-C-C-C)
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Figure 2. 13: Plate Element Variation Example

Average of the Assembled Plates Variations (B-spline) (m)

y (m)

Figure 2. 14: Mean Variation of the Assembled Plates (B-Spline)
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Standard Deviation of the Assembled Plates Variations (B-spline) (m)
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Figure 2. 15: Standard Deviation of the Variation in the Assembled Plates (B-Spline)

Mean Deviation of the Assembiled Plates (m)

y (m)

Figure 2. 16: Mean Variation of the Assembled Plates (Monte Carlo Simulation, ANSYS)
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Standard Devistion of the Assembled Piastes (m)

y (m)

Figure 2. 17: Standard Deviation of the Variation in the Assembled Plates (Monte Carlo Simulation,
ANSYS)
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CHAPTER 111
WELDING DISTORTION SIMULATION

The basic mechanical characteristics of the gas-metal arc welding (GMAW)
process, which is very common in shipbuilding, and the concepts of the inherent strain
method for welding distortion prediction are presented in this chapter. The mechanical
characteristics of welding processes are investigated for the validation purpose of the
inherent strain method. The unit load method based on the inherent strain method is also
investigated for the purpose of the application of the inherent strain method to the block

assembly process.

3.1 Welding Process and Welding Distortion

A series of careful investigations concerning the nature of the welding process in
shipbuilding have been conducted so far [Watanabe and Satoh 1961, Fujimoto 1970,
Friedman 1975, Masubuchi 1980, Ueda et al. 1986a, ASME 1989, Tekriwal and
Mazumder 1991, Brown and Song 1992, Lee 1995, Yuan and Ueda 1996, Mochizuki et
al. 1999, Seo and Jang 1999, Jang and Lee 2000, Takeda 2002, Lee 2002, Terasaki and
Akiyama 2003]. The welding process causes a highly nonuniform heating of the parts
being joined. Areas of the workpiece close to the welding arc are heated to several
thousand degrees Celsius depending on the types of welding process, and subsequently

cooled down, conducting the heat further to the rest of the body. The local heating and

51
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subsequent cooling induce volumetric changes producing transient and residual stresses
and deformation. These volumetric changes, non-uniform temperature distributions, and
stresses interact simultaneously during the welding process. Figure 3.1 shows a schematic
diagram of these interactions [IIW 1986].

Welding stresses and deformations are closely related phenomena. During heating
and cooling, thermal strains occur in the weld and adjacent areas. The strains produced
during the heating stage of welding are always accompanied by plastic deformation of the
metal. The stresses resulting from these strains produce internal forces that cause a
variety of welding distortions.

Residual stresses that develop during the welding process are called internal or
locked-in stresses. Internal stresses are those that exist in a material body without external
force being applied. By their origin, the welding stresses include thermal stress that are
caused by non-uniform temperature distribution, stresses caused by the plastic
deformation of the metal, and stresses caused by phase transformation of the material
[Karlsson 1992]. Welding deformation can also be temporary or residual. Three
fundamental dimensional changes are transverse shrinkage, longitudinal shrinkage, and
angular distortion; i.e., rotation around the welded line, which are shown in Figure 3.2.

In order to accurately predict welding deformation and residual stress, the microstructural
state field should also be considered [Masubuchi 1980]. However, this is out of the scope
of this research and many researchers have only considered the temperature fields and
stress/deformation fields for predicting welding deformation for practical reasons.

Typically, the prediction of welding distortion is determined in a stepwise
fashion. The temperature field and stress and strain field are assumed to be decoupled
during each step; i.e., heat input from the torch generates a non-uniform temperature field

in plates and this temperature field is calculated by solving heat conduction and
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convection equations using FEA. Then the thermal stress caused by this temperature field
is calculated by separate FEA.

Let us consider a body to be composed of many equal small cubic elements. The
process of heating these elements evenly will lead all the elements to uniformly expand in
all spatial directions. Hence, all the elements will have the same size. But, if the heating
is nonuniform, then each element tries to expand proportionally to its temperature
increase. At the same time, the body is continuous and each element restrains the free
expanston of the adjacent elements. As a result stress is built up. In general, the non-
uniformity of the temperature distribution during welding process causes a complex

three-dimensional stress state.

3.2 Inherent Strain Method

The inherent strain method was developed originally for determination of residual
stress within welded structures. Ueda [Ueda et al.1975] proposed a general method for
determining six components of residual stress inside the body of interest. His technique
for a welded plate is based on a more general “Inherent Strain”, which is equivalent to
Mura’s “Eigenstrain” [Mura 1982]. The assumption is that residual stress is the result of
an inelastic strain field that does not satisfy compatibility. This strain field is present
because of the mechanical and thermal processes the welded plate has undergone. Ueda
refers to this inelastic, non-compatible strain field as “inherent strain”.

The dissection method is one of the major methods for the determination of
residual stress within a body. In order to determine residual stress within a body, this
method dissects the body into small pieces until the residual stress in small pieces are

relaxed and measures the residual stresses on the dissected pieces by comparing strains of
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the pieces after and prior to sectioning [Rosenthal and Nortom 1945]. This method is
very straightforward; however it implies a problem where the residual stress of the body
changes during dissection process.

The inherent strain method was developed to overcome this limitation of the
dissection method [Ueda et al. 1975]. This method is a half analytic and half
experimental, hybrid method. The inherent strain method, first assumes that an arbitrary
strain distribution “inherently” exists within the original body and this inherent strain
distribution is not affected by any subsequent mechanical or thermal processes, such as
sectioning. After the body undergoes processes that result in any deformation
(sectioning), the strains and stresses of the deformed body are measured at several points
on the body surface. Based on these measured strains and/or stresses the inherent strain
distribution, which is assumed to be the linearized relationships between strain and stress
within the body, is determined using the finite element method. Once the inherent strain
distribution is thus determined, the residual stresses within the body can be calculated
using the distribution. However because the inherent strain distribution could be
arbitrary, research has been performed to effectively assume the distributions within the

body of interest [He et al. 2001a and 2001b].

3.2.1 Definition of Inherent Strain and Inherent Stress

We consider first a body in a hypothetical stress-free and strain-free initial
condition. Assembly processes such as bending, rolling, and welding change the internal
stress and strain states. Therefore a body with no external forces generally has residual
stress and strain locked in. Inherent stress is the stress caused by strains that is generated

by assembly forces other than external forces. And inherent strain is defined as the
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remaining strain on the small piece after residual stress on the piece is relaxed by cutting
from the body which was by some reason under inherent stress. Figure 3.3 clearly
explains this concept. The body is assumed to be stress-free and strain-free. The length

between the point A and B, dS,, altersto dS, if the body undergoes a certain process

that result in residual deformation in the body. If we cut a small piece that contains A’

and B’, dS, may changeto dS, since the elastic strain of the small piece is released by

cutting. Inherent strain in this explanation is defined as:

. dS,-d
- _ dS, —as,

5 3.1)

3.2.2 Three-bar Example of Inherent Strain Method

The inherent strain can be also defined as total strain minus elastic strain. Let’s
consider a simple structure that consists of three bars as shown in Figure 3.4. The upper
bar is bar number 1, lower left is bar number 2, and lower right is bar number 3 and they
all have unit cross section area. For the convenience of explanation, the bars are assumed
to have the same length ( L) and Young’s modulus ( £ ), but different thermal expansion
coefficients («,,i =1,2,3). The connector among the three bars is assumed to be rigid and
constrained against rotation and the only degree of freedom of this structure is the
location of this rigid bar. Top and bottom foundations are also assumed to be rigid.

In order to explain the concept of inherent strain method, the residual stresses in
each bar after a unit temperature increase are calculated. A unit temperature increase of
the structure would result in the shape change of the structure as shown in Figure 3.4 (c)

due to different thermal properties. Although it is true that the unit temperature increase
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changes the structure from (a) to (c) directly, the problem can be divided into three steps
for the purpose of explanation of the inherent strain method.

(1) Stress-free initial condition, as shown in (a)

(2) Stress-free condition following unit temperature increase, as shown in (b)

(3) Final condition in which the compatibility boundary conditions are enforced,

following unit temperature increase, as shown in (c).

The inherent strains in each bar can be defined as, inherent strains

e ={g,¢6,,6) ,elastic strains £° ={¢,&;,£;} , and total strains £ ={¢,,&,,&,} ,

respectively. The subscripts identify the bar numbers. According to the concept of the

inherent strain, the total strain & is the sum of elastic strain £° and inherent strain & .

And the inherent strain is defined as the sum of inelastic, non-compatible strains.

Therefore:

=g +& (32)
And the residual stress is:

o=E@E-£)=E¢ (3.3)

Analytically, inherent strains of this example can be calculated since it is a simple
thermal expansion problem (the extension of the bars is set to the positive direction). For

AT =1,
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. L
& = ao «,
L
. oL
g = z =q, (3.4)
o = a,L —w
3 L 3
Therefore:
a,
g' ={a, (3.5
a,

These inherent strains are shown in Figure 3.4 (b). Once the inherent strains are
known, we can solve the residual stresses and strains of the body in final state. The body
in the final state must satisfy equilibrium and compatibility conditions.

Applying the equilibrium equation:

-o0,+0,+0,=0 3.6)

and compatibility conditions:

& =& =—6 =& 3.7

o=Eg (3.8)
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or

o,=E¢’, 0,=FE¢,, 0,=E¢&;

From the equilibrium equation:

—Egl +Eg; +Eg; =0

Therefore:

—& +¢& +& =0

From the definition of inherent strain, ¢ =¢&° + ¢, and the elastic strains are:

& =—€—q
E_—_
& =f—a,
e——_
& =E—a,

Applying the above results in Equation (3.11):

—& +&+&5=0=3¢c+a,—-a,-a,

Therefore:
-, +a, +a,
3

£ =

As a result the total strain is:
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a —a, =0, |
3
£= iﬁf—g‘ﬂ> (3.15)
—a,+a, +a,
3
The residual stresses in each bar can be calculated as:
(o, —a, —a, (—2a,-a, -a,
3 a, 3
T R R R et S CAT)
-a,ta, ta, ;3 -a, +a, -2a,
{ 3 ) y 3 )

So far, the three-bar structure example problem has illustrated the use of the
inherent strain concept. However, for the most problems, inherent strain distributions
cannot be determined as easily as in this example. If it is not viable to analytically
determine inherent strain distribution, the distribution may be determined by
experimental measurement.

The traditional inherent strain method, as mentioned before, is a partially analytic
and partially experimental hybrid method in this context. With some help of domain
knowledge, a reasonable inherent strain distribution within the body can be first assumed.
Then residual stresses at several points where the measuring is relatively easy are
measured. Based on the measured stresses, the assumed inherent strain distribution,
which can be represented as a linear system, is determined. Once the distribution is
determined, the residual stress distribution can be obtained as shown in the previous

example.
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3.3 Equivalent Loading Method Based on Inherent Strain Method for Welding
Distortion Prediction

In order to predict welding distortion or weld deformation, the use of the inherent
strain method by itself is not enough since the inherent strain method is primarily for
residual stress prediction within a body of interest. For this purpose, the equivalent
loading method, which is based on the concept of inherent strain, was developed by Jang
[Jang et al. 2002]. The equivalent loading method based on inherent strain first calculates
the inherent strain distributions near the welding area (inherent strain zone) and then
obtains equivalent loads by integrating the inherent strains over the inherent strain zone,
without any surface stress measurements.

In order to alleviate stress measurements that require dissecting the specimen into
numerous cubes, Seo et al. [Seo and Jang 1997 and 1999] suggested a simplified thermo-
elasto-plastic model for inherent strain calculation. Their studies introduced the concept
of the degree of restraints, which can be further elaborated to account for assembly
sequence. It denotes the degree of restraint of adjacent area, which restrains expansion or
shrinkage of the welded area. It also reflects dimensions of members, materials, structure
shape, and boundary conditions. However, this is not a totally analytical method and is
not capable of explaining transient distortion during the welding process. This method
also requires experiment data for the calculation of degree of restraints but the number of

measurements is only a few and the measurement does not require any sectioning.

3.3.1 Concept of Equivalent Loading Method Based on Inherent Strain Method

From the definition of inherent strain, it is inelastic and non-compatible strain that

could account for plastic deformation of the body and it is independent from elastic
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strains. The idea of the equivalent loading method is to use these inherent strains to
predict the final plastic deformation of the body with the help of elastic finite element
analysis. If we already know the inherent strain distribution in the plates to be joined, we
could calculate the equivalent loads, i.c., forces and moments relevant to the deformation
modes of welded plates, by simply integrating the products of Young’s modulus and the
inherent strains within the body. Once the equivalent loads are obtained, the final
deformation could be calculated by one simple elastic finite element analysis, as shown in
Figure 3.5. Among many deformation modes shown in Figure 3.2, longitudinal
shrinkage, transverse shrinkage, longitudinal bending, and transverse angular distortion
are the major problems in shipbuilding process, for which equivalent loads can account.
Now the welding distortion simulation can be reduced to the determination of inherent
strain distribution within plates to be welded.

In order to explain the determination of the inherent strain distribution in plates, a
one-dimensional schematic bar model is introduced. The model is developed to capture
the mechanism of welding deformation as well as the inherent strain calculation. Figure
3.6 shows the model. The only degree of freedom in this model is vertical deformation,
i.e., the change of length. The shaded middle bar only undergoes temperature change.

K, is the stiffness of the middle bar and K is the stiffness of both of the side bars.

The material properties of all the bars are assumed to be the same.

The welding distortion occurs due to highly non-uniform heat applied to joining
area. Areas close to the weld arc are heated to several hundred or beyond a thousand
degrees Celsius and then cooled down with the heat being propagated to the rest of the
body by conduction and to the atmosphere by convection. In the three-bar model, the
middle bar represents area close to weld arc and the side bars the areas adjacent to weld

area which constrains the thermal expansion of welded area.
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The temperature history of stress in the middle bar can be found in Figure 3.7.
While temperatures increase, the middle bar tends to expand but it is constrained by side

bars so that the middle bar is being compressed. When the temperature exceeds a certain

point (7,), the stress exceeds the yielding stress and plastic deformation occurs. After

reaching the maximum temperature (7, ), the middle bar is cooled to the original

temperature. During cooling, the middle bar is being stretched. This tension is also due to
the restraining side bars. When the stress reaches yield stress (C ) again during the
cooling, once again plastic deformation occurs.

Relevant thermal strain history of the middle bar is shown in Figure 3.7 (b). It
should be noted that depending on the maximum temperature and the material properties
as well as the ratio of restraining force of side bars versus thermal expansion forces of

middle bar (degree of restraints), the paths could be different. For example, if the

maximum temperature of welding process is less than 7, of the material, the final stress

as well as plastic strain would be zero. If the maximum temperature is greater than 7,

but less than that of point £, the middle bar would yield in compression but not in
tension.

In Figure 3.7 (b), oD represent the final plastic strain in the middle bar
calculated and it is the final inherent strain in the middle bar. It should be noted that the
final inherent strain is only dependent on the material properties, the maximum
temperature experienced, and the degree of restraints. The equivalent loading method
based on inherent strain method assumes that infinitesimal three-bar models are
distributed longitudinally (along the weldline) as well as transversally (perpendicular to
the weldline) within the plates to be welded. It also assumes that the longitudinal three-

bar models are independent from transversal three-bar models [Lee 2002}. Thus the final
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inherent strain at a point in plates is only dependent on the material properties, the
maximum temperature experienced at the point, and the degree of restraints at the point.

It is notable that the degree of restraints only accounts for the geometry of the
plates to be welded among the three elements that determine the inherent strain
distribution [Masubuchi and Ich 1970, Park et al. 2002]. Thus we could compile an
inherent strain chart that indicates inherent strain values according to the highest
temperature and the degree of restraints for a given material prior to the welding
distortion analysis. Once the highest temperature values are obtained from simple thermal
analysis and the degree of restraints are obtained, we could easily read the inherent strain
value from the chart. These steps of equivalent loading methods based on inherent strain
method are well illustrated in Figure 3.8.

It is also notable that we could select local inherent strain zone, only where
inherent strain occurs, or the area where the maximum temperature does not exceed 7,.

The inherent strain chart, calculated prior to the analysis and stored by degree of
restraint and maximum temperature, is used in distortion analysis and help reduce the

analysis time.

3.3.2 Definition of Degree of Constraint

To account for the side bars restraining effect, the degree of restraints (DOR)
concept is introduced in the equivalent loading method based on the inherent strain

method. DOR is defined as:

p=—t5_ (3.17)
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where:

K : the stiffness of the side bars

K,, : the stiffness of the middle bar

The degree of restraint explains all the other geometrical properties of the
welding. The degree of restraint can be different point to point, since the temperature
history of the point and the adjacent area cannot be directly explained by the one middle
bar that undergoes temperature change and the side bars with constant temperature.
However, the collective behavior of these infinitesimal three-bar models in the weld zone
shows the welding deformation so that the degree of restraint is also defined collectively
by the final distortion shape. The degree of restraint can be determined in two ways. For
geometrically simple structure problems such as butt-welding of flat plates or simple
fillet welding, it can be determined by a trial-and-error method, comparing the calculated
distortion shape with experiment data. Since the degree of restraint is assumed to be the
only unknown and distributed uniformly in longitudinal and transverse directions for a
simple geometry structure, the degree of restraint could be first guessed and then exactly
determined through a few trial-and-error calculations.

For structures with more complex geometry, the unit load method can be
employed. In order to calculate the degree of restraints, stiffness of both the weld zone
and the adjacent zone must be known. The unit load method is a quantitative approach
that calculates the stiffness of the structures through elastic analysis after applying unit
loads along the weld zone. Employing this method, we could obtain degree of restraints

of complex structures through elastic FEM analysis [Seo and Jang 1997 and 1999].
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3.3.3 Three-Bar Model for the Inherent Strain Chart

The three-bar model, as shown in Figure 3.6, is investigated for inherent strain
calculation. However for the convenience of calculation, £ and A4 are used instead of
stiffnesses K, and K. As mentioned earlier, only the middle bar undergoes
temperature increase and decrease, which causes residual plastic strain of the whole
structure. According to Figure 3.7 (a), the whole process can be divided into four steps,
1.e., elastic state during heating (& ), plastic state during heating (E ), elastic state

during cooling (I—Q_C— ), and plastic state during cooling (C_D).

Nomenclature
T: Temperature (°C )
A4,: Cross sectional area of the center bar
A : Cross sectional area of the side bars
o(T):  Thermal expansion coefficient

o, (T): Yield stress of the bars

E_(T): Elastic modulus of the center bar

E : Elastic modulus of the side bars

€: Total strain (true atrain a.k.a. logarithmic strain)
o Total strain of the center bar

g, Total strain of the side bars

&, Elastic strain of the center bar

gk Plastic strain of the center bar

eh: Thermal strain of the center bar

o, Stress of the center bar

o,: Stress of the side bars
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3.3.3.1 FElastic State during Heating (&)
During this step, the middle bar undergoes temperature increase until the axial
compressive stress exceeds the yielding stress.

Equilibrium requires:

o, A, +20,4, =0 (3.18)

The constitutive equations yield:
o,=E.¢, (3.19)
o, =E (¢, —e")=E, (g, f a(T)dT) (3.20)

The compatibility equation is:

E =& =& (3.21)

m R

From equilibrium and constitutive equations:
E,(¢, - [ a(T)dT)4, +2E,£,4,=0 (3.22)

Now applying compatibility condition:
(E,A,+2E A)e=A4,E, j:a(T)dT (3.23)

Therefore, the total strain is:

E, (D)4, [ a(T)dT
&= > (3.24)
E ()4 +2E.A.

Once the total strain is determined, the stresses can be calculated from Equation (3.20):

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

—2E A,
E, (T)A, +2E A,

o, =E, (6- [a(T)dT) = E (T) f o(T)dT (3.25)

Also, the plastic strain remains zero in this step.

el =0

m

3.26
sj,=e—e"'=g—fa(T)dT (3.26)

3.3.3.2 Plastic State during Heating ( 4B)

At a certain temperature (7, ), the internal stress in the middle bar reaches to its
yield stress. From then, the stress is given by — o, (T'). Hence the value of the stress and

elastic strain change as the material properties change with temperature increase.

In this step:
o, =—0,(T) (3.27)

And applying the equilibrium equation yields:

o, = ﬁ’% (3.28)
24,
The constitutive equation is:
£ = f a(T)dT (3.29)
and the total strain is:
g, =&+l +& (3.30)
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Since the stress state in the bars is determined, the total strain can be derived as:

£, =8s=e=wﬂ (3.31)
2E A,
and
o _oy(M4, , oy (D).
& =¢,-¢€, foa(T)dT 2E A ( E (T)) Ea(T)dT (3.32)

3.3.3.3 Elastic State during Cooling (E)
The state of the middle bar returns to the region of elasticity. Thus the strain at the

maximum temperature is set as the initial strain.

The thermal constitutive equation remains:
& = [ a(@ydr (3.33)

Considering the stress and strain at the maximum temperature (point B in Figure 3.7 (a))

as initial stress and strain:

2E,E, (DA o) (3.34)

o, =0, —
m=Onls E, (T)A, +2E A

Once the stress in the middle bar is obtained, the stress in side bars can be calculated by
applying the equilibrium condition.

o, =—ntm (3.35)

And from the elastic constitutive equation:

o
=& =& = S 3.36
£, =&, 5 (3.36)

S
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Also, the plastic strain remains the same as the value at point B in traditional plasticity
theory. However the value of the plastic strain alters due to temperature dependent

material properties during cooling, which explains plastic hardening recovery effect:

0y (T4, , 0,(D)
2E A, E, (T)

P _
g, =

- [Pamdr =), (3.37)

Since the bar is now in the elastic state:

£ =—n (3.38)

3.3.3.4 Plastic State during Cooling (CD)
The middle bar suffers the increase of tension induced by the cooling process. At

point C the tension reaches the yielding stress. In this step:

o, =0y(T) (3.39)

From the equilibrium equation:
0,4, o,()4,

o 3.40
=24, —24, (3-40)
Once, the stress in the side bar is obtained, the strain can be calculated from the
constitutive equation:
o
_9 3.41
6 =% (3.41)
By the compatibility condition:
o
g =g =g=-—-2 342
m = &s Z (3.42)

s
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The value of the elastic strain alters due to temperature dependent material properties.

e _ e
m = “m

_ Oy (1)
c E_(T) (3.43)

&€

The plastic strain in the middle bar is determined by the constitutive equation.

th — o-}’ (T)Am _ O-Y (T) _(gth _gth\ ) (3.44)
" -24E E(T) " "'

P _ e
g =¢&,—&,—¢&

3.3.3.5 Degree of Restraints

The definition of degree of restraints:
K

ﬂ:KW+KS

can be rewritten in the three-bar model as:

Kk, =254
- LT ) (3.45)
L
Therefore:
J— (3.46)

2E A, +E, (TA,
Since the definition of the degree of constraints is about the initial condition and the same

material for middle bar and side bars is assumed for welding simulation:

24
= 3.47
p 24, + A, (3.47)
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3.3.3.6 Thermal Histories of Stress and Strain
For the validation purpose, analytic calculation results are compared with 3-D
FEM analysis (ABAQUS) results, where simple thermal-structural truss elements are

used. The thermal histories of stress and strains are calculated and plotted in MATLAB,

assuming B =0.2, L =1 m, and equal material properties. Then the thermal histories

with various values of f are plotted to investigate the effects of restraints.

Because of the temperature dependent material properties, thermal histories of
stress and strains do not always behave as explained in the previous section. Since the
value of yielding stress varies rapidly between 600 and 1000 degree Celsius, sometimes
the middle bar undergoes elastic state during cooling — plastic state during cooling —
elastic state during cooling — plastic state during cooling repeatedly. This phenomenon is
taken care of in the MATLAB code. For this reason, the thermal histories with various
maximum temperatures (7, =1600, 1200, and 800 °C ) have been compared with the
result of the equivalent ABAQUS results.

In addition to the heating-and-cooling cycle, thermal histories of the cooling cycle
only are plotted as well in order to explain the equivalent load in the filler material. These
results are also compared with equivalent ABAQUS results. Figures 3.9 through 3.12
show thermal histories of the analytically calculated elastic strain, plastic strain, total

strain and stress in the middle bar with various 7

"ax » Tespectively. As shown in the
figures, they very closely match Figures 3.13 through 3.16, which are equivalent
ABAQUS analysis results, respectively. Strain and stress calculations for the filler
material (Figures 3.17 through 3.20) also match equivalent ABAQUS analysis results
(Figures 3.21 through 3.24).

As shown in the figures, the middle bar remains in the elastic state until the

temperature reaches about 400°C. Until this point, the strain in the middle bar increases
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relatively linearly (Figure 3.9 and Figure 3.13) and so does the relevant stress (Figure
3.12 and Figure 3.16), while the plastic strain remains zero (Figure 3.10 and Figure 3.14).
It should be noted that the total strain increases in the positive direction during this region
(Figure 3.11 and Figure 3.15) but the elastic strain is in the opposite direction since the
middle bar is under compression (Figure 3.9 and Figure 3.13).

For the filler material that only undergoes cooling, the thermal histories are quite
different. The elastic strains are always positive since they are always under tension
(Figure 3.17 and Figure 3.21) and so are the stresses in the middle bar (Figure 3.20 and
Figure 3.24). It is notable that the elastic stage is relatively short compared to the plastic
stage, which is well shown in Figure 3.18 and Figure 3.24.

The effects of the changes in B are shown in Figures 3.25 through 3.28 and they
are compared with ABAQUS simulation results, shown in Figures 3.29 through 3.32,
respectively. The patterns of the thermal histories conform to the previous figures
(Figures 3.9 through 3.24). However it is clearly shown in the figures that the changes in

B affect the slopes of elastic and plastic deformation so that they eventually affect the

final inherent strains.

For the filler material, the effects of the changes in B are shown in Figures 3.33
through 3.36 and they are compared with ABAQUS simulation results, shown in Figures
3.37 through 3.40, respectively. Although the elastic region (linear region around
1600°C) is relatively small compared with the plastic region, the slope of elastic strain is
affected by the changes in P , as shown in Figure 3.33 and Figure 3.37. As the
restraining stiffness increases, the residual plastic strain also increases, as shown in
Figure 3.34 and Figure 3.38, so that they eventually affect the final inherent strains.

Validated by the comparison with numerical analysis, the three-bar model

analytic calculation is used to generate the inherent strain chart, shown in Figure 3.41 for
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base metal and Figure 3.42 for filler material. These results of the analytic calculations
are compared with the result of ABAQUS simulation, shown in Figure 3.43 and Figure
3.44, respectively. Figure 3.45 and 3.46 show the butt weld distortion calculated by the
equivalent loading method based on the inherent strain method. Figure 3.47 is the result
of full 3-D FEM welding distortion simulation. As shown in the figures, the result
obtained by the equivalent loading based on the inherent strain method is very similar to

that of the full 3-D FEM analysis.
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Figure 3. 1: Diagram decoupling and mutual influencing of temperature field, stress and deformation
field and microstructural state field.
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Figure 3. 2: Welding deformation in longitudinal and transverse direction [Lee 2002]
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(a) Initial state (stress and strain free)

(c) Stress-released state by cutting
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Figure 3. 3: Definition of Inherent Strain
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Figure 3. 4: Three-bar model of inherent strain method
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Figure 3. 5: Application of equivalent loads along weld line [Lee 2002}

Figure 3. 6: One-dimensional three-bar model for inherent strain calculation
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(a) Thermal history of stress in the middle bar

Strain
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o
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(b) Thermal history of plastic strain in the middle bar

Figure 3. 7: Thermal histories of stress and plastic strain according to maximum temperature
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Figure 3. 8: Flow chart for the welding deformation analysis using equivalent load method [Lee 2002]
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Figure 3. 9: Thermal history of elastic strain in the middle bar with various 7
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Figure 3. 10;: Thermal history of plastic strain in the middle bar with various T,
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Figure 3. 11: Thermal history of total strain in the middle bar with various 7 max
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Figure 3. 12: Thermal history of &, in the middle bar with various 7,
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Elastic Strains vs. Temperature (ABAQUS)
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Figure 3. 13: Thermal history of elastic strain with various Tmax (ABAQUYS)
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Figure 3. 14: Thermal history of plastic strain with various 7T max (ABAQUS)
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x 10° Totsl Strains vs. Temperature (ABAQUS)
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Figure 3. 15: Thermal history of total strain with various 7., (ABAQUS)
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Figure 3. 16: Thermal history of o, with various 7 (ABAQUS)
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x10° Elastic Strains of Filler Material vs. Temperature
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Figure 3. 17: Thermal history of elastic strain in filler material with various 7 max
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Figure 3. 18: Thermal history of plastic strain in the filler material with various 7 max
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x 10° Total Strains of Filer Material vs. Temperature
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Figure 3. 19: Thermal history of total strain in the filler material with various 7
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Figure 3. 20: Thermal history of o, in the filler material with various 7,
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Figure 3. 21: Thermal history of elastic strain in the filler material with various 7, (ABAQUS)
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Figure 3. 22: Thermal history of plastic strain in the filler material with various 7 (ABAQUS)
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Figure 3. 23: Thermal history of total strain in filler material with various 7' max (ABAQUS)
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Figure 3. 24: Thermal history of &, in filler material with various T max (ABAQUS)
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x10° Elstic Strains vs. Temperature
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Figure 3. 25: Thermal history of elastic strain in the middle bar with various [
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Figure 3. 26: Thermal history of plastic strain in the middle bar with various
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Figure 3. 28: Thermal history of o, in the middle bar with various p
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5 10° Elastic Strains vs. Tempersture (ABAQUS)
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Figure 3. 29: Thermal history of elastic strain in the middle bar with various £ (ABAQUS)
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Figure 3. 30: Thermal history of plastic strain in the middle bar with various £ (ABAQUS)
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x10° Tota! Strains vs. Temperature (ABAQUS)
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Figure 3. 31: Thermal history of total strain in the middle bar with various  (ABAQUS)
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Figure 3. 32: Thermal history of &, in the middle bar with various F (ABAQUS)
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x10° Blastic Strains of Filer Material vs. Temperature
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Figure 3. 33: Thermal history of elastic strain in the filler material with various [
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Figure 3. 34: Thermal history of plastic strain in the filler material with various [
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Figure 3. 36: Thermal history of &, in the filler material with various p
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x 10° Elastic Strains of Filer Material vs. Temperature (ABAQUS)
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Figure 3. 37: Thermal history of elastic strain in the filler material with various [ (ABAQUS)
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Figure 3. 38: Thermal history of plastic strain in the filler material with various [ (ABAUQS)
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Figure 3. 39: Thermal history of total strain in the filler material with various [ (ABAQUS)
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Figure 3. 40: Thermal history of &, in the filler material with various £ (ABAQUS)
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Figure 3. 42: Inherent strain chart for filler material
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Figure 3. 43: Inherent strain chart (ABAQUS)

inherent Strain Chart for filer metal (ABAQUS)

0 T T T T T T T T T

-0.004

-0.006

<0.008

Inherent Strain

-0.012

1 l i i } l l T T
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
Degree of Restiraint

Figure 3. 44: Inherent strain chart for filler material (ABAQUS)
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Figure 3. 46: Vertical displacement contour of 10mm plate butt weld (GMAW)
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CHAPTER IV
VARIATION SIMULATION FOR COMPLIANT METAL PLATE ASSEMBLIES

For hull block construction, parts that have variations from previous assembly
processes are put together. However, due to their variations, a certain kind of clamping or
holding device is required to force them to the nominal or weldable position. This is
typically done by use of wedge devices, jacking clamps, strongbacks, and other fixtures.
After that, the parts are welded together and the welding distortion affects dimensional
quality of the assembly very significantly. Once the welding is done, the fixturing devices
are released and the welded structure elastically deforms since the confining forces are
removed.

There are several analytical methods to predict the tolerances of compliant steel
plates assemblies. However, it is very difficult to apply these methods to complex two-
dimensional or three-dimensional problems. For steel plate assemblies with two-
dimensional or three-dimensional assemblies, the finite element method (FEM) is used
for a general purpose deformation analysis. According to Liu and Hu (1995), there are
two feasible approaches. One is Direct Monte-Carlo Simulation and the other is to use the
Method of Influence Coefficients.

Direct Monte-Carlo simulation in FEM is straightforward but very time
consuming, because hundreds or thousands of FEM runs are required to obtain a realistic
assembly variation distribution. Figure 4.1 shows a flow chart for the Monte-Carlo

Simulation of compliant steel plate assemblies in order to account for welding distortion

98
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of ship hull block construction. Welding deformation analysis by FEM is added to the
conventional variational simulation flow chart. In each run of the flow chart, the FEM
must be executed three times. Although the strategy of the Direct Monte-Carlo simulation
is easy to understand, it demands even more computation time in addition to the
conventional variational simulation since the welding distortion analysis requires
relatively smaller mesh grids around the weld area and may necessitate complex thermo-
elasto-plastic analysis.

An alternative method, the Method of Influence Coefficients, was developed by
Liu and Hu (1995), to improve the computational efficiency, producing improvement by
several orders of magnitude. However the Method of Influence Coefficients does not
account for any distortions caused during the joining processes.

Thus, a more effective simulation strategy or algorithm needs to be formulated to
perform the functions shown in Figure 4.1. In this chapter, a Modified Method of
Influence Coefficients is developed based on the Method of Influence Coefficients for the

more computationally effective tolerance analysis including welding distortion.

4.1 Method of Influence Coefficients

The key to the Method of Influence Coefficients is to establish a linear
relationship between the part variation and the assembly deviations. Liu and Hu showed
that this Method of Influence Coefficients gives relatively accurate results compared with
Direct Monte-Carlo Simulation, while reducing the computation time by three orders of
magnitude [Liu 1995].

The Method of Influence Coefficients can be summarized in the following steps.
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Nomenclature

[K, ] : welded structure stiffness matrix
[K u] : unwelded structure stiffness matrix
{V,} : variation vector

{U } : springback (displacement) vector
Fw} : clamping forces of welded structure

{F,} :clamping forces of unwelded structure

: the number of source of variation

N
M :the number of nodes in FEM model
where the subscript w stands for welded structure and # for the un-welded structure.

1. The right two terms in Equation (4.1) represent the forces required by the
clamping device in order to fix non-nominal parts into their nominal position. The left
two terms represent the force required by the clamping device after the parts are welded
together. Figure 4.2 (a) shows the part variation ¥, when the parts are loaded into the
holding fixture or jig. Part 1 has an initial variation at the tip of the plate. If more than
one source of variation are considered, part variation will be expressed in a form of
vector {V,} and this vector representation of part variations is analogous to the
displacement representation in FEM. Assuming that the welding process does not

produce any welding distortion at all, the clamping forces of the unwelded structure,

{F,}, and the clamping forces of the welded structure, {F,}, are the same. Thus:

{F}=IK.1U,}=[K,}V,} ={F} 4.1
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2.Since {F,} and {F,} are identical, and if we ignore welding deformation at

w

this point, then {U,}=[K,]"'{F,} represents springback of the welded structure.

U} =IK K.} =15..1{.} (4.2)

3. The [S,,] matrix is the sensitivity matirix [Chase and Parkinson 1991] and

represents how sensitive the assembly deviation {U} is to the part deviation {V,}as

shown in Figure 4.2 (d) . Mathematically, the mechanistic variation model is defined as a

linear mapping [S,,] between the part deviation {V,} and the assembly deviation

{U,} , as shown in Equation (4.2). The Method of Influence Coefficients can help

construct the sensitivity matrix by the following substeps.

3-1. Unit Force Response: A unit force is applied at the j -th source of variation.

The direction of the unit force is the same as the direction of the deviation. FEM can be
used to calculate the response under that unit force. The deformations at the N sources
of variations are recorded as a column vector. Since the variations are assumed to be

relatively small compared to part dimensions, the response of an arbitray force of

magnitue of F, will be:

F, (4.3)

where ¢, represents the displacement response at the i-th source of variation due to

unit force applied at the j -th source of variation.
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The response of an arbitrary combination of N forces will form a matrix

equation as follws:

4 N | CU a oGy || A
Py=1 b=t E =t [ b=euR 4
=1
VN ! CNj Cvi 0 Cw FN

3-2. Matrix Inversion: The above equation can be inverted numerically. It should

be noted that the arbitrary variations {V'} in the parts now can be translated into the

equivalent forces {F}.

{F}=[CT" ) =[K1(V) 45)

3-3. Springback Computation: FEM is used one more time to calculate the

springback displacement at any node in any directions for the welded structure or

assembly. For the j -th source of variation, the equivalent unit force is applied to the

assembly and the response of the assembly at each nodes will be:

14 (4.6)

where V), represents the magnitude of the variation at the j -th source of variation.

By summing the responses due to the variations, we can determine the sensitivity

matrix [S,,] as follows:

uww
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U MR sy S || N
U =11 =231 W =1 "~ 1 [it=[S,1¥)} 4.7)
=1
Uy ’ Spy Sy S | \WPw

The above equation is the mechanistic variation mode for deformable steel plate
assemblies obtained by the Method of Influence Coefficients. The linear relationship is
valid as long as the part derivations from the nominal positions are small, and the

material properties remain in the linear range. If the variations are statistically

independent, the mean deviation vector {,} and the variance vector {0'3} can be

calculated as follows:

{1} =[S1{x,} (4.8)

And:
{oa} =157 ]{o7} (4.9)
Where:

{ ,up} : mean vector of the sources of part variation {V'}

{O'f,} : variance vector of the sources of part variation {V'}

The standard deviation vector of the assembly {O'p} can be obtained by

cacluating the squre root of Equation (4.9).
4.2 Modified Method of Influence Coefficients

In order to consider welding distortion at the same time, the welding distortion

term should be included. Assuming the followings:
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{F,} : welding distortion force vector equivalent to welding distortion

{D} : welding distortion (displacement) vector

From Equation (4.1),

(KU} =K, {7, } (4.10)

The left hand side is the clamping force after the parts are joined together
without welding distortion and the right hand side is the clamping force before the parts

are joined together. If we introduce the effect of welding distortion into this equation,

(K, U, }-{F,}=[K,1{V,} (4.11)

The new term, {F,}, represent additional clamping force due only to welding

distortion of the clamped parts. Since the clamping force of the welded structure,

[K,]{U,}, has increased due to welding distortion by {F Y }, {F d} should be added to

the right hand side and then solved to yield:

U,y =K 1" (KW, +{F, D =K1KV} +[K,THE,} (4.12)
or

U =K JK WS+ KIS =18, 003 + (K HES (4.13)
Since {F " } represents the force that is required to clamp the weld-distorted part

to its original position and [K w] is the stiffness matrix, [K,]™ {F d} is the displacement

vector due to welding distortion, {D}.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



105

U,}=I8,. 1.} +{D} (4.14)

The above equation is the Modified Method of Influence Coefficients. It should

be noted that {D} is a displacement vector that explains the welding distortion of the

non-nominal part. More precisely {D} accounts only for the welding distortion of non-

nominal parts that are clamped to their nominal positions. If we can predict how the
clamping forces affect the welding distortion, the variational simulation considering
welding distortion can be divided into two separate phases, which are variational
simulation and welding distortion simulation, and the results can be linearly

superimposed.

4.3 Three-bar Model Experiments for Part Variation Effect on Welding
Distortion

Even though the clamping effect on welding distortion is a very complex
problem that includes a three-dimensional constraint distribution in thermo-elasto-plastic
analysis, a one-dimensional three-bar model is proposed for illustrative purposes. The
welding distortion mechanism can be explained with this simple model and, in addition,
the welding distortion simulation is also performed by the equivalent loading method
based on the inherent strain method, which is fundamentally based on this one-
dimensional model.

In order to consider the local clamping/fixturing effect, two different experiment
settings are proposed. The first three-bar model is a clamped-clamped model that
represents the region adjacent to the fixturing device and the other is a spring-clamped

model that represents the region relatively far from the clamping devices. The spring-
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clamped model is the more general case and the clamped-clamped model can be
represented as a spring-clamped model with infinite spring stiffness. These models are
shown in Figure 4.3. For both cases, analytic experiments were performed first and then a
commercial FEM code (ABAQUS) was used to verify the analytic results. The material
was assumed to be elastic-perfectly-plastic. For the numerical experiment, the following
geometric properties were used.

e Mild steel (properties data from [Lee 1995])

e Nominal length of bars = 1.00 m

e Cross sectional area of center bar = 0.01 m’

e Cross sectional area of side bars = 0.04 m’ , each

e Maximum heating temperature = 500 °C

The result is expected to be as shown in Figure 4.4. When the center bar

undergoes the heating and cooling process, the two side bars acts as elastic bodies that
resist the deformation of the center bar. The clamping device confines any deformation in
case of the clamped-clamped model. The center bar has the elastic deformation in
relatively low temperature after being elastically deformed to its nominal position. It
takes the compression, and the compression approaches the yielding stress as the
temperature increases. The deformation is determined by the equilibrium, constitutive
and compatibility equations. In the cooling phase, the center bar undergoes shrinkage and
is subject to tension by the strength of sidebars or by clamping devices. After the
temperature returns to its original condition, the system will “spring back” as the

clamping device is removed. The degree of restraints in these experiments is:

K

—_ sides
p K. . +K

sides center

0.8

= =0.889.
0.8+0.1
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The procedure assumed is as follows:

1. Part with initial variation. Variation is a dimensional discrepancy between the
real part and the nominal part: STEP 1

2. Clamp the part to the nominal position: STEP 2 (path 04 in Figure 4.4)

a. For the clamped-clamped model, the part is clamped to its nominal
position until released (displacement is confined and the external force to
clamp the part changes)

b. For the spring-clamped model, the part is forced to its nominal position by
the spring until released (external force is confined and displacement
changes). For this model, the positions of the supports are fixed until
finally released.

3. Welding: STEP 3

a. Elastic state during heating: STEP 3-1 (path E)

b. Plastic state during heating: STEP 3-2 (path EC_)

c. Elastic state during cooling: STEP 3-3 (path E)

d. Plastic state during cooling: STEP 3-4 (path BE)

4. Releasing and part springback: STEP 4 (path FZF)

The variables in the analytic experiments are the same as in Chapter I1I.

4.3.1 Thermal Stress Definition

Thermal stress is the stress due to thermal expansion of materials. Basically in
this experiment, thermal stress is equivalent to the compressive stress that the rod
undergoes when the thermally expanded rod is forced into its original length. For an

infinitesimal temperature increase AT :
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66" = —a(T)ST - E(T) =—&" - E(T) 4.15)
Therefore,
o" = [60" = [a(T)- E(T)dT (4.16)

Here, negative stress means compression and positive stress means tension.

Since the thermal stress is a compressive stress when the thermally expanded rod

(integral terms) is forced to its original length (elastic coefficient at 7, ), the thermal

stress at temperature 7T, is:

o" =-E(T,) ja(T)dT 4.17)

n

4.3.2 Clamped-Clamped Model Experiment

4.3.2.1 Step 1: Initial Variation

The initial length of the three-bar model is assumed to be L +v, and the
analytic solutions for the residual stresses and strains are obtained for the initial variation
v . The range of initial variation is then selected to be —0.001 <v <0.001 m, for the
numerical calculation. This range is determined by considering STEP 2, in which the
initial variation should not cause plastic deformation while clamping to the nominal

position.

4.3.2.2 Step 2: Calmping/Fixturing to the Nominal Position
In this step, the part with a initial variation is clamped to its nominal position.
It’s assumed that the initial variation is selected not to cause any plastic deformation

during this step, since this step is a clamping process rather than forming process.
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The equilibirium equation is:

240, +A,0,—-F, =0 (4.18)

The constitutive equations are:

o,=Eg,
(4.19)

The compatibility equation is:

g, =€, =In( L ) (4.20)

L+v

Substituting the constitutive equation into the equilibrium equation yields:

QRAE + A E )In( L )-F, =0

L+v
~F =QAE +A,E, )In( L ) 4.21)
L+v

Also we find:

o, =E_In( L ) (4.22)

L+v
L
o, =E, In( ) (4.23)
L+v

4.3.2.3 Step 3: Welding/Joining

According to its mechnistric characteristics, this step is comprised of four sub
steps. During these substeps, the material properties are considered as temperature
dependent. The temperature dependent material properties are listed in Table 4.1 for the
experiment; Figure 4.5 and 4.6 show the temperature dependent thermal expansion

coefficient and yield stress, respectively.
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4.3.2.3.1 Step 3-1: Elastic State during Heating
During this step, the center bar only experiences elastic deformation. The total
strain is comprised of thermal strain and elastic strain.

The equilibrium equation is:

24,0, +A4,0, -F =0 (4.24)

The constitutive equations are:
O-S = ES(C;S

4.25

o = By (6, — &%) = B, (5, — [a(T)dT) 429
Substituting the constitutive equations into the equilibrium equation yields:

E (e- ja(T)dT)Am +2E A, = F, (4.26)
Therefore:

F=(E, A, +2E A )In( L )-E A, Ia(T)dT 4.27)

L+v

Also, from the compatibility equation (4.20) and the constitutive equations:

O-S =ES£S :Es ln(LL )

., i (4.28)
o =E, (m( )— ja(T)dT)
L+v

4.3.2.3.2 Step 3-2: Plastic State during Heating

At a certain temperature, the internal stress in the central bar reaches its

compressive yield stress. Then, the stress becomes — o, (') and the elastic strain ¢,

becomes constant in terms of strain-stress relation. Because the limit of the elastic stress,
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i.e., the yield strain constantly changes while temperature increases, the actual elastic

strain also changes with time, i.e., &, =—-0,(T)/ E, . Also, since an elastic-perfectly

m

plastic material is assumed, the following relation holds true during this step.

o, =—0y(T) (4.29)

The equilibrium equation is:

o,4, t20.A4, =F, (4.30)

The constitutive equation is:
o, =E.¢, (4.31)

Applying the compatibility equation (4.20) yields:

o, =—oy(T) (4.32)
o, = E, In( L ) (4.33)
L+v

4.3.2.3.3 Step 3-3: Elastic State during Cooling
The state of the central bar returns to the elastic region. Thus, the stress at the
maximum temperature is set at the initial stress at the point C.

The equilibrium equation is:

c,4,+20 .4, =F, (4.34)

The constitutive equations are:

e = ja(T)dT (4.35)
o, =FE ¢, (4.36)
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Therefore we find:

G, =0,(C)+E, (e —£2(C)) (4.37)

where o, (C) and &7 (C) are the stress and thermal strain of the center bar at point C,

respectively.

4.3.2.3.4 Step 3-4: Plastic State during Cooling
The center bar undergoes the increase of tension induced by the cooling process.
At point D, the tension reaches the plastic stress, i.e., the center bar has the plastic stress

determined by the temperature.

o, =o,(T) (4.38)

The equilibrium equation is:

o,4, +20. A4 =F, (4.39)

The constitutive equation is:

o, =E.e, (4.40)

Therefore we find:

o, =o,(T) (4.41)
L

o, =E_ In(
L+v

) (4.42)
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4.3.2.3.5 Step 4: Releasing the Clamp/Fixturing

Springback of the welded structure is calculated. Basically the equations are the

same as those of STEP 2. However, the initial stress and strain start with their conditions
at point E.

The equilibrium equation is:

c,A,+20,4, =0

(4.43)
The constitutive equations are:

g, =& =¢&(E)-As¢ (4.44)

O-S = ESSS (4 45)

Um = Em gm .

Releasing the clamping devices can be interpreted as removing the confining

force at point E.  The removed force is equivalent to the strain that the welded structure

undergoes without the clamping devices. Thus,

(QA,E,e(E)+ A,0,(E)) = 2A,E, + A E YAz

(4.46)
Therefore, the final strain will be:
24 E_ In( L )+ A,0,(E)
£ =e&(E)- Lyv (4.47)
24FE +AE,
o, =0, (EY+E, (s-¢&(E)) (4.48)
o,=F¢ (4.49)
If the residual stress o, is greater than the yielding stress:
o, =0,(T) (4.50)
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24.F, In(~L Y+ A,0,(E)

£=e(E)— Lzz VE (4.51)

Since in this analysis, Cauchy stress and natural strain are considered, the cross
sectional areas are the current area, not the initial areas. Assuming the bars have circular

Cross sections:

Inr=¢, +Inr, (4.52)

r=er, (4.53)
Therefore:

A=mie’ = 4,e’ (4.54)

where:
A : current area
A, : initial area

&, : radial strain

The radial strain, £, , can be calculated as:
g, =—HE (4.55)

r

where p is Poisson’s ratio.

The analytical stress-temperature and strain-temperature relations are thus
calculated and plotted using Matlab. The analytic results are plotted as stress in the center
bar versus temperature, stress in the side bars versus temperature, and elastic
strain/plastic strain/thermal strain versus temperature. Also, the stress and strain in the

center bar, varying with the initial variation, is also calculated. Since the model is
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clamped to its nominal length during the welding deformation phase, the total strains do
not change while the temperature changes. However, due to the plastic strain and elastic
strain generated during the welding phase, it springs back after release from the clamping
devices.

Figures 4.7 through 4.9 show the stress histories in the middle bar and Figure 4.10
shows the thermal histories of the vartous strains in the middle bar. The initial variation
does affect the residual stress by changing the starting point of the elastic-heating path in
the welding process, which subsequently leads to different initial yieldings points. It
should be noted that the welding paths including the stage changing points (point C, D,
and E in Figure 4.4) except the elastic-heating path are identical. The different initial
yielding points consequently cause the different residual strains by shifting the plastic-
heating path of the plastic strain in the Figure 4.10.

Figure 4.11 shows residual stresses of the center bar with various initial
variations. We can see that there is linearity between the residual stresses and the initial
variations except where the springback causes plastic deformation in the center bar. The
linear region is skewed with respect to the zero variation point. This is because of the
specific combination of the areas of middle bar and side bars, i.e., the degree of restraints.

The initial variation does affect the residual stress and strain that causes the
welding distortion, in this case, linearly. According to the result we can conclude that
welding deformation is linearly dependent to the initial variation of the part as long as the
initial variation is small enough so that the clamping would not cause the plastic
deformation of the parts. This result also conforms to the nature of pre-tensioning, which

is one of the mitigation techniques used to reduce the welding residual stress.
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4.3.3 Spring-Clamped Model Experiment

4.3.3.1 Step 1: Initial Variation

The range of initial variation was assumed as same as the clamped-clamped

model, i.e., —0.001<v <0.001 m. Zero value of K., the clamping spring stiffness, was

not considered because that case cannot represent ‘clamping parts into nominal postion’.

Displacement Ax;, is the required displacement of the clamping spring to set the part to

its nominal length.

4.3.3.2 Step 2: Clamping/Fixturing to Nominal Position

The equilibrium equation is:

240, +4,0,—F, =0 (4.56)
The constitutive equations are:
%5 = B @.57)
Gm = Em gm '
The compatibility equation is:
g, =& =In( L ) (4.58)
L+v
Substituting the constutivie equations into the equilibrium equation yields:
2A AE -F =0
Substitutllgng tﬁe constutivie equations into the equilibrium equation yields:
or: 24, E e, +AE, ¢, —F,=0
L
RAE + 4, E )In( )-F, =0 (4.59)
L+v
Thus:
F =QRAE +A,E )In( L )
' L+v
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Therefore:
o, =E_In( L ) (4.60)
L+v
And:
L
o, =E, In( ) (4.61)
L+v
Also:
F, =K. Ax, =(A4,E_ +A4,E,)In( L )
L+v
And thus:

K. K. L+v
where, K. represents the stiffness coefficient that reflects the elastic constraining effect

of the adjacent confined area.

4.3.3.3 Step 3: Welding/Joining
According to its mechanistic characteristics, this step is comprised of four sub
steps. During the substeps, material properties are considered to be temperature

dependent.

4.3.3.3.1 Step 3-1: Elastic State during Heating
The equilibrium equiation is:

240, +A,0,—F =0

Thus:
F=—K.-AL+F,=-K.-AL+(2A,E,+E _A4,)In

L
) (4.63)

The constitutive equations are:
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O—S = ESgS

0, =E, (s, &)= E, (&, — [a(T)dT)

The compatibility equation is:
L+AL

e=¢, =€, =In(
L+v

)

Substituting the constitutive equations into the equilibrium equation yields:
E,(s- [a(T)dT)4, +2E,&, = F,

Therefore:
F,=(E,A, +2E,A4)e-E,A, [a(T)dT

Also from the compatibility equation:

AL=(L+v)e -L

Therefore:
(E A, +2E A)e+ K. (L+v)e’
L

—(E, A, +2E_A )In(
L+v

)-KoL—E, A4, [a(T)dl =0

or:

e+Aef—-B=0

where:
K (L+V)

T (EA +2EA)

And:

E A \a(T)dT +K L
B=ln( L )+ m m.[ ( ) C
L+v (E,4,+2E.A)
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The solution of the above equation is:

£=B-W(4e”) (4.73)

where the function W(z)is Lambert W function that gives the solution for w in

z=we"” [Corless et al. 1996]. Otherwise we can use a Taylor expansion for the

exponential term to make the equation easier to solve algebraically without using a
L+AL
L+

mathematical function. Considering &£ = In( ), where both ALand v are

v
relatively small compared to L and the value of the logarithm of their ratio also will be
small and near zero, a Taylor expansion at the zero value can approximate the function
very accurately. If we only use the first order term of the Taylor expansion, i.e.,

e =1+ ¢, the equation becomes

ge+A(l+g)-B=0 (4.74)

The solution is:

B-4
&=
1+ 4
oo Lo B [a(T)dT + K LK (L+v)
n +
_ (L+v (E,4,+2E A)
- K(L+V)
(E, A, +2E.A)
(E, A +2E A)n(—L—)+E 4 far)dr - K v
- L+v ' (4.75)
(E A +2EA)+K.(L+V)
Therefore:
(E, A, +2E A)n(—2 )+ E 4, fa()dr - K v
o, =Ee =E, Lty (4.76)
(E, A, +2E,A)+K (L+V)
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o, =E, (¢, - ja(T)dT)

(E A, + 2E5A5)In(L L Y- (K- (L+v)+ 2E5As)ja(T)dT -K-v
—F +v
" (E A4, +2E . A)+K.(L+v)
4.77)

4.3.3.3.2 Step 3-2: Plastic State during Heating

At a certain temperature, the internal stress in the central bar reaches its
compressive yield stress. From then, the stress, o, (T), and the elastic strain, &,,
became constant.

o, =—0,(T) (4.78)
The equilibrium equation is:

0,4, +20 .4, =F,
Thus:

F,=—K.-AL+F, =-K.-AL+(2A,E, +AmEm)ln(LL ) (4.79)

+v

The constitutive equation is:

o,=FE. ¢, (4.80)

Substituting the compatibility equation (4.68) into the equilibrium equations, we obtain:

L

24.E £+ K (L+V)e* —o, (T4, —K.L—(2AE, + A E,)In )=0(4.81)
+v

(L
or:

e+Ade* —B=0 (4.82)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

where:
4= KcLHv)
24.E,
(4.83)
(2QAE_+ A E ) L o,(TA4, + KL
B= In( )+
2AE, L+v 24 E,
Using a first-order Talyor series expansion, we can get the following solution.
B-4
& =
1+4
(RAE,+ A E ) In( L ) K.(L+v) L O (M4, +K.L
2AE L+v 24 E 24.E
= s7s e (L+S)S S (4.84)
1+ _C__L
24.E
(RQAE, + A, E )In( L Y+o,(T)4, —K.v
- L+v
24.E. + K (L+V)
In this stage:
o, =—0y(T) (4.85)
(RQA,E, + A,E,)In( L Y+o,(D)A, —K.v
o, =E, Lty (4.86)
2A.E, +K . (L+v)

4.3.3.3.3 Step 3-3: Elastic State during Cooling

The state of the central bar returns to the elastic region. Thus, the stress at the
maximum temperature is set as the initial stress at point C.
The equilibrium equation is:

o,A +20,4, =F, (4.87)

Thus:
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F,=-K.-AL+F,

L (4.88)
=K. -AL+QA,E, + A E, )In(——)
L+v
The constitutive equation is:
g = [a(T)dT (4.89)
Therefore:
o, =0, (C)+E, (s —¢, (C)+ ja(T)dT) (4.90)

where o, (C)and ¢,(C) are the stress and strain of the center bar at point C,
respectively.
RQAE, + A,E e+ K- (L+v)e’

L
(L+v

~KcL-Q4,E, + 4,E,)In(~——)+ 4,0,(C) + 4,E, ([a(T)dT - £,(C)) = 0

(4.91)
The above equation is obtained by substituting the comptibility equation and

constitutive equation into the equilibrium equation. This equation can be expressed as

Equation (4.82) where:
a KC (L+v)
(2ASES + Am Em)
(4.92)
BemLys K.L-A,E,([a(D)dl -¢,(C)- 4,0,,(C)
=In
Y (QAE,+ A E,)
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Using a first-order Taylor expansion for the exponentian term, we can get the following

solution.
B-A4
E =
1+ 4
Ly Kl Al JaT)dT ~£,(C)~4,0,C)  K.(L+v)
_L+v (QA,E .+ A E ) (2Q4,E,+ A E, )
B K. (L+v)
(QAE +A4,E,)
(AE, + 4,E,)In(— L) k- 4,E,([aT)dT - ,(C) - 4,0,(C)
—_ +V
(RAE. +A,E )+ K (L+Vv)
(4.93)
Therefore:
o,=E¢
QA.E, + 4,B,)In( ) - Kev— A, E,([a(T)T = 6,(C) - 4,0,(C)
=F +v
) QRAE, +A,E,)+ K. (L+V)
(4.94)
And:
o, =0, (C)+E, (s-¢,(C)+ ja(T)dT)) (4.95)

4.3.3.3.4 Step 3-4: Plastic State during Cooling
The center bar undergoes an increase of tension induced by the cooling process.
At point D, the tension reaches the plastic stress, i.e., the center bar has the plastic stress

determined by the temperature.

o, =o,(T) (4.96)
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The equilibrium equation is:

0,4, +20,4, =F, (4.97)
Thus:

F,=-K.-AL+F,

L (4.98)
=—K.-AL+QAE + A E )In( )
L+v

The constitutive equation is:

o,=Ez¢, (4.99)

The calculation of strain is similar to STEP3-2: plastic state during heating. The solution
is:
L
(2AxEs +AmEm)ln( )_O-Y(T)Am _KCV

= L+v (4.100)
2A.E, + K. (L+V)

Therefore:
o, =0,(T) (4.101)
QAE, + 4, E (=2~ o, (T) 4, - K v
o, =E, Lty (4.102)
24.E +K (L+V)

4.3.3.4 Step 4: Releasing the Clamp/Fixturing
Springback of welded structure is calculated. Basically the equations are same as
those of STEP 2. However, the initial stress and strain start with the initial conditions at

point E.
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The equilibrium equation is:

o, 4 +20. 4 =0 (4.103)

The constitutive equations are:

JS = Esg s
(4.104)

Releasing the clamping devices can be interpreted as removing the confining
force at point E. The removed force is equivalent to the strain that the welded structure
undergoes without clamping devices. The RHS terms explain equivalent clamping forces
at the point E, and this should be equal to the total strain including the strain at the point

E. Thus:
(RA,E e(EY+ A,0,(E))=QRAE, + A E, )Ae (4.105)

Therefore, the final strain will be:
e =e(E)—Ae
4.106
_ &(E)- 24.E.e(E)+ A,,0,(F) ( )
24.E + A E

And the stresses are:
c,=0,(E)+E,(c-¢&(E)) (4.107)
o,=Ec¢ (4.108)

The analytic stress-temperature and strain-temperature relations are calculated

using Matlab. The results are shown in Figures 4.13 through 4.19. Figure 4.13, 4.14, and

4.15 show the stress-temperature relations with three different initial variations when K,

is 20 % of the material’s Young’s modulus. As dicussed in the clamped-clamped case,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126

the stress histories are identical except the elastic-heating paths. Thus the initial variation
affects the residual stress and strain as it does in the clamped-clamped case, which is the
shifting of the elastic-heating path of plastic strain shown in Figure 4.16. The patterns of
elastic, plastic, and thermal strain of the center bar do not change with the initial
variations, thus the total strains shown in Figure 4.17 are shifted in proportion to the
various initial variations. As in the case of the clamped-clamped case, there are linear
relations between the initial variations and the residual stress as well as the residual
strains, which are shown in Figure 4.18 and Figure 4.19. However the slope is slightly
different from that of the clamped-clamped case.

Compared to the result of the clamped-clamped model, the spring-clamped model
has more springback which can be explained by having a smaller plastic strain
component than the clamped-clamped model, with the same thermal strain component.
This is because the spring elastically absorbs the elongation of the bars so that it
consequently reduces the generation of plastic strains. Figures 4.20 through 4.32 shows
the comparison of analytic results and finite element analysis result for verification
purposes.

The initial variations linearly affect the residual stress and strain that account for
the welding distortion as shown in Figure 4.33 and 4.34, while the clamping spring acts
as if its strength is absorbed as the part of the degree of restraints. It should be noted that
the difference in welding distortions, i.e, the residual strains, is about 10% of the initial
variation difference. Considering that the welding distortion will be simulated by the
equivalent loading method based on the inherent strain method, the initial variations in
the plates to be welded should be translated into variations in the infinitesimal three-bars
that are distributed longitudinally and transversally within the plates. If we consider the

out-of-plane variations in the plates, it will become even more negligible because of the
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differences in the initial variations in infinitesimal three-bars along the thickness

direction.

4.4 Revised Mechanistic Variation Model

Through the study of the simplified one-dimensional schematic welding distortion
model, the main governing mechanisms of welding distortion with intial part variations
are reviewed and simulated. The following conclusions can be drawn:

1. Initial part variations affect the final residual strain and stress by changing the
initial strain and stress of the part that are caused by clamping the part into its
nominal position.

2. Compared to the magnitude of initial variation in terms of strain, the effect of
initial variation in welding distortion is relatively small. The difference in
welding distortion, i.e, the residual strain, is about 10% of initial variation
difference.

3. Elastic clamping forces act as if their stength are absorbed as the part of the
degree of restraints. However if a full plate assembly model is considered
instead of infinitesimal three-bar model, it becomes negligible.

4. Some of the mitigation techniques to reduce welding deformation and residual
stress, such as pre-tensioning and thermal tensioning, can be explained by
changing the initial stress and strain, and reducing the temperature difference
between the welded area and the adjacent area, which can be easily explained by
the three-bar model.

Thus the mechanistic variation model considering welding distortion is:
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{U,} =18, 1.} +[4){V,} +{ D} (4.109)

However, the variational effects on welding distortion term, [4]{V,}, could be

assumed to be negligible if the range of initial variation is relatively small compared to
the total dimension of the non-nominal part and if we consider out-of-plane variations of
the plate assemblies. Thus the Modified Method of Influence Coefficients is formulated

as:

{U,}=18,.1%,}+{D} , (4.110)

In the above equation, {D} is a displacement vector and it means the welding

distortion of nominal parts being clamped to its nominal position.
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Figure 4. 4 Expected temperature-stress relation in the center bar of three-bar models
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Figure 4. 5: Temperature dependent thermal expansion coefficient
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Figure 4. 6: Temperature dependent yield stress
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Figure 4. 7: Analytic result for clamped-clamped model with v = —1.0e™ m
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Tempersture vs. Stress
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Figure 4. 8: Analytic result for clamped-clamped model withv = 0.0 m
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Figure 4. 9: Analytic result for clamped-clamped model with v =1.0e™* m
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Tempershiwe vs. Strains
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Figure 4. 10: Analytic result for strain-temperature relations with v = —1.0e™ m
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Figure 4. 11: Residual stress in the center bar with various initial variations
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Residua! strain in the center bar vs. Initial variation
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Figure 4. 12: Residual strain in the center bar with various initial variations
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Figure 4. 13: Analytic result for spring-clamped model with v =—1.0¢™'m andK_, =20% of E
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Tempersture vs. Strains
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Figure 4. 16: Strains in the center bar with v =—-1.0¢™*m andK, =20% of E
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Figure 4. 17: Total strains in the center bar with various initial variations and K, =20% of E
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Figure 4. 20: Stress-temperature result comparison for clamped-clamped model

Thermal strain in the conter bar ve. Tempershure
xw’ (ABAQUS and Anslytic experiment (vs-1.00-4 (m))
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Figure 4. 21: Thermal strain comparison for clamped-clamped model
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Plastic strain in the center bar vs. Temperature
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Figure 4. 22: Plastic strain comparison for clamped-clamped model

Elastic strain in the center bar vs. Temnperature
x107° (ABAQUS and Analyfic experiment (ve-1.0e—4 (m))
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Figure 4. 23: Elastic strain comparison for clamped-clamped model
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Residual siress in the center bar vs. Initial variation
(ABAQUS and Analylic experiment)
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Figure 4. 24: Residual stress with various initial variations comparison for clamped-clamped model

x10”° (ABAQUS and Analylic experiment)
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Figure 4. 25: Residual strain with various initial variations comparison for clamped-clamped model
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Stress in the center bar ve. T
(ABAQUS and Anslyic experiment with va-1.0e~4 {m} and Kc=20% of E)
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Figure 4. 26: Stress-temperature result comparison for spring-clamped model

Thermal strain in the cenler bar vs. Temperature
x10° (ABAQUS and Analytic experiment)
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Figure 4. 27: Thermal strain comparison for spring-clamped model
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Elastic strain in the center ber vs. T
x10° (ABAQUS and Analytic experiment with ve-1.0e~4 and Kc=20% of E)
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Figure 4. 28: Elastic strain comparison for spring-clamped model

Plastic strain in the center ber vs. Temperature
X1’ (ABAQUS and Analylic experiment with ve~1.0e~4 (m) and Kc=20% of E)
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Figure 4. 29: Plastic strain comparison for spring-clamped model

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



144

Total strain in the center bar vs Temperature
xw* (ABAQUS and Analylic experiment with ve—1.0e—4 (m) and Kc«20% of E)
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Figure 4. 30: Total strain comparison for spring-clamped model

Residual stress in the center bar vs. Initial variation
(ABAQUS and Analylic experiment with Kce20% of E)
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Figure 4. 31: Residual stress in the center bar with various initial variations comparison for spring-
clamped model
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Residun! sirain in the center ber vs. Intial variation

x10 (ABAQUS and Anaiytic experiment with Kcs20% of €)
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Figure 4. 32: Residual strain in the center bar with various initial variations comparison for spring-

clamped model
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Figure 4. 33: Residual stress in the center bar with various K_
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Residusi strain in the center bar ve. Initisl varistion
x10™ (ABAQUS experiment with varise: Ke)
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Figure 4. 34: Residual strain in the center bar with various K c
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CHAPTER YV
VARIATION SIMULATION CONSIDERING WELDING DISTORTION

The main goal of the current dissertation is to investigate the Modified Method of
Influence Coefficients that accounts for dimensional variations of a welded assembly.
The numerical simulation for variational analysis is performed in this chapter. As an
example, one-pass GMAW (Gas Metal Arc Welding) butt welding of 20 mm thick plates
and 10 mm and 15 mm fillet welding of stiffeners and web frame were chosen. The
structure used for the example is shown in Figure 5.1.

For the verification of the proposed method of variation simulation considering

welding distortion, the butt welding for 20 mm thick plate example is considered.

5.1 Welding Distortion Simulation using Equivalent Loading Method

In this section, an example welding distortion analysis is performed using the
equivalent loading method based on the inherent strain method. Butt welding of two
identical rectangular plates with 20 mm thickness is analyzed, shown in Figure 5.2. Fillet
welding cases are also analyzed. For the purpose of the distortion result comparison, the
same welding distortion analysis is performed using the commercial FEM software
ABAQUS. The detailed description of the welding process being analyzed can be found
in three-dimensional FEM analysis section 5.2. The material of the plate is assumed to be

mild steel and its temperature dependent material properties are summarized in Table 5.1.

147
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T E oy v P a C k h,
293 206.0 247.0 0.29 7830 1.16 435.83 52.7 0.50
373 201.0 240.0 0.31 7780 1.22 463.78 51.9 1.30
473 198.0 232.0 0.33 7740 1.27 491.74 51.1 1.50
573 191.0 217.0 0.35 7720 1.31 518.42 48.6 1.60
673 181.0 201.0 0.37 7710 1.35 557.81 44.4 1.70
773 175.0 185.0 0.39 7680 1.39 601.02 42.7 1.79
873 163.0 145.0 041 7650 1.44 667.09 394 1.86
973 121.0 87.7 0.43 7640 1.49 749.68 35.6 1.92
1073 80.3 44.5 0.44 7620 1.26 1108.0 31.8 1.98
1173 39.2 12.3 0.45 7600 1.24 817.03 26.0 2.04
1273 19.6 3.92 0.48 7580 1.34 626.43 26.4 2.09
1373 17.0 2.82 0.48 7550 1.42 622.62 27.2 2.14
1473 15.0 2.49 0.48 7540 1.48 622.62 28.5 2.18
1573 13.7 2.27 0.48 7500 1.54  637.86 29.7 2.22
1673 13.4 2.22 0.48 7200 1.61 645.49 30.5 2.26
1755 13.2 2.18 0.48 7200 1.66 645.49 105 2.29
2500 11.1 1.84 0.48 7200 2.16 645.49 105 2.32

T :Temperature [K],

Oy : Yield stress [MPal],

p :Density [kg/m’]

E : Young’s modulus [GPa],

A%

o : Thermal expansion coefficient [K™'] (x107%)

C :Specificheat [J/kg-K]

k : Thermal conductivity coefficient [Watt/m- K]

h, :Heat convective coefficient [Watt/m’ - K]

Table 5. 1: Temperature dependent material properties of mild steel [Lee 1995}

: Poisson ratio
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5.1.1 Inherent Strain Chart

Based on the three-bar model in the previous chapters, the applicable inherent
strain chart has been calculated and plotted in Figure 3.41. As mentioned before, the
final plastic strain after the heating-and-cooling cycle is defined as the inherent strain.

The chart presents this inherent strain for every B, from 0.02 to 0.98 as function of the

highest temperature, from 200 to 2200 °C . The FEM result for the inherent strain chart
with the same range for 8 and same the highest temperature is shown in Figure 3.43.
The inherent strain chart for the filler material that only experiences cooling cycle is also
calculated and plotted and then compared with FEM results in Figure 3.42 and 3.44,

respectively.

5.1.2 Determination of the Highest Temperatures

A two-dimensional heat transfer analysis was performed to determine the highest
temperature distribution in the plate. The welding conditions and parameters for this
analysis can be found in Table 5.2. For the case of complex structure welding, three-
dimensional heat transfer analysis may be required since the heat dissipation through the
adjacent stiffeners and web structures are not negligible. However in this case where two
flat plates are welded together, a long welding line is assumed, which means that the
temperature distribution can be regarded as the same longitudinally along the weld line.
This assumption is quite valid throughout the welded plate except in small areas around
the both ends of weld line. Figure 5.3 shows the highest temperature distribution in the
half plate. The right upper area is where the filler material is applied. Figure 5.4 shows an
enlarged view of highest temperature distribution near the weld line. The temperatures in

the figures are given in Kelvin (K ).
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Based on the conclusion of the three-bar model result and the inherent strain
chart, the ‘inherent strain region’ was determined by this temperature distribution. If the
highest temperature is less than about 400°C , which is equivalent to 673 K , no inherent
strain is generated at all. For this example, the region within 30 mm distance from the

weld line is taken as the inherent strain region to account for this effect.

Ambient temperature 20°C =293 K
Filler metal temperature 2300k
Solidus temperature 1700k
Liquidus temperature 1755k
Latent heat of fusion 273790 J/kg
Density of base an filler metal 7870 kg/m?
Arc efficiency 40 %
Welding voltage 28V
Welding current 220 4
Torch speed 2 mmfs
Arc beam radius 8 mm

Table 5. 2: Welding parameters for F.E. modeling of butt joint GMAW

5.1.3 Determination of Degree of Restraints

The best way to determine the degree of restraints would be the comparison with
real plate welding experimental results. In this research, three-dimensional welding

simulation results are taken as the standard of the comparison. The three-dimensional
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FEM welding simulation results are explained in section 5.2. In order to determine the
degree of restraints, the welding distortion simulations were performed several times for
the butt and the fillet welding. And the degree of restraints for the basic welding
configurations are calculated by the linear regression technique, Compared to the FEM
results, the degree of restraints for the butt welding of flat 20mm thick plates are

determined as follows:

B.=0310  (transverse direction)

B,=0.755  (longitudinal direction)

It should be noted that the degree of restraints of a structure changes as the
structure goes through the assembly processes. For example, the degree of restraints of a
flat plates butt welding is different when several stiffeners are attached on the plates to be

welded. To calculate this degree of restraints at a certain assembly stage, the unit load

method is employed. The unit load method calculates the total stiftness (K, + K ) of the

structure at a certain stage by applying a unit load along the edge of the heat affected

zone and then calculate the total stiffness, R =K, + K, based on the displacement.

R=KW+KS:§ (5.1)

K,=(K,+K)-K,=R-K,=(1-B)R (5.2)

Where:

B : the degree of restraints

P : unit load applied at the edge of the inherent strain region

¢ : displacement
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The degree of restraints of the subsequent assembly stage is then calculated by

applying the unit load method one more time toget R, =K, +K_,,whereK 6 and K ,

sa?

are equvalentto K, and K, ata certain assembly stage, respectively. Then:

K, =K, (5.3)
Ksa = (Ksa + Kwa) - Kwa = Ra - Kwa
(5.4)
= Ra - Kw
K
- sa 5.5
B, K. +K, (5.5)

Here we can assume that K,, =K, since K, represents the stiffness of the heat

w

affected zone, which does not vary due to the external structural configuration changes.

Once K

wa?

K, and R, are obtained, the degree of restraints S, at the stage is

determined. The degrees of restraints of the subsequent assembly stages are calculated by

re-applying Equations (5.3) through (5.5) repeatedly.

5.1.4 Inherent Strain Distribution and Equivalent Load Calculation

Figure 5.5 shows the transverse inherent strain distribution in the butt welded
plate and Figure 5.6 shows the detailed distribution near the weld line. Once the inherent
strain distributions are determined, the equivalent loads can be calculated by integrating
the inherent strains as shown in Figure 5.7.

The transverse shrinkage force is:

/) =bi [Eea4 =-[;1— [ [ Eedyaz (5.6)

w At
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The transverse bending moment is:

1 . h 1 v . x b
g [Be o= [, [ B

w At

The longitudinal shrinkage force is:
F = A{ngdA = [ [ Eeldydz (5.8)

The longitudinal bending moment is:

. h v+ h
M_= |\E¢g (—+z)dA= Ee_(—+ z)dyd. 5.9
= [BeG+a) [, [ Bl + 2y (5.9)

After calculating the forces and moments, these forces and moments are applied
as shown in Figure 3.5. The result of the inherent strain method is shown in Figure 5.8

and 5.9 shows the vertical displacement contour of the distortion.

5.2 Welding Distortion Simulation using Three-Dimensional FEM

5.2.1 Method and Procedure

The three-dimensional welding distortion and residual stress analysis was
performed using the commercial FEM software, ABAQUS. The model used in this
simulation was based on Lee’s experimental work [Lee 1995]. Transient three-
dimensional thermal analysis of welding was first performed to calculate the temperature
distribution in the plates and then this result was applied as the input for subsequent

thermo-elasto-plastic analysis. The result is compared with Lee’s experimental results.
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The welding method assumed in this research is single-pass GMAW (Gas Metal
Arc Welding), which is widely used in the shipbuilding process. GMAW analysis
consists of thermal modeling, where the highly non-uniform heat flux and temperature
distribution are calculated, and mechanical modeling, where the thermo-elasto-plastic
analysis is performed for the distortion simulation. Key considerations in these modelings
are:

(1) Phase transition (solid/liquid) phenomenon in metal

(2) Temperature dependent material properties

(3) Convection boundary conditions for thermal analysis

(4) Modeling of filler metal by element birth-death technique

(5) Large deformation consideration

(6) Gaussian heat flux torch modeling

5.2.2 Thermal Analysis

For the analysis in this research, the following are assumed:

(1) Material behavior inside the welding pool such as buoyancy force, electro-
magnetic force, and surface tension, are assumed to be negligible. Therefore,
convective terms of liquidfied metal can be neglected in the thermal field
analysis.

(2) During the welding process, the effect of distortion to the thermal field, i.e.,
shape deformation, plastic strain energy, and convective boundary condition
changes, is much less than the heat flux from the torch and therefore can be
neglected. Thus the thermal field analysis can be decoupled from the stress-
strain field analysis and these analyses will be performed independently.

(3) The influx of filler metal is continuous and uniform.
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(4) The vaporization of metal due to temperature increase is neglected.
(5) The heat flow at the clamping device is negligible.
(6) The crystallization effect of metal on thermal and stress-strain field can be

neglected.

With these assumptions, the FEM mesh shown in Figure 5. 10 was generated.
Since the welding is symmetric along the weld line, only a symmetric half plate was

modeled.

5.2.3 Finite Element Mesh

The entire elements are §-node isoparametirc three-dimensional elements and the
model consists of 1656 elements and 2265 nodes. In order to accurately model incoming
filler metal during the welding, the element birth-death technique is used. Since right
under the torch the liquefied filler metal is pushed out by arc and shield gas, birth

elements are modeled to newly generate right behind the torch, as shown in Figure 5.11.

5.2.3.1 Torch Modeling
The heat influx to the base metal consists of heat from the arc and the latent heat
of the liquefied filler metal. The heat influx from the arc is modeled as a Gaussian

distribution and can be expressed as [Lee 1995]:

9= 9¢ (5.10)
VI 3

go = = = (5.11)
T rn

where:

g : heat flux at (x, y)
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2

r’= (x —a)’ +y°
r, - arc beam radius

a : position of weld torch in x direction

n, : arc efficiency

V, I: arc voltage and current

The above heat flux is applied to the relevant faces of elements as a heat flux
surface force. For the latent heat influx of the liquefied filler metal, the initial temperature
of the incoming filler metal determines the heat energy. In this research, the initial
temperature is assumed to be 2300 K . Table 5.2 shows the weld parameters used in this

FEM welding simulation.

5.2.3.2 Boundary Conditions Modeling
The boundary conditions for the thermal field analysis are comprised of
convection and radiation conditions. In this research, the empirical boundary conditions

accounting for convection and radiation at the same time are applied [Patel 1985].

q,= hcr(T_T;z)

5.12
h,=h +o'c =24.1x107"'T"" (5-12)

where:

q, : heat flux
h_: convection heat transfer coefficient

o’ : Stefan-Boltzman constant for radiation = 5.6703x107® Watt / m*K*

&" : hemispherical emissivity = 0.1
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5.2.3.3 Material Properties Modeling
The most important material properties in thermal analysis are the heat capacity
and thermal conductivity. Temperature dependent material properties for mild steel are

shown in Table 5.1 and Figure 5.12.

5.2.3.4 Results and Discussions

Full transient heat transfer analysis was performed using ABAQUS. The analysis
took 28130 seconds, i.e., 7 hours 48 minutes 50 seconds on a SUN BLADE-1500 system.
The torch speed was set to 2 mm/sec. and the weld starts at time = 0. The torch begins to
move at time = 2 second. Therefore, the total welding time is 42 seconds since the weld
length is 80 mm. Total analysis time including cooling time is set to 4000 seconds. While
the torch is moving, from 2 seconds to 42 seconds, the time step is setto 5/3 second so
that the torch is set to move one element length along z-axis. For the cooling process after
42 seconds, the time step is set to linearly increase until it reaches 500 seconds. The
initial temperature of the filler metal is set to 2300 K and the filler metal is modeled
using the element birth technique. Figure 5.13 shows the temperature contour around the
weld line with continuously added filler metal. Figures 5.14 through 5.18 show the

temperature history results at various points and their comparison with experimental data.

S5.2.4 Thermo-Elasto-Plastic Analysis

The finite element mesh used in the thermal analysis is used again unchanged.
The assumptions for this analysis are:

(1) Thermal field analysis is de-coupled from stress-strain field analysis.
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(2) Since the time when the material experiences high temperature over melting
point is very short relative to the whole mechanical behavior, viscosity effects
can be neglected.

(3) Martensite effects can be neglected since the plate is not quenched but cooled

by natural convection.

5.2.4.1 External Forces and Boundary Conditions

The external forces for the thermo-elasto-plastic analysis are the nodal
temperatures, which are the result of thermal analysis. Symmetric boundary conditions
are applied along the weld line and are transversally constrained at the opposite edge to

the weld line.

5.2.4.2 Yield and Hardening Condition
Von Mises yielding condition and isotropic hardening are assumed for this

analysis.

5.2.4.3 Results and Discussions

Full transient thermo-elasto-plastic analysis was performed using ABAQUS based
on the result of the previous thermal analysis. The analysis took 64984 seconds, i.e., 18
hours 3 minutes 4 seconds on a SUN BLADE-1500 system. Total analysis time is the
same as that of the thermal analysis, i.e., 4000 seconds. The initial stress and strain of the
incoming filler metal is set to zero and the filler metal is modeled using the element birth
technique once again. Figures 5.19 through 5.25 show the various residual stress

distributions compared with experimental data and the final deformed shape.
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5.3 Variational Simulation using the Modified Method of Influence Coefficients

In this section, the mechanistic variation simulation including welding distortion
is analyzed for two metal plates joined by GMAW. For validation, the results of the
simulation are compared with that of direct Monte Carlo simulation. The plate example
used was an assembly of two plates joined by butt-joint GMAW, as shown in Figure 5.26
(a). The plate dimension is 250 mm x 500 mm and the plate thickness is 20 mm . In the
example, there are four sources of variation at the free comers of the two flat plate parts
as marked by numbers in Figure 5.26. The numbers 1 and 3 represent the source of
variation on the left plate and numbers 2 and 4 represent the variation on the right plate.
The variations in the plates are assumed to be Z-direction only. The mean deviation (mm)

at each source of variation assumed in this simulations are:

{u,}=010 10 -5 —sf (5.13)

and the standard deviation (mm ) at each source of variation is also assumed as:

=i 1] (5.14)

For simplicity, the sources of variation are assumed to be statistically independent.

5.3.1 Modified Method of Influence Coefficients

The Modified Method of Influence Coefficient (Chapter 3) is used to simulate the
springback of the welded structure with initial deviation. The welding distortion terms are

calculated by the equivalent loading method based on the inherent strain method and the
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sensitivity matrix is derived by the Method of Influence Coefficient. The intermediate
results, i.e., the matrix of influence coefficients, the stiffness matrix and the sensitivity

matrix are given in the following.

5.3.1.1 Matrix of Influence Coefficients

Since there are four sources of variation, matrix [C] willbea 4x4 matrix derived from

Equation (4.4):
1.54x107* 0 1.14x107° 0
4 ~5
c]- 0 5 1.57x10 0 4 1.14x10 (5.15)
1.14x10° 0 1.57x10" 0

0 1.14x107° 0 1.54x107*

The interpretation of the first column can be stated as: unit force at the first source
of variation will result in the displacements of 0.154, 0, 0.0114, and 0 mm at the four
sources of variation, respectively. The other columns of the matrix can be interpreted

similarly.

5.3.1.2 The Stiffness Matrix

The stiffness matrix [K] is the inverse of [C]:

6528.6 0 -474.1 0

[K]: 0 6403.8 0 -474.1
-474.1 0 6403.8 0

0 -474.1 0 6528.6

(5.16)

The interpretation of the first column can be stated as: unit displacement at the
first source of variation will need forces in the magnitude of 6528.6, 0 474.1, and O N

from the clamp, respectively.
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5.3.1.3 The Sensitivity Matrix

The sensitivity matrix calculated from Equation (4.7) is shown in Table 5.3. The
interpretation of the first column can be stated as: unit deviation at the first source of
variation will affect the displacements in each node in the assembled model in the

magnitude of the numbers in the corresponding rows.

Node( /) S, S S Sia

1 .0000 .0000 .0000 .0000
2 .1240 1145 -0119 -0112
3 2500 2397 -.0237 -.0233
4 .2480 .2401 -.0237 -.0234
5 .2440 2390 -.0235 -.0234
6 .1140 .1190 -0124 -.0130
7 .0000 .0000 .0000 .0000
8 .0000 .0000 .0000 .0000
9 .0506 .0478 -.0022 -.0019
10 .0983 .0955 -.0048 -.0044
11 .0985 .0959 -.0049 -.0045
12 .0982 .0958 -.0049 -.0046
13 .0509 .0518 -.0037 -.0038
14 .0000 .0000 .0000 .0000
15 .0000 .0000 .0000 .0000
16 .0113 .0109 .0137 .0138
17 .0254 .0244 0246 .0255
18 .0255 .0246 .0246 0255
19 .0255 .0246 .0244 .0254
20 .0138 0137 .0109 0113
21 .0000 .0000 .0000 .0000
22 .0000 .0000 .0000 .0000
23 -.0038 -.0037 .0518 .0509
24 -.0046 -.0049 .0958 .0982
25 -.0045 -.0048 .0959 0986
26 -.0044 -.0047 .0955 .0983
27 -.0019 -.0022 0478 .0506
28 .0000 .0000 .0000 .0000
29 .0000 .0000 .0000 .0000
30 -.0130 -.0124 1190 1141
31 -.0233 -.0234 2391 2444
32 -.0233 -.0236 2401 2477
33 -.0232 -.0237 2397 .2496
34 -0112 -0118 .1145 1244
35 .0000 .0000 .0000 .0000

Table 5. 3: Sensitivity matrix for mechanistic variation simulation
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5.3.1.4 Results and Discussion

From the sensitivity matrix, the contours of the mean and variance of the
assembly variation can be calculated based on Equations (4.8) and (4.9). Since we
assumed that the welding distortion can be linearly superposed onto the mechanistic
variation simulation, the results are obtained by superposing the welding distortion with
the variational simulation results, which are shown in Figure 5.27, Figure 5.28, Figure
5.29, and Figure 5.30. The results of direct Monte Carlo simulation are shown in Figure
5.31 and Figure 5.32. The patterns of mean deviation and standard deviation are almost

same but the values are little different.

Method Direct Monte Carlo Modified Method of

Influence Coefficient

Average maximum distortion 0.003398 0.003746
Standard deviation of distortion (m) 0.0007 0.0004
No. of FEM runs 1000 3
Real CPU time (sec) 12082 25

Table 5. 4: Comparison of the two methods

Since the equivalent loading method is not suitable for exact prediction of
welding distortion of the edge area, another butt-weld with initial variation in the middle
of the weld line case was examined, as shown in Figure 5.26 (b). In this case, the left
plate has same initial variation as the previous case but the right plate has only one source
of variation in the middle of the weld line. Figure 5.33 and 5.34 shows the results of

Modified Method of Influence Coefficients and Figure 5.35 and Figure 5.36 show the
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results of direct Monte Carlo Simulation. As the figures show, the differences resulting
from the direct Monte Carlo simulation and the Modified Method of Influence
Coefficients are small. However, there is a tremendous difference in the computational
time between these two methods. Table 5.4 shows the comparison of the results from the

direct Monte Carlo simulation and the Modified Method of Influence Coefficients.

5.3.2 Assembly Example

In order to validate that the Modified Method of Influence Coefficient can be
easily applied to more complex structure case, an assembly example is analyzed in this
section. The construction steps of the assembly are:

(1) Two identical base plates (1.6 m x 3 m x 20 mm ) are first joined together by butt-

welding (Figure 5.37)

(2) The welded base plates are clamped for stiffener attachment (Figure 5.38)

(3) Stiffeners (3 m x 300 mm x 10 mm) are attached and then fillet welded (Figure 5.39)

(4) The subassembly is clamped for web frame (3.2 m x 700 mm x 15 mm) attachment
and then the web frame is fillet welded (Figure 5.40)

(5) All the clamps are released to show the final shape (Figure 5.41)

For the welding distortion simulation, the equivalent loading method based on the
inherent strain method is utilized. The welding distortion simulation result for the base
plate is shown in Figure 5.42. The mechanistic variation simulation is also performed.
The results are shown in Figure 5.43 and Figure 5.44. Table 5.5 shows the comparison of
the two methods in terms of the average maximum out-of-plane deviations in the base
plates of the assembly. The average maximum deviations are located at the centers of the

ten contour packets in Figure 5.42 and Figure 5.43. Since the assembly is symmetric, the
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average maximum deviations of the upper five packets are compared. The first row of the
Table 5.5 represents the locations of the average maximum deviations, given in m . As
shown in Table 5.5 the deviation values are very similar quantitatively. The contour

patterns are also comparable qualitatively, as shown in Figure 5.42 and Figure 5.43.

Leftedge  Mid. left Middle  Mid. right Right edge

ANSYS 0.0022  0.0013665 0.0014263  0.00135 0.0019

Modified Method of
Influence Coefficients 0.0028 0.001312 0.0014762 0.001312 0.0028

Table S. 5: Comparison of the two methods in terms of the average maximum deviations
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1 ; AN
ELEMENTS JUL 20 2004
TYPE NUM 11:10:20

PLOT NO. 1

Equivalent Loading Method Example— based on ISM (3D Model)

Figure 5. 1: Assembly example of equivalent loading method

Figure 5. 2 : Butt-joint weld specimen with V-groove [Lee 1995]
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400 600 800 1000 1200 1400 7 1 6 1800 2000 2200

Figure S. 3 : Highest temperature distribution in the half plate (°X )

Figure 5. 4 : Highest temperature distribution near the weld line (°X )
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Figure 5. 5 : Inherent strain distribution in transverse direction
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Figure 5. 6 : Inherent strain distribution near weld line
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Figure 5. 7 : Equivalent load calculation based on inherent strain distribution [Lee 2002]
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Equivalent Loading Method Example- based on ISM (3D Model)

Figure 5. 8 : Welding deformation calculated by inherent strain method (half plate)
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Equivalent Loading Method Example- based on ISM (3D Model)

Figure 5. 9 : Vertical displacement contour of welding distortion

Figure 5. 10 : Finite element mesh for butt-joint GMAW

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




170

(a) at 3.67 sec. (b) at 10.33 sec.

(c) at 23.67 sec. (d) at 37.0 sec.

(e) at 40.33 sec. (f) at 42.0 sec.

Figure 5. 11 : Element birth technique to simulate weld filler metal
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Figure 5. 12 : Temperature dependent material properties for mild steel
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Figure 5. 13 : Temperature distributions at various times
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Figure 5. 14 : Temperature histories at various points on plate surface (y = 7.5mm, 15mm)
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Figure 5. 15 : Temperature histories at various points on plate surface ( y = 25mm, 45mm, 80mm )
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Figure 5. 16 : Comparison of temperature histories between the calculated and the experimental data
[Lee 1995]
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Figure 5. 18 : Comparison of temperature histories between calculated and the experimental data

[Lee 1995]
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Figure 5. 19 : Residual stress (0 ) distribution on top surface ( Pa)

(Ave,

8, s11

.29e+08
.B7e+0B
.46e+08

.65e+08

Crit.: 75%}

80 70 £0 50 -40 0 -2 -10 0
x {mm)

Figure 5. 20 : Residual stress (0, ) distribution on top surface ( Pa)
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(b) Residual stress d,, on the top surface

Figure 5. 21 : Experimental result of residual stress on top surface [Lee 1995]
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Figure 5. 22 : Residual stress (0, ) distribution on bottom surface (Pa)
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Figure 5. 23 : Residual stress (0 ,,) distribution on bottom surface ( Pa)
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Figure 5. 24 : Experimental result of residual stress on bottom surface [Lee 1995}
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Figure 5. 25: Welding distortion simulation by FEM
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Contour of butt welding distortion (m)
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Figure 5. 27: Contour of welding distortion
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Figure S. 28: Contour of mean deviation without welding distortion
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Contour of the mean deviation of the assembly (m)
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Figure 5. 29: Contour of mean deviation of the assembly
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Figure 5. 30: Contour of standard deviation of the assembly
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Figure 5. 31: Contour of mean deviation (Direct Monte Carlo Simulation)
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Figure 5. 32: Contour of standard deviation (Direct Monte Carlo Simulation)
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Figure 5. 33: Contour of average of the assembly deviation
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Figure 5. 34: Contour of standard deviation of the assembly deviation
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Contour of the average of the assembly distortion (MCS) (m)
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Figure 5. 35: Contour of average of the assembly deviation (MCS)
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Figure 5. 36: Contour of standard deviation of the assembly deviation (MCS)
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Equivalent Loading Method Example- based on ISM (3D Model)

Figure 5. 37: Butt welding of two plates (displacement unit: 77 )
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Figure 5. 38: Clamping for stiffener attachment (displacement unit: m )
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Figure 5. 39: Stiffeners are welded (displacement unit: 77 )

1 AN
NCDAL SCLUTICN APR 30 2004
STEP=1 00:32:10
SUB =1 PLOT NO. 1

e Y —————— T T ——— s
~ 16804 _ o - 12804 o - BME05 SMEGS o 506

Fauivalent Loading Methad Example- based an IsM (3D Model)

Figure 5. 40: Web frame is attached (displacement unit: 72 )
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Figure 5. 41: Final shape of the assembly (displacement unit: m )
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Figure 5. 42: Contour of base plate welding distortion (displacement unit: 72 )
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Contour of mean deviation of the base plate (m)

Figure 5. 43: Contour of the mean deviation (Modified Method of Influence Coefficients)
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Figure 5. 44: Contour of the standard deviation (Modified Method of Influence Coefficients)
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CHAPTER VI
CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK

A numerical investigation of the part variation problem in ship block assembly
was conducted in this research. The investigation focuses on simplified methods to
alleviate heavy computation requirements that are needed in the Finite Element Method
used for variational simulation and welding distortion simulation.

First, the characteristics of GMAW (Gas Metal Arc Welding) that is commonly
used in ship block construction were investigated to validate the numerical scheme and
modeling of the inherent strain method and the equivalent loading method based on the
inherent strain method for welding distortion prediction with much less computation time
and resources. Second, the characteristics and effects of various clamping strength cases
were investigated to research the main thesis of this research, the linear superposition of
welding distortion and variation of assembled parts. A simple flat plate case was
investigated to validate the thesis and a more complex assembly case was also
investigated in order to validate that the new Modified Method of Influence Coefficient
can be applied to predict the final variations in assembled structure considering welding

distortion.

6.1 Conclusion

In the first part of this research the welding distortion phenomenon is investigated

using a simple three-bar model. In this research, the numerical simulation and the
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analytical experiment of a one-dimensional three-bar model show that the highly non-
uniform temperature distribution in the welded parts causes welding distortion. The side
bars (adjacent region) experience plastic deformations due to the thermal expansion of
middle bar (heated region). The magnitude and distribution of the distortion depend on
the non-uniformity of temperature distribution and temperature dependent material
properties as well.

The inherent strain concept is well suited to the prediction of welding distortion
since it captures the core mechanism of welding distortion generation. From the three-bar
model example, residual stress, i.e., inherent strain that accounts for welding distortion, 1s
determined by the highest temperature distribution during the welding process and the
Degree of Restraints (DOR) at each point in the welded structure. This is well explained
by the one-dimensional three-bar model. The degree of restraints consists of both the
internal restraint and external restraint. The internal restraint accounts for the effect of
regional generations of inherent strain caused by non-uniform temperature distribution
while the external restraint accounts for the external constraint forces such as clamping
and fixturing that confine the movement of the welded part. The one-dimensional three-
bar model with initial variation and clamping force can explain that the welding
distortion is dependent upon the ratio of internal and external restraints, not their absolute
magnitudes.

The equivalent loading method based on inherent strain can be used to derive
welding distortion results comparable to the fully nonlinear three-dimenstonal thermo-
elasto-plastic finite element simulation, which takes much more computation time.
However, since it employs a ‘long weld assumption’, the welding distortions in the
middle of weld line are best predicted. At the beginning and ending end of the weld line,

the result might be inaccurate. However, by employing three-dimensional heat transfer
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analysis for the determination of highest temperature it should result in more exact
results.

The internal restraint can account for most welding configurations, such as plate
thickness, welding type (e.g., butt-weld or fillet weld), torch shape, torch strength and
material properties. Thus typical welding configurations for primitive members can be
defined without considering actual part size, shape, and clamping conditions. Thus the
results of the primitive welding members can be used as the ‘basis’ of welding distortion
simulation.

There exists a range of initial variations in the three-bar model that does not affect
the final length of springback. The analytic simulation shows that this phenomenon
happens when the initial variation and the clamping forces are working for the generation
of the plastic deformation of middle bar during the heating process and thus preventing
the plastic deformation of side bars during the cooling process. When the initial variation
and clamping force are working for the generations of plastic deformation in the side
bars, the magnitude of initial variation and clamping force have a linear relation with the
residual stress and strain generated. This can be explained as the initial variation and
clamping forces are working for the thermal expansion of the middle bar thus causing
more plastic deformation in side bars during the cooling process.

Among many welding distortion mitigation techniques, the mechanical stretching
method, 1.e., application of tension along the welding line direction in order to reduce
longitudinal welding distortion, can be explained as the application of tension to the
three-bar model, which will result in much less residual stress. The thermal tensioning
method, 1.e., application of heating pad alongside the welding line to reduce temperature
difference between the heated area and the adjacent area, causes a reduction of the non-

uniformity of temperature distribution between the middle bar and the side bars.
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Since the angular distortion of the butt welded plates depends on the non-
uniformity of the temperature field in the through-thickness direction, the thermal
tensioning method for angular distortion, i.e., two-sided welding or the application of
heating pad on the other side of plate being welded, can be also explained by the three-
bar model. The clamping that restrains the angular distortion is interpreted as the
application of tension to the three-bar model.

Based on these conclusions the Modified Method of Influence Coefficients was
proposed and various cases were examined to validate the proposed method. The
numerical experiments showed that the Modified Method of Influence Coefficients can
predict the metal plate assembly variation considering welding distortion with much less
computation time. A total of three runs of a linear elastic finite element analysis are
sufficient for deriving the sensitivity matrix needed for the variation simulation and
predicting the welding distortion of the assembly. In addition once the welding distortion
of the nominal part assembly and the sensitivity matrix are obtained, the plate assembly
variation stack up can be performed for any values of the mean deviation and standard
deviation, without any additional finite element runs, whereas the Direct Monte Carlo
simulation requires a new set of finite element analysis runs for each new set of mean
deviation and standard deviation.

Since the Modified Method of Influence Coefficient employs the linear
superposition of welding distortion terms and variation simulation terms, the magnitude
of part variation should lie in the ‘elastic range’ of welding deformation, which means
that the clamping of the part with initial variation into its nominal position does not
generate any plastic deformation of the parts being joined. Preferably, for the more exact
simulation, the magnitudes of initial part variation should be less than that of the welding

distortion of the nominal parts assembly.
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Since the plate part variation and the welding distortion are assumed to be
independent to each other and the equivalent loading method is employed to predict
welding distortion, the method predicts the variation stack up in the assembly more
accurately when the magnitudes of variations are smaller, the plates are thinner, the plates
are larger, and the welding line is longer.

Plate part variation is somewhat absorbable, considering the fact that the assembly
variation could be less that the variation of the parts. Stiffener parts contribute more
variation to the assembly than the plate parts do. For the perpendicular variations in the
base plate where stiffeners are being attached, the variations in the base plate are
eliminated to follow the shape of the stiffeners since the difference in the stiffness of
plate and the stiffeners or web frames is very large. The methodology proposed in this
research is equally valid for the assembly variation simulation considering welding

distortion for any other three-dimensional free-form surfaces.

6.2 Recommendations for Future Work

In order to simulate the variation stack up in complex metal plate assemblies
joined by welding process, it is necessary to develop a more sophisticated representation
of variation distribution in plate parts. Current research assumes that the plate variation is
only in the perpendicular direction and the in-plane dimensions are to the nominal since
the in-plane dimensional accuracy problems are usually taken care of by allowing some
margins along the edge in many shipyards. However the effects of in-plane weld
shrinkage and its associated variation together with in-plane part variation should be

integrated for the more complete application. For the deformable metal plate assembly
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with more complex shape, such as joining of two free-form surface plates, the variation in
surface can hardly be represented in one direction as in the case of flat plate assembly.

In this research, a one-dimensional model is used for the transverse and the
longitudinal directions and they are assumed to be independent to each other in the
process of residual strain generation. However, in reality the plastic strains are inter-
related by the three-dimensional volume constraints and this should be further
investigated. For more robust and complete analysis, a more general explanation of the
interaction among the plate variations and welding distortion should be included in the
analysis. In order to include the interaction effects, the inherent strain method should be
first refined to account for the general statistical distribution of external degree of
restraints through the assembly sequence.

In addition, the optimal block assembly sequence can be determined based on the
proposed Modified Method of Influence Coefficients. In order to determine the optimal
assembly sequence that minimizes the dimensional errors in the final assembly without
any additional mitigation techniques, a discrete optimization algorithm that can generate
possible assembly sequence candidates purely based on the geometrical interferences of
parts is needed. Also during the optimization process, the cost function that will grade the
quality of an alternative needs to be evaluated as much as the number of possible
alternatives. The cost function should be able to evaluate the quality, which are the
magnitude of variations and/or the residual stresses in the assembly, in fast and efficient
manner since the performance of optimization process heavily depends on that of the cost
function. Current research provides the Modified Method of Influence Coefficients as a
fast and efficient tool for the assembly variation simulation considering welding
distortion, but it also can be used as a cost function of the optimization process, which is

left as a future research topic.
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