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Abstract

Orthotropic steel decks are widely used in bridge construction nowadays, especially in case of long span
bridges. One of the main problems of bridges that utilize this technology is the susceptibility to fatigue fail-
ure. Cyclic loading due to wheel loads, in combination with the complex network of welded details, make
such types of decks prone to fatigue cracking, which poses a threat to the structure’s integrity.

One of the factors that contribute to crack initiation and propagation under cyclic loading are welding-
induced residual stresses. The localized heat input, due to welding, and the subsequent cooling, force the
adjacent area to undergo expansion and shrinkage, which are, however, restricted by the surrounding mate-
rial. As a result, residual stresses are formed, which can reach the yield strength of the material in the region
near the weld. When these are tensile, they can accelerate the crack propagation rate, thus severely reduc-
ing the fatigue life and endangering the structure’s safety. Knowing the residual stress distribution in welded
joints of orthotropic steel decks can prove to be useful in the evaluation of resistance against fatigue.

In this research project, a finite element model which is able to predict residual stresses in normal strength
steel weldments, has been developed. In the first stage of the research, a small-scale welding experiment has
been conducted, during which temperature and distortion measurements were derived. The welding proce-
dure was then modelled in the finite element software ABAQUS. Experimental data have been used to validate
the accuracy of the adopted heat source model and parametric studies have been carried out, in order to in-
vestigate the influence of the heat source parameters and the heat losses on the temperature distribution.

The validated methodology was then applied on a trough-to-deck plate welded connection of an orthotropic
steel deck. Longitudinal and transverse residual stresses have been calculated at various positions of the
deck and stiffeners. The influence of the welding sequence on the residual stresses has been investigated, by
considering two welding scenarios; parallel and sequential welding. The effect of the adopted stress-strain
relationship under elevated temperatures on the residual stress field has been examined, by considering an
ideal plastic material model and one that includes strain hardening. In addition to these, the impact of the
boundary conditions has also been studied. Finally, the effect of welding on the appearance of imperfections
is discussed, by considering the deflection of the deck plate, after the process. As a result, valuable informa-
tion is obtained about the shape of residual stresses, the associated deformations, and the factors that affect
them, in a welded connection of an orthotropic steel deck.
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1
Introduction

1.1. Motivation for research
In the manufacturing and construction industry, welding is one of the most important joining techniques of
metal components. From marine structures to civil engineering applications, welding is used both for fabri-
cation and repairs. As a technique, it can be faster and more economical than other joining techniques, since
it requires less labour. At the same time, it offers great flexibility in the design and forms more lightweight
connections, as compared to bolted ones, resulting in significant material and financial savings.

Despite the important advantages, welding can also pose serious problems on the integrity of components.
Some of those are residual stresses and distortions, inevitably induced by all welding methods. Welding dis-
tortions act at the expense of dimensional tolerances and can result in costly repairs and time delays [4].
Residual stresses are the stresses that exist within a body, in the absence of external loading. In case of weld-
ing, they arise due to the inhomogeneous temperature field generated during the process. The heat input
due to welding generates an abrupt temperature increase, followed by a subsequent rapid cooling of the ma-
terial, down to room temperature. In reality, the thermal gradients are so large, that the material undergoes
plastic deformation. Residual stresses are generated, as a result of the restricted expansion and shrinkage of
the material at the vicinity of the weld.

When residual stresses are exclusively present in the material, without any additional external loads, they
cannot pose a serious threat to the component’s integrity. In reality, the behaviour of residual stresses is ad-
ditive in nature and structural failure is likely to occur when their action is combined with external stresses.
Studies have suggested that residual stresses caused by welding can influence the behavior of a component,
leading or contributing to a possible reduction of the fatigue strength, a premature yielding and loss of stiff-
ness, a decrease of the fracture toughness and stress corrosion cracking [25]. Under external cyclic loading,
tensile residual stresses can reduce the fatigue life by increasing the crack propagation rate, while compres-
sive stresses are found to be favorable, since they slow down the fatigue crack growth. It is therefore important
for the engineer to be properly informed about their distribution and magnitude, and also to include them in
the estimation of the crack propagation rate, in case of fatigue checks.

The influence of residual stresses on the integrity of a welded connection is especially evident in case of
orthotropic steel decks. Nowadays, they are widely used in bridge construction and some of the world’s most
impressive long span bridges are built in this form. This type of deck consist of a steel plate, stiffened along
its longitudinal and transverse direction by stiffeners. An orthotropic steel deck is essentially a nearly all steel
superstructure, in which a large number of steel pieces are welded together. From the early 1970s, it was found
that many orthotropic steel deck bridges suffered from fatigue damages [30], [19]. The complex network of
weld details, where crack propagation is likely to occur due to the inherent defects, along with the utilization
of thin deck plates in earlier designs, to minimize the dead weight, has endangered the structure’s fatigue life.
In the Netherlands, the most known example of fatigue cracking in orthotropic decks is the Van Brienenoord
bridge, where deck cracks were observed, seven years after its construction.
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2 1. Introduction

Ever since the observations of fatigue problems on orthotropic steel decks, research has focused on inves-
tigating the main reasons behind them. Studies have suggested that, apart from the increased traffic load,
welding residual stresses in the connections have also constributed to the crack propagation [8]. Indeed,
cracks have been observed in regions where the stress field due to external loads is purely compressive. This
implies that crack propagation cannot be explained simply by external loading, since it can occur only when
the component is loaded in tension. Such observations have increased the concerns about the inclusion of
residual stresses in the estimation of crack propagation rates.

In this context, it becomes evident that the prediction of welding induced residual stresses is a field of utmost
importance. Residual stresses can by investigated experimentally by non-destructive (X-ray diffraction) and
destructive methods (sectioning method). Although, the actual stress distribution can be acquired mainly by
experimental measurements, those can be costly, difficult to perform and applied only on existing specimens.
On the other hand, recent developments in the Finite Element Method offer new possibilities of modelling
and establish a new tool in the calculation of residual stresses. Any geometry, no matter how complex, can
be modelled, with satisfactory results. Their accuracy, however, has to be verified by the engineer, since input
parameters are user-dependent and interpretation of the results should be performed with care. In this sense,
the need for a detailed methodology of modelling the welding procedure and predicting accurately residual
stresses through a finite element analysis program is indispensable.

1.2. Purpose of research
The directions around which this research project evolves, can be summed up in two main questions:

• How can the welding procedure be modelled in a finite element analysis software, so as the residual
stress field can be predicted?

• What is the distribution of residual stresses in a welded through-to-deck plate connection of an or-
thotropic steel deck?

The two main questions posed, give rise to additional points of interest:

• Why is it important to obtain information about the residual stresses in a material?

• What are the most important points that should be taken into account during numerical simulations?
What are the parameters that should be considered when modelling the heat source and to what extent
do they affect the integrity of the results?

• What kind of thermomechanical properties should be used when simulating the behaviour of a mate-
rial due to welding? How are these properties influenced by increased temperature during welding?

• How does the welding sequence affect the residual stress field?

• How do applied boundary conditions influence the development of residual stresses in the material?

1.3. Applied methodology
The objective posed by the first main research question refers to the development of an accurate methodol-
ogy able to predict welding residual stresses, through a finite element analysis software. Towards this goal,
a small scale welding experiment has been conducted, during which, temperature and distortion measure-
ments have been taken. Subsequently, the specimen is modelled in the FEA software ABAQUS. The welding
procedure is simulated by a moving heat source and appropriate thermomechanical properties and boundary
conditions are implemented. The simulation results are compared to the experimental data of temperature
and distortion, in order to estimate the accuracy of the model.

In the second part of this thesis, the main objective is the application of the previously validated methodology
in a through-to-deck plate connection of an orthotropic steel deck. Manually and automatically welded con-
nections are modelled, so as to investigate the residual stress distribution. Additionally, two welding scenarios
are examined; parallel and sequential welding, in order to evaluate the influence of the welding sequence on
the residual stresses. A study is also conducted on the impact of the adopted material law model. The dif-
ferences between including strain hardening or not, in the description of the mechanical behaviour of the
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material under elevated temperatures, are examined. The influence of the applied boundary conditions is
also discussed. Based on the contour plots of residual stresses, remarks are made on possible crack initiation
positions.

1.4. Structure description
In order to approach the main objectives of this project, it is necessary to divide the workflow into distinctive
parts.

Chapter 2 presents some fundamental information about residual stresses. Valuable insight into their ori-
gins and their effect on a structure’s integrity is given. Moreover, the reasons why residual stresses should be
investigated in orthotropic steel decks are presented.

Chapter 3 describes the procedure followed during the small-scale welding experiment. Details are given
about the experimental set up and temperature and distortion recordings are presented.

The process of simulating the welding procedure of the small-scale experiment in the ABAQUS environment
is expressed in Chapter 4. Special attention is paid on the heat source model for the simulation of the welding
arc and necessary specifications about the adopted thermomechanical parameters are made. Additionally,
parametric studies on the heat source model’s and heat losses’ parameters are conducted, in order to in-
vestigate their influence on the predicted temperature field. The thermomechanical simulation outcome is
compared to the experimental data of temperature and distortion presented in Chapter 3, in order to validate
the accuracy of the followed procedure.

In chapter 5, the validated methodology of welding modelling is applied on a welded rib-to-deck connec-
tion of an orthotropic steel deck. Residual stresses are predicted both in the deck and the stiffeners. The
results of the study on the influence of the welding sequence, the boundary conditions and the material law
are presented and discussed.

The conclusions of the present work are presented in Chapter 6. Additionally, recommendations are made
for further research on this topic.





2
Background information

In this chapter, general information about residual stresses is given. First, the main mechanisms behind their
creation are discussed, with more emphasis on welding induced residual stresses. Next, their effects on the
component’s integrity are presented and a connection is made between their action and fatigue failure in
orthotropic decks. Finally, additional information is provided for the concept of orthotropic steel decks and
their problems related to fatigue resistance.

2.1. Residual stresses
Residual stresses are internal stresses, existing in a component even in the absence of externally applied
loads. Almost all fabrication processes, such as welding, machining or rolling, as well as surface treatments,
such as shot peening, lead to the trap of stresses in the manufactured product. In reality, no manufactured
component is free of such stresses.

Figure 2.1: Types of residual stress in a material [29]

Residual stresses can be divided into three categories, depending on the scale over which they equilibrate [35].
They are investigated in macro- and microscopic level and they are classified as type I, II or III stresses (Figure
2.1). Type I residual stresses (macrostresses) extend over lengths comparable to the component’s dimensions
and neglect the underlying microstructure. Type II residual stresses extend in between adjacent grains, while
type III residual stresses vary on an atomic scale [26], [29]. Residual stresses of second and third order are
classified as microstresses. Stresses due to external loading and welding usually rank among macrostresses
[29].
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6 2. Background information

2.1.1. Formation of residual stresses
Generally, residual stresses arise because of incompatibilities between adjacent regions of the material or
component [35]. Volume elements are forced by the surrounding material to form a different shape than
the one they would equilibrate over, in the absence of this influence [26]. Residual stresses are an inevitable
consequence of most fabrication processes and can arise due to various reasons.

1. Non-homogeneous plastic deformation
The simplest way of introducing residual stresses plastically into a ductile material is to deform it be-
yond its elastic limit. Some typical manufacturing processes, such as bending and cold rolling, inten-
tionally apply permanent deformations on a component, to attribute a desirable shape to it. Addi-
tionally, permanent deformation can be introduced in order to achieve a certain stress state. Such is
the case of post weld improvement techniques (ie. peening), where compressive residual stresses are
introduced in order to relieve the tensile residual stress field developed due to welding.

2. Phase transformation
Rapid changes in the lattice structure from one form to another can generate discontinuities between
adjacent regions, giving rise to residual stresses. A known example of such transformation is the marten-
sitic transformation in steel.

3. Thermal gradients
One of the most common reasons of residual stresses due to thermal gradients in a material, or between
connected parts is welding. In the case of welding, the differential thermal cycle is responsible for the
formation of residual stresses. The process is accompanied by an inhomogeneous temperature field,
where points of high and low temperature are both present in the material. During the movement
of the heat source along the welding direction, local heating of the joining components takes place,
followed by a subsequent rapid cooling. This alternation between heating and cooling cycles causes
the material to undergo expansion and shrinkage, which, if constrained, will result in the appearance
of self-equilibrating residual stresses.

Figure 2.2: Formation of residual stresses due to welding. The expansion of the heated material and the shrinkage of the cooled material
are restricted by the surroundings. Compression and tension develop respectively.

Welding induced residual stresses
The formation of residual stresses due to welding can easily be explained by a simple example. One can con-
sider the specimen as a sum of many small elements. If they are evenly heated, the expansion of all elements
in every spatial dimension will be uniform. With unrestrained expansion, no stresses will be induced in the
body and the elements can be summed up to form a solid body. However, if the heating is not uniform, each
element will expand proportionally to the temperature change it experiences. As part of a continuous body,
the expansion of the most heated elements will be restrained by less heated ones. This time, all elements
have a different size and cannot form a solid body without changes in the deformation or stress state. Thus,
deformations and residual stresses occur in the body [29].

The evolution of longitudinal stresses and the temperature change can be understood through Figure 2.3.
The type and magnitude of residual stresses differ during each stage of the welding process. All points far
from the weld experience no change in their temperature, thus the stress is equal to zero. In the first stage
of heating, as the source is approaching the point of interest, the temperature increases and neighbouring
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elements are heated. Their expansion, however, is restricted by the low temperature surrounding material.
This leads to the development of compressive stresses. Moving towards the negative x-direction, farther from
the source, an opposite trend starts to develop. Longitudinal stresses transform into tensile due to cooling
down and restrained shrinkage of previously heated elements.

Figure 2.3: Longitudinal stress evolution during welding [29]

The magnitude of tensile reisdual stresses near the weld can be close to or equal to the yield stress. In cases
of normal strength steel, longitudinal tensile stresses near the weld can reach the yield strength, while, on
the other hand, this is not observed in case of high strength steels, where the tensile stresses are a smaller
percentage of the material yield strength [25]. Due to the self equilibrating nature of residual stresses, farther
from the weld area, balancing compressive stresses develop in the material (Figure 2.4).

Figure 2.4: Welding induced longitudinal stresses [29]

Transverse residual stresses develop in a similar way to longitudinal stresses. Usually, their magnitude is less
than that of longitudinal stresses, reaching approximately 25% of the material’s yield strength.

2.1.2. Effects of residual stresses
Nowadays, evaluating the stresses induced in a component due to in-service loads is relatively easy, with the
help of analytical and numerical tools. In many cases, however, a reliable prediction of a component’s service
life requires more, than simply considering their effect on its behaviour. Quite often, premature failure has
appeared, as a result of the combination of residual stresses with external stresses [36].

One of the most common reasons of failure in steel structures is fatigue damage. Cyclic loads applied during
the service life of a component can result, in the long run, to weakening of the material, even in cases when
the acting stresses are below the strength of the material. Welded connections are regions where fatigue
damage is likely to occur, due to the inherent defects induced inevitably by the process. Near the weld area,
microcracks can grow into becoming large visible cracks, thus threatening the structure’s integrity. Knowing
the residual stress field at the locations of cracks is of utmost importance for the evaluation of the fatigue life.
Presence of residual stresses can accelerate or discourage failure, since their action is additive to the action of
external loading. Residual stresses of the same type of the external loading can encourage failure, while those
of a sign opposite to that of the external loading can have a positive impact on the component’s behaviour.
Compressive residual stresses can prevent failure under tensile external loading, since the net tensile stresses
which will be acting on the component will be reduced. This is also the main reason behind improvement
techniques of welds such as shot peening, which intentionally introduce compressive residual stresses to re-
lieve the tensile stress field. On the other hand, given the fact that crack propagation is influenced by tensile
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stresses, the presence of tensile residual stresses in the weld area can accelerate the process of crack develop-
ment, leading more quickly to failure under cyclic loading and thus decreasing the fatigue life [4], [25]. Even
when the externally applied stresses are entirely compressive, residual tensile stresses in the weld area can
make the component susceptible to failure due to fatigue [22]. As it is illustrated in Figure 2.5, the effective
stress range is at the level of residual stresses near the weld. This implies that under tensile residual stresses,
which increase the mean stress, the stress amplitude has to be reduced, if the fatigue life has to remain unaf-
fected [36].

Figure 2.5: Effective stresses from applied and residual stresses [22]

In the case of orthotropic steel decks, the combined effects of local wheel loads, residual stresses and ini-
tial defects due to welding can provoke fatigue cracking. Various experimental approaches have dealt with
fatigue cracking in orthotropic steel decks. In some cases, fatigue cracks were detected experimentally in ar-
eas where the applied stresses were relatively low but the residual stress field was tensile. Cracks have been
observed in regions where stresses induced by external load were compressive [39], and they have remained
open, even after removal of the applied, external load [22]. Possible exclusion of welding residual stresses
from the estimation of the fatigue life of deck-to-rib connections can severely overestimate the fatigue resis-
tance [9].

In the early stages of development of orthotropic steel decks, fatigue resistance has been overlooked in the
design, leading to rapid damages, often only a few years after construction. Following this fact, many research
projects have been devoted on evaluating the fatigue strength of connections and discovering the reasons be-
hind crack initiation and propagation. However, even though residual stresses are believed to contribute to
the initiation and propagation of cracks [3], [34], not enough information is available about their distribution
in welded details of orthotropic steel decks [24], [7] [19].

2.2. Orthotropic steel decks
2.2.1. Overview
The first appearance of orthotropic steel deck bridges was made in the 1930s in Germany. Ever since, they
have become a common practice in the bridge construction and today, some of the most impressive mod-
ern bridges utilize this deck system. The main advantage that makes this configuration competitive against
concrete slabs is its low self weight. This is especially useful in case of large span bridges, where self weight
becomes significant compared to the imposed loads. Moreover, due to their lightweight set-up, orthotropic
bridge decks offer a significant advantage when pre-fabrication or rapid erection is necessary [22].

An orthotropic steel deck consists of a deck plate, stiffened on its lower surface, both longitudinally and
trasversally by welded stiffeners at regular intervals (Figure 2.6) [17]. It can be compared to a plate with
dissimilar stiffnesses in two directions; it is essentially an orthogonal and anisotropic plate. In this con-
figuration, the deck plate serves several functions; it distributes the traffic loads to the rest of the system but
also forms the top flange of the troughs, cross beams and main girders [22], [20]. This latter characteristic
results in important material savings, thus reducing the total construction cost.
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Over the last century, many configurations have been proposed for the construction of longitudinal stiff-
eners. An orthotropic steel deck can be formed either by using open or closed longitudinal stiffeners (Figure
2.7). Even though open stiffeners are easier to manufacture, inspect and maintain, their low torsional stiffness
leads to an inefficient transverse distribution of local wheel loads. Moreover, they require smaller spacings
and spans, thus resulting in greater use of material and welding volume. Nowadays, stiffening is mainly exe-
cuted by closed cross section stiffeners that run through the crossbeam webs. Those stiffeners are fabricated
by cold bending thin steel plates, to form, most commonly, a trapezoidal shape.

Figure 2.6: Overview of an orthotropic steel deck: the deck plate is stiffened longitudinally by troughs and transversally by cross beams
[17]

Figure 2.7: Types of orthotropic bridge decks [22]

In the transverse direction, inverted T-sections are welded to the deck plate, main girders and longitudinal
stiffeners. The deck serves as a top flange to the cross beams, thus resulting in an increased rigidity. At
the bottom of the intersection between longitudinal and transverse stiffeners, high stress concentration are
observed, which, in combination with defects found in welded connections, can favour the crack initiation
and propagation. In order to avoid this potentially catastrophic event, usually, cope holes are opened in the
web of the transverse stiffeners. This leads to a reduction of the weld volume and limits the possibility of
crack propagation.
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2.2.2. Fatigue problems
Despite their remarkable advantages, orthotropic steel deck bridges have not been free of problems. Espe-
cially in early bridge designs, not enough attention was focused on the effect of fatigue life on the structure’s
integrity. This omission, in combination with the number and complexity of welded details, has lead to the
appearance of fatigue cracking, as a result of cyclic loading due to traffic loads. The locations at which cracks
can be observed can be summarized in four categories:

• The connection between deck plate and longitudinal stiffeners

• The connection between deck plate, longitudinal stiffeners and cross beam

• The connection between longitudinal stiffener and cross beam

• The trough splice joint

Deck plate to trough connection

Figure 2.8: Crack pattern in deck-to-trough
connection [9]

The welded connection of longitudinal stiffeners to the deck plate are
locations where fatigue cracks are frequently observed. Four types of
cracks can be distinguished (Figure 2.8) [22]:

• Cracks that propagate from the weld root through the deck plate

• Cracks that propagate from the weld root along the weld’s throat

• Cracks that propagate from the weld toe through the deck plate

• Cracks that propagate from the weld toe through the longitudinal
stiffener’s web

Cracks initiating from the weld root usually propagate simultaneously in both vertical (through the deck’s
thickness) and longitudinal directions, thus becoming large invisible cracks, that are not detected until the
damage on the wearing surface becomes visible (Figure 2.9). Considering the significant out-of-plane bend-
ing moments between the deck and the through, induced by vehicle loads, deck plate cracks can pose a seri-
ous threat to the structure’s integrity and service life, if their length is large [19], [30]. Cracks that propagate
along the weld’s throat also develop in the longitudinal direction but usually, they do not threaten the safety
of the deck structure. The intact deck plate remains functioning and redistribution of loads takes place [10].

Figure 2.9: Deck plate crack on the Van Brienenoord bridge. The crack initiated at the weld root of the deck-to-trough joint and
propagated through and along the deck. Its length is approximately 50cm [10]

Deck plate to trough and cross beam joint
Another position where fatigue cracks can appear is the connection of the deck plate to the intersection of
longitudinal and transverse stiffeners. Cracks initiate at the weld root, between the deck plate and the trough
and propagate first in the vertical direction, through the deck plate and later in the longitudinal direction. As
in the previous case, deck cracks in this location may also affect the integrity of the plate, and endanger the
structure’s safety. Given the fact that the deck plate also serves as a top flange to the crossbeam, insufficient
function may lead to a reduced load bearing capacity of the crossbeam, under heavy loading [10].
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Through to cross beam joint
The longitudinal and transverse stiffeners can be connected in various ways. In early designs of orthotropic
steel decks, troughs were fitted between trasverse stiffeners. However, this kind of connection was shown
to be low in fatigue strength [22]. Nowadays, the troughs usually pass through the cross beams, and cope
holes may be opened on the cross beam, around the bottom of the trough. Depending on the type of the
connection, different fatigue cracks can be observed. When the trough passes through the crossbeam and a
cope hole is opened at the soffit, cracks can initiate at the weld toe and propagate through the trough or the
crossbeam, or develop longitudinally in the trough. When no cope hole is opened, and the trough is welded
all around to the crossbeam, cracks can inititate either at the weld toe and propagate through the trough or
the crossbeam, or at the weld root and develop along the weld’s throat [22]. However, if short, cracks at this
joint do not threaten the structure’s function, due to the possibility of load redistribution [10].

Through splice joint
This type of joint is usually executed by fitting a small length of trough between adjacent troughs. Cracks
may initiate at the weld root, at the bottom of the stiffener. Cracks at this position have been related to poor
workmanship during welding [38].





3
Small-scale experiment

The first stage of this research project consists of a small scale welding experiment, executed at the Material
Science and Engineering laboratory at Delft University of Technology. The purpose of this experiment was to
obtain temperature and distortion measurements for a given welding procedure. Those data were used at a
later stage in order to verify the accuracy of the numerical model and its ability to predict temperature and
distortions during and after welding.

3.1. Experimental procedure

Figure 3.1: Specimen dimensions [mm] and welding
procedure

The specimen under examination is a T-connection of
two steel plates with dimensions 100 × 150 × 20mm
and 55 × 150 × 6mm. The latter is welded on the for-
mer along its longer dimension by two fillet welds on
both sides (Figure 3.1). The steel grade used is S355,
a non-alloy structural steel. The acceptable chem-
ical composition and mechanical properties are fully
described in the European standard EN10025, by the
European Committee for Iron and Steel Standardiza-
tion.

The followed welding procedure is Gas Metal Arc Weld-
ing (GMAW). The used filler wire was LNM25, classified
under ER70S-3, having a diameter of 1.2mm. The shield-
ing gases were 85% Argon and 15% C 02. The used power
source was a Fronius TransPuls Synergic 5000. The weld-
ing torch was positioned at an angle of 90o to the normal
to the plate direction (welding direction), and 45o to the
trasverse one (Figure 3.2). The welding wire feed speed
was 7m/mi n and the welding speed was set to 7mm/sec.

In order to provide relative stability and facilitate the procedure of GMAW, the two steel plates were tack
welded together at their ends (Figure 3.1). Next, the horizontal distortion of the vertical plate was measured
at specific locations, as shown in Figure 3.3b, so as to act as a reference for the calculation of distortions after
the welding passes.

13
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Figure 3.2: Positioning of specimen on welding table

Welding of the specimen was executed sequentially, in the opposite direction (Figure 3.1). During the first
stage of the procedure, one fillet weld was executed on one side of the vertical plate. After a sufficiently long
time, as the specimen had cooled down, the horizontal displacement at 5mm from the top of the vertical
plate was measured. Next, the specimen was placed again on the welding table and the second fillet weld, on
the opposite side of the vertical plate, was executed. Distortion measurements were also taken at the same
positions, after the specimen had cooled down.

Steel grade S355
Specimen dimensions

(mm3)
150×100×20 and

150×55×6
Process GMAW

Welding speed (mm/s) 7.00
Angle (longitudinal) 90o

Angle (transverse) 45o

Table 3.1: Main characteristics of welding procedure

3.2. Measurement set-up
The measurement of temperature was conducted through installed thermocouples which were connected
directly to the multi-channels data logging system with a sampling frequency of 5H z. Four, K-type thermo-
couples were placed, perpendicular to the welding direction, at the top surface of the base plate [Figures 3.3a,
3.5a]. This type of thermocouples can detect temperatures reaching 1200°C, with an accuracy of ± 1°C.

(a) Thermocouple positions on the base plate (b) Distortion measurement positions on the vertical plate

Figure 3.3: Thermo-mechanical measurement positions
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Distortion measurements have been performed using a laser sensor. This instrument measures the distance
between the sensor and the plate by detecting the time needed to reflect the laser beam back to the sensor
(Figure 3.4). The optoNCDT IDL 1401-5 laser sensor, with a measurement range of 5mm has been used. The
start and end of measuring range was at 20 and 25mm respectively [23]. The sensor was fixed at a constant
position with a clamp and distortion measurements at 6 positions, on the vertical plate have been taken
(Figures 3.3b, 3.5b).

Figure 3.4: The principle of laser sensor displacement measurement [28]

(a) Tack welded plates with installed thermocouples (b) Laser sensor set-up for distortion measurements

Figure 3.5: Thermo-mechanical measurement set-up
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3.3. Experimental results
3.3.1. Temperature measurements
The temperature distribution during welding, at four measurement positions, is shown in Figures 3.6, 3.7.
Abrupt increase of temperature is identified in positions T1 and T2, at the beginning of the first welding
pass (Figure 3.6). Since these positions are located on this side of the bottom plate where the first welding
pass is executed (Figure 3.3a), the erroneous measurements are attributed to sparks from the welding arc
and spattering of the material. Thus, higher maximum temperatures are detected, than the ones that would
appear in the absence of such event. Temperature measurements during the second welding run show less
discrepancy.

Figure 3.6: Temperature histories of four points on the base plate after the first pass

Figure 3.7: Temperature histories of four points on the base plate after the second pass
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3.3.2. Distortion measurements

Figure 3.8: Sign convention for distortions

As mentioned earlier, a laser sensor was used to measure the distor-
tion. In reality, the measured quantity is the distance of the point un-
der consideration from the sensor. In this experiment, measurements
were taken at three time moments:

• The first set of measurements was taken after the plates were
tack welded together (δu0).

• The second round of measurements was taken at a sufficiently
large time period after the first welding run, so as to ensure that
the specimen had cooled down (δu1).

• The final measurements were taken at a sufficiently large time
period after the second welding run (δu2).

The distortion, ∆u1, is estimated as the difference between the sensor-to-surface distance of stage two and
stage one, ∆u1 = δu1 −δu0. Similarly, distortion, ∆u2, is estimated as the difference between the sensor-to-
surface distance of stage three and stage two, ∆u2 = δu2 −δu1. The horizontal distortion of the vertical plate
after each welding pass is shown in Figure 3.9.

Figure 3.9: Distortion measurements

By evaluating the distortion measurements, some useful conclusions can be reached. Following the sign
convention presented in Figure 3.8, positive values of distortion are expected after the first welding pass, and
negative values after the second welding pass. This is verified by the measured distortions after both welding
passes (Figure 3.9). The fact that the absolute value of distortion is smaller in the second case was expected,
since, during the second run, the vertical plate is partly constrained by the first weld. Furthermore, from
Figure 3.9b, it is observed that distortion gets bigger as the point of interest moves from position D1 to D6.
This is fully explained by the changing constraint conditions during welding. Indeed, as shown in Figure 3.8,
point D6 is located near the starting point of the second welding run. As the heat source is moving along the
predicted direction, more and more filler material is deposited on the specimen, causing its free movement
to be more restrained.

3.3.3. Voltage and Current measurements
During welding, current is measured by a current clamp. This measures the magnetic field caused by the
passing current through the welding cable, and returns a voltage corresponding to 1mV /A. Voltage is also
measured during the whole procedure.
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Figure 3.10: Voltage and Current measurements during first (a,b) and second (c,d) welding pass

3.3.4. Weld geometry
Metallurgical examination was conducted using a microscope on a cross section of the weld. This was hot
mounted with Polyfast resin. The produced sample was then ground with sanding papers, polished and
eventually chemically etched with a solution of nitric acid and alcohol (Nital 5%), in order for the microstruc-
ture of the welded steel plates to be revealed. With the help of a digital microscope, necessary geometrical
parameters, such as the weld leg and throat dimensions, were measured (Figure 3.11). The microscopic im-
ages show clearly the fusion zone and the heat affected zone. The weld geometrical parameters were used in
the weld modelling of the numerical analysis and the microscopic image was used to compare the fusion and
heat affected zones that were predicted by the numerical modelling, to the ones that were formed in reality.

(a) First fillet weld (b) Second fillet weld

Figure 3.11: Geometrical parameters of fillet welds
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Simulation of small-scale experiment

In this chapter, the procedure of modelling a moving heat source in the Finite Element Analysis software,
ABAQUS, is presented and verified by experimental results. The main point of interest is the appropriate
simulation of the heat input due to the welding arc. This is achieved by conducting parametric studies to
estimate the influence of the geometry of the moving heat source on the thermal response. This resulting
model will serve as a numerical tool for the prediction of welding residual stresses in the following stages of
the present work.

4.1. Introduction
The welding procedure is a complex phenomenon which contains electromagnetic, thermal, metallurgical
and mechanical processes. Theoretically, an accurate prediction of welding distortions and stresses through
numerical calculations would demand the consideration of all those physical phenomena. However, in case
of numerical modelling, where time efficiency is a driving factor, it is necessary to separate the most influ-
encing interactions among them.

Figure 4.1: Work flow of residual stress computation [6]

Over the recent years, many studies have focused on the development of a reliable methodology of simulat-
ing the welding procedure and predicting residual stresses with the help of finite element software programs.
Numerical modelling of welding could be divided in a microscopic and macroscopic part, as shown in Fig-
ure 4.1, where the influencing interactions are noted with a bold arrow. Some advocate that the prediction
of microstructure evolution in a weld is necessary in a thermal-stress analysis of welds. Indeed, volumetric
changes during phase transformations produce additional plastic strains. However, they are a significant fac-
tor mainly in high strength steels, while in low and mild carbon steels, the effect of microstructure changes
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on distortions and stresses is small [6], [13]. For this reason, plasticity due to phase transformation in the
microstructure is excluded from the scope of this study.

Macroscopic modelling treats distortions and stresses as a thermomechanical problem. During welding, a
local and time-related heat concentration provokes thermal strains. On the contrary, the temperature field
is not significantly affected by the stress field. In other words, the heat due to plastic deformation of the
connected plates, is negligible compared to the heat generated by the arc. Following this reasoning, a basic
assumption in the modelling of the welding procedure is the sequential coupling between the thermal and
mechanical analysis [27]. In that sense, two separate analyses are conducted, a transient thermal and a me-
chanical analysis. The nodal temperatures calculated by the thermal analysis are inserted in the mechanical
analysis as a predefined temperature field.

4.2. Mesh
A basic characteristic of any finite element analysis is the type of elements used. ABAQUS offers a wide range
of elements, providing great flexibility in modelling. A common classification of elements is performed based
on the family in which they belong. This term is the broadest category of classification and separates ele-
ments of different geometry and type of behaviour.

As mentioned, the workflow of this thesis involves a thermal and a sequentually coupled mechanical analysis.
Those types of analyses, require elements with different degrees of freedom. Thus, the thermal analysis is per-
formed using elements with temperature degrees of freedom. Specifically, 8-node linear heat transfer bricks
(DC3D8) for the plates and 6-node linear heat transfer triangular prisms (DC3D6) at the welds. Accordingly,
in the mechanical analysis, 8-node linear 3D stress bricks (C3D8R) are used for the plates and 6-node linear
triangular 3D stress prisms (C3D6) are used in the welds, containing translational and rotational degrees of
freedom.

In any finite element software, proper meshing is the key to accurate results. As a general rule, a finer mesh
leads to more reliable solutions, at the cost of significantly increased computational time. On the other hand,
a coarser mesh requires less amount of computer memory and run time, but is more likely to provide inac-
curate results. Determining the balance between what is qualitatively acceptable and time efficient is crucial
for the user.

During welding, significant temperature variations are observed near the weld seam. Therefore, it seems
necessary to adopt a dense mesh in the region near the weld, where the thermal gradients are higher, so as to
ensure an accurate prediction of residual stresses [21]. In order to reduce the required computational time,
without endangering the accuracy, a finer mesh is constructed near the weld, at a distance of 10mm from
the weld roots. Elements with a length of 1.25mm were adopted in the weld area and 5mm in the rest of the
specimen, for the longitudinal direction. Between the two mesh configurations, a transition layer of 4.5mm
is constructed, with a 4:1 ratio (Figure 4.2).

Figure 4.2: Mesh transition with a 4:1 ratio
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4.3. Material Properties
During welding, high temperatures are observed near the weld seam. The influence of elevated tempera-
tures on the thermomechanical material properties has to be taken into account. For a conventional struc-
tural steel, like S355, the thermal material properties under elevated temperature are calculated according to
chapter 3 of EN 1993-1-2:2005 [1].

(a) Specific heat (b) Thermal conductivity

(c) Modulus of elasticity (d) Yield stress

(e) Expansion coefficient (f) Density

Figure 4.3: Thermal and mechanical properties under elevated properties
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In EN 1993-1-2:2005 [1], the stress strain relationship at elevated temperatures is fully described (Figure 4.4).
The proposed material model is ideally plastic, without strain hardening. The mechanical response of the
material is also characterized by the Poisson ratio, which has a constant value of 0.3, independently of the
temperature.

Figure 4.4: Stress-strain relationship for various temperature levels [1]

Figure 4.5: Reduction factors for proportionality limit, yield stress and modulus of elasticity, according to EN 1993-1-2:2005 [1]

4.4. Element activation
The mechanical behaviour of the welded components is significantly affected by the material behaviour un-
der higher temperatures, since the area close to the weld is subjected to large and rapid temperature changes.
Filler material deposition is a phenomenon related to weld solidification, which influences the mechanical
response of the welded components.

During a welding process, the filler metal is continuously deposited on the welded joint, connecting the base
material in a gradual manner. The specimen’s movement is constrained more and more, as the filler metal
deposition causes an accumulated rigidity. In order for this phenomenon to be incorporated into the numer-
ical analysis, a common practice is the implementation of the birth and death technique. According to it,
the weld bead is divided in segments, to simulate the deposition of the filler material with time. The terms
"death" and "birth" refer mainly to the deactivation and subsequent activation of weld segments one by one,
indicating the deposition of the filler material along the welding line. The model must be built, having all
necessary elements, even those that will be removed at a later stage. In the beginning of the analysis, all weld
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segments are removed, while in every following analysis step, a segment is added. Every time a weld segment
is activated, a body heat flux is applied, representing the heat input due to welding. The duration of every
activation step depends on the welding speed. When every segment has been activated, a sufficiently large
cooling step has to be applied, in order to enable the component to return back to room temperature.

The procedure of birth and death is included in ABAQUS through the Model Change command. Before the
removal step, the forces/fluxes that the removed parts exert on the remaining elements, at the nodes of their
boundaries, are stored. During the removal step, these forces are gradually decreased to zero, meaning that
the effect of the element removal is active only after the completion of the step. Removed elements are ex-
cluded from the analysis and no further calculations are performed for them, unless they are reactivated. At
the moment of reactivation, the added elements are assumed to be free of any strain and stress [32].

4.5. Thermal Analysis
The temperature field history is calculated through a transient thermal analysis, which is based on the heat
conduction formulation and adopts temperature dependent thermal properties [4]. Thermal analysis can
be divided in three components: heat input by the welding arc, heat transportation and heat losses (Figure
4.6). The biggest part of the generated energy from the arc is distributed within the body through conduc-
tion, while the rest is lost to the surrounding environment through radiation, convection and conduction to
contacting bodies.

Figure 4.6: Heat balance during welding [15]

The transient temperature distributions during welding are a function of time t and spatial coordinated x, y, z
and are determined by the non-linear heat transfer equation [4]:
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In equation 4.1, c,ρ,T, t represent the specific heat capacity (J/(kg °C )), density (kg /m3), temperature (°C )
and time (s). The internal heat generation rate (W /m3) is represented by q and thermal conductivity (W /(m°C ))
by k. This equation proves that the necessary material properties for a thermal analysis are density, specific
heat capacity and thermal conductivity. It has been observed that density shows a weak dependency on tem-
perature variations, while the rest of the material properties are highly affected by temperature gradients [4].

In numerical analyses, the heat input is usually treated as a body or surface heat flux, applied on the work-
piece. The energy input, Q, generated by the heat source is calculated by:

Q = ηU I (4.2)

where η is the thermal efficiency of the welding method, U is the arc voltage [V], and I is the electric current
[A] used by the welding process.

The thermal efficiency of the welding method is mainly related to the arc efficiency, depicting the fraction
of the total arc energy that is transferred to the welded parts. The arc generated energy is not fully transmit-
ted to the workpiece, since a part of it is lost into the surrounding environment. Similarly, a part of the net
energy that is transferred to the parent material is used for melting of the fusion zone, while the rest is lost
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to the adjacent parent material, through thermal conduction. This fraction of energy influences the creation
of the heat affected zone (HAZ) and contributes to the heating of the base metal [14]. The arc efficiency is a
characteristic of the applied welding process, that shows little variation for different values of the current, I .
For consumable electrode processes, as Gas Metal Arc Welding that was used in this model, the arc efficiency
ranges from 0.8 to 0.9 [14].

4.5.1. Heat source model
The size and shape of the heat source has been under investigation for many years. A popular analytical
method was introduced in the late 1930s, when Rosenthal suggested the simulation of the heat source as a
concentrated point or line, at which the temperature is infinite. Many researchers showed, however, that the
temperature predictions near the fusion and heat affected zone were subjected to serious errors, while the
accuracy was improved for regions far from the weld [16]. Today, Rosenthal’s model is replaced by numerical
methods which consider a finite heat source, distributed over an area. Pavelic et al. suggested the distribu-
tion of flux in a circular disc on the surface of the workpiece, following the Gaussian distribution [16],[6]. Up
to date, the most commonly used heat source model is the one developed by Goldak et al., which adopts a
non-axisymmetric, three dimensional moving heat source in the form of two ellipsoidal shapes [16].

Figure 4.7: Double ellipsoid heat source configuration [18]

In the double ellipsoid heat source model, developed by Goldak et al. [16], the front and rear half of the source
are the quadrants of two different ellipsoidal shapes (Figure 4.7). The power density distribution of the front
quadrant is defined as:
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Similarly, for the rear quadrant, the following applies:
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In equations 4.3 and 4.4, Q is the power input in Watt and the parametersα,b,c f ,cr are the radial dimensions
of the molten zone to the side, underneath, at the front and behind the arc (Figure 4.7). Those parameters
can be fixed by directly measuring the relevant dimensions on a cross section of the molten zone. Parame-
ters α and b which correspond to the width and depth of the heat source, are related to the dimensions of
the weld’s cross section. Regarding the fractions f f and fr of the heat deposited in the front and rear part of
the ellipsoids, they should satisfy the condition fr + f f = 2. Values of f f = 0.6 and fr = 1.4 are usually con-
sidered, since they have been proved to yield a sufficient correspondence between experimental results and
simulation estimations of the thermal history [16]. The relation between parameters c f and cr can be esti-
mated by considering that the heat fluxes q f and qr have to be equal at the origin of the coordinate system.
This requirement demands that cr = 2.33c f , while, as suggested in the literature [16], c f can be considered
approximately as equal to one half of the weld width. In the present work, Goldak’s model has been used to
simulate the moving heat source. The parameters related to the size of the welding arc are calibrated based
on experimental results.
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In ABAQUS, heat input can be defined as a concentrated, surface or body heat flux. In order to implement the
double ellipsoidal heat source model, heat input was introduced as a body heat flux, using DFLUX subrou-
tine. Equations 4.3 and 4.4 are fully described in the subroutine code. At each time moment, the arc position
is calculated based on the elapsed welding time and the heat flux is computed at each point, depending on
its position with respect to the moving arc. Input parameters of the subroutine are the arc voltage, current,
efficiency and travel speed, as well as the geometric parameters described in eqations 4.3 and 4.4. Arc voltage
and current for each pass were derived from experimental data, as the average values of the measured quan-
tities.

As mentioned earlier, the adoption of Goldak’s moving heat source model, includes the determination of
parameters α,b,c f ,cr of the welding arc. In the present study, an investigation of the optimal value of the
aforementioned parameters has been carried out. Thanks to the measurements on the weld cross section, as
described in Chapter 3, a realistic estimation of the geometry parameters α,b,c f ,cr has been achieved.

The aim of the suggested model is the application in any weld with known dimensions, even when a mi-
croscopic image of the cross section is not available. Following the information of Figure 4.7, the origin of
the coordinate system of the heat source is applied at the middle of the fillet weld’s hypotenuse, while x and y
coordinates are parallel and vertical to it (Figure 4.8). This is achieved by rotating the local coordinate system,
using the rotation matrix in the DFLUX subroutine. Parameters α,b were assumed to be proportional to the
weld width and throat respectively. In every analysis, each parameter was changed individually, so as to eval-
uate its impact on the temperature field. By comparing the experimental and simulation results, adjustments
have been made on the adopted values.

Figure 4.8: Weld geometry and rotation of coordinate system. The left weld represents the weld produced during the first run, and the
right weld represents the one that was produced last

The final parameter values are shown in Table 4.1. It has been concluded that the width parameter can be
accurately described by half the weld’s width, the depth parameter is linked to the weld’s throat, while length
parameters are related to the weld width, as described previously. These have been used as the reference
values for the performance of a parametric study, aiming at evaluating the influence of each variable on the
thermal output. This study is presented below, only for the first welding run, since the response of the model
was similar for both welding stages.

First pass Second pass
Current [A] 213.94 214.10
Voltage [V] 23.59 23.77
Efficiency 0.85 0.85

Width a [mm] 4.05 3.85
Depth b [mm] 3.83 3.85
Front c f [mm] 4.05 3.85
Back cr [mm] 9.44 8.97

Welding speed [mm/s] 7 7

Table 4.1: Heat source parameters



26 4. Simulation of small-scale experiment

Influence of width parameter
In Figure 4.9, the temperature evolution with time, for four positions of the base plate is presented. The results
are plotted for two analyses; one where the width parameter is doubled and one where it is considered half of
the adopted value α. As indicated in Figure 4.9, an increase in the value of α leads to increased temperatures
and vice versa.

Figure 4.9: Influence of width parameter, α, on the temperature

Due to the high deviation on temperature results for different values of α, the distribution of temperature
along the base plate’s width is also evaluated, as shown in Figure 4.10, where results are plotted for two sep-
arate time moments during welding. Figure 4.10a corresponds to time moment t1, when the heat source is
close to the path under investigation, while Figure 4.10b represents time moment t2, when the heat source
has moved away. In the beginning of welding (Figure 4.10a), high temperatures are predicted near the weld
area, while as the cooling down process initiates (Figure 4.10b), the temperature of these points drops. This
is accompanied by an increase of the temperature of points further from the weld, as a result of the heat
trasportation in the plate. In order to quantify the observed deviations, Figure 4.11 shows the percentage
difference of the predicted temperature along the base plate’s width when compared to the reference case.
When the heat source is close to the investigated path (time t1), the influence of the width parameter is more
enhanced near the weld, than away from it. Doubling the value of the width parameter results in a temper-
ature increase that can reach 75%, while dividing its value by two leads in a temperature drop up to 45%.
Moreover, in the first case, the length over which the temperature is affected is larger, since by increasing the
arc width, more points are under the direct influence of the heat source. Indeed, changes are observed up
until a distance of 30mm from the weld, while in the second case, this distance is estimated at approximately
25mm. At a later time moment (t2), when the heat source has moved away from the points of interest, the
influence of the width parameter on the temperature decreases and appears to be more uniform along the
plate’s width. When the value ofα is double the reference value, temperature is 25% higher until a distance of
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20mm from the weld toe, and reaches a 20% difference at the end of the plate. When α is twice as small, the
predicted temperature is approximately 15% lower until a distance of 20mm from the weld toe and 5% lower
at the end of the plate.

(a) Temperature distribution along the plate’s width when the heat source is
close (time t1)

(b) Temperature distribution along the plate’s width when the heat source is
away (time t2)

Figure 4.10: Temperature distribution along the width of the base plate for different values of width parameter

Figure 4.11: Percentage difference of predicted temperature when the width parameter is double or half of the reference value, α.
Results are plotted for time moments t1, t2, with t1 < t2
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Influence of depth parameter
In Figure 4.12, the temperature distribution with respect to time is plotted for two variations of the adopted
parameter with respect to its reference value. From this it is observed that an increase in the adopted value
leads to an overall increase of the maximum reached temperature for points further from the weld (T2-T4),
while it does not severely affect it for points close to the weld (T1). During the cooling down phase, the
temperature appears to be higher, in all investigated positions, when the depth parameter is increased.

Figure 4.12: Influence of depth parameter, b, on the temperature
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The temperature distribution along the plate’s width is plotted in Figure 4.13, for two time moments, as in
the previous case. In both considered time moments, the difference in the predicted temperature is small. In
Figure 4.14, the percentage difference of the predicted temperature with respect to the reference analysis is
given. For time moment t1, when the heat source is close to the investigated path, temperature seems to be up
to 10% higher when the parameter is half the reference value. On the other hand, the predicted temperature
when the parameter is doubled seems to be 10% lower. This can be explained by the more enhanced heat
distribution towards the plate’s thickness than towards the surface, when the depth parameter is higher. The
effect of the adopted value on the temperature seems to extend over a larger distance from the weld, when the
parameter is higher. At a later time moment, during cooling (t2) and as the heat transportation has already
initiated, the influence on the material temperature is reversed. In this case, it seems that higher temperature
is reached in case of a larger depth parameter. Near the weld area, up to 10% larger temperature values appear
close to the weld, when the parameter is doubled and up to 10% smaller when the parameter is twice as small.
In both cases, points located away from the weld are less significantly affected.

(a) Temperature distribution along the plate’s width when the heat source is
close (time t1)

(b) Temperature distribution along the plate’s width when the heat source is
away (time t2)

Figure 4.13: Temperature distribution along the width of the base plate for different values of depth parameter

Figure 4.14: Percentage difference of predicted temperature when the depth parameter is double or half of the reference value, b.
Results are plotted for time moments t1, t2, with t1 < t2
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Influence of length parameter
In Figure 4.15, the temperature distribution with respect to the elapsed time is plotted for variations in the
length parameter. Changes of the radial dimensions, c f and cr , in the front and back of the weld pool have a
negligible influence on the final temperature distributions.

Figure 4.15: Influence of length parameter, c, on the temperature
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4.5.2. Heat losses
Welding causes an increase of the body’s temperature, which slowly decreases overtime until room tempera-
ture is reached again. This reduction is attributed to energy transfer within the body in the form of conduc-
tion, but also to heat losses due to convection and radiation to the surrounding air [33].

Thermal losses due to convection are described by Newton’s law of cooling:

qc = hc (T −T∞) (4.5)

where h is the heat transfer coefficient in case of convection, T is the surface temperature and T∞ is the room
temperature. Heat loss due to radiation is defined as:

qr = εσB (T 4 −T 4
0 ) (4.6)

where ε is the radiation emissivity,σB is the Stefan-Boltzmann constant, equal to 5.67·10−8W m−2K −4, T is the
surface temperature and T0 is the room temperature. In ABAQUS, convection and radiation are considered by
applying the surface film condition and surface radiation commands. The former is defined through the film
coefficient, representing the heat transfer coefficient (Equation 4.5), and the sink temperature. The radiation
losses are defined by the emissivity (Equation 4.6), and the sink temperature. The values of both coefficients
are fixed by comparing experimental and simulation results. Thus, the film coefficient is assigned the value
of 10W /m2K , the emissivity is set equal to 0.5, while the room temperature was set at 25.5oC , as measured
by the thermocouples.

Figure 4.16: Influence of radiation coefficient, ε, on the temperature

As it can be seen in Figures 4.16, 4.17, thermal losses do not affect the maximum temperatures on the plate,
but mainly the cooling rate, after the completion of the welding procedure. Between the two mechanisms,
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it appears that convection losses have the most impact on the temperature field. However, even in the case
where the heat transfer coefficient is 20W /m2K , the cooling down rate is low.

Figure 4.17: Influence of heat transfer coefficient, hc , on the temperature
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4.6. Mechanical Analysis
After solving the heat conduction problem independently from the mechanical problem, the temperature
histories are used as input information for the mechanical analysis. In a numerical analysis, those histories
are inserted into the subsequent mechanical analysis as predefined fields. The temperature time histories
are read at the nodes and then are interpolated within each element. The connection between thermal and
mechanical analysis lies also in the temperature dependent thermo-mechanical properties and the thermal
expansion [13], [6], [4].

In a thermomechanical analysis, apart from the elastic, plastic and thermal strain, phase transformations
generate two additional strains: transformation strains due to volumetric changes and transformation plas-
ticity strains. In case of low carbon, mild steel, phase transformations have a negligible influence on the
welding residual stresses and distortions [12], [13]. As a result, the total strain rate can be divided in three
components: the elastic, plastic and thermal strain rate. For the modelling of the elastic strain, Hook’s law
with temperature dependent modulus of elasticity is applied. An elastoplastic model (according to EN 1993-
1-2:2005[1]) with the von Mises yielding criterion is adopted for the modelling of plasticity.

4.6.1. Mechanical boundary conditions
In mechanical analyses, the constraint conditions influence significantly the distortions and stress fields. In
order for the distortion results to be as realistic as possible, the mechanical boundary constraints represent
the actual clamping conditions.

Figure 4.18: Mechanical boundary conditions of the numerical analysis

As it was described in Chapter 3, the specimen was positioned on the welding table at an angle of 45o (Figure
3.2). During the experiment, the bottom plate is supported at two locations. Towards the welding side, the
specimen was in contact with the inclined support, only at a certain area. This support was included in the
mechanical analysis and it was fixed at its bottom, along all three directions. In the interface between the
support and the plate, the normal and tangential behaviour of the surface-to-surface contact were defined.
The normal behaviour was described by the "Hard Contact" interaction, so as to prevent the penetration of
one surface into the other during the analysis. The tangential behaviour described the friction between the
surfaces, by assuming a friction coefficient of 0.6. On the opposite to the weld run side, the specimen was
in contact with the welding table, along the entire plate edge. In order to consider the inclination of the
specimen in the numerical model, a local coordinate system was created for this edge and the movement of
the plate along the local, y direction was constrained. In order to avoid rigid body motion, the movement
of the specimen along the longitudinal, z direction was constrained at one point of the bottom plate (Figure
4.18). The mechanical constraints additionally included the restraint of the vertical plate due to spot welding.
The spot welds were modelled so as to tie together the two plates at the points of application.
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4.7. Results
4.7.1. Thermal analysis
The temperature distributions, as derived after applying the proposed values, are shown in Figures 4.19, 4.20.

A good agreement can be observed between experimental and numerical data. In the case of the first welding
run, differences are observed in thermocouples T1 and T2. This is mainly attributed to erroneous measure-
ments at the first stages of the welding procedure. Indeed, during the first seconds an abrupt increase of
temperature is measured, which can be explained by sparks and spattering from the welding arc to the area
near the thermocouples. In thermocouples T3 and T4, the maximum temperature difference are 10oC and
5oC , which are acceptable.

The comparison of data for the second welding run shows bigger agreement than the first one. No faulty
measurements have been observed during the experiment and the deviations between numerical and exper-
imental results are insignificant.

Figure 4.19: Comparison of experimental and simulation results for the first welding run
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Figure 4.20: Comparison of experimental and simulation results for the second welding run

The validity of the thermal results is also verified by comparing the cross section of the weld, as seen through
the microscope, with the isotherms as obtained by the numerical analysis. The fusion zone represents the
boundary, inside which the steel temperature exceeds the melting temperature. This temperature depends on
the steel alloy and for mild carbon steel it can be estimated around 1400oC . Similarly, the temperature above
which the microstructure of steel is altered due to the heat input is estimated around 700oC . This temperature
represents the heat affected zone boundary, which separates the affected and unaffected base material. As
seen in Figure 4.21, the fusion zone is slightly underestimated in the numerical model. This can be explained
by the definition of the heat source model’s depth as the weld throat, instead of the penetration depth. In
general, however, the isothermal contours show a good agreement with the specimen’s microstructure.

Figure 4.21: Comparison of fusion zone and heat affected zone between experiment and simulation
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4.7.2. Mechanical analysis

Figure 4.22: Sign convention for distortions

The distortion results of the numerical analysis were derived by
evaluating the horizontal displacement of the vertical plate, at the
points of interest, at the same time moments as in the experi-
ment. As was presented in Chapter 3, Figure 3.5b, the speci-
men was placed in such a way that the transverse edge of the
bottom plate was in contact with the table. Considering that
the distortion of the bottom plate could affect the actual dis-
tortion measurements of the thinner plate, the horizontal distor-
tion of this supporting face was also taken into account. How-
ever, numerical analysis suggested that it was of the order of
10−3mm, which is insignificant compared to the distortion at
the points of interest, on the thinner plate. The comparison
between experimental and simulation data are shown in Figure
4.23.

Figure 4.23: Comparison of experimental and numerical distortion results

Comparing the results of Figure 4.23, some useful conclusions can be drawn. Predicted distortions follow a
similar pattern as the one observed during the experiment. Although a small deviation is observed between
predicted and measured values, overall a good agreement between simulation and experiment is achieved.

Figure 4.24: Comparison of distortion results for different depth
parameters

The reason behind the differentiations could lie in
the fact that, as shown in Figures 4.21, the molten
zone is slightly underestimated. To support this
claim, a new thermomechanical analysis has been
conducted, where the depth parameter of the heat
source model is considered equal to the penetra-
tion depth of the weld, as shown in Figure 4.24.
Indeed, in the new model, the predicted distor-
tion approaches more the actual measured data
during the experiment. However, in this research
project, the depth parameter is considered equal
to the weld’s throat. This is partly due to the fact
that the analyses have indicated that it yields satis-
factory results and partly because the penetration
depth is not known, unless a microscopic image of
the weld is available. Overall, results of the thermal
and mechanical numerical analyses are confirmed
by measured data of the small-scale welding exper-

iment. The suggested methodology can be applied in other welded connections with satisfactory accuracy.



5
Simulation of orthotropic steel deck joint

This chapter describes the procedure followed in the numerical modelling of an orthotropic steel deck’s con-
nection. The adopted thermomechanical model is based on the work described in Chapter 4. The influence
of welding sequence, boundary conditions and material model on the residual stress distribution is also dis-
cussed.

5.1. Introduction
Fatigue tests on a full-scale orthotropic steel deck were carried out in the Stevin II laboratory of TU Delft, for
the determination of the classification of orthotropic bridge deck details for new designed steel bridge decks
(Figure 5.1). The dimensions of this orthotropic steel deck were adopted in the present study, in order to
investigate the residual stress distribution in the welded through-to-deck joint.

Figure 5.1: Overview of the OSD in the laboratory [11]

37
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The deck plate has a total length of 9.4m and width of 5.1m. The thickness of the deck plate is 20mm and
longitudinal stiffeners of a closed, trapezointal cross section are welded at the bottom of the deck plate (Figure
5.2). The troughs have a thickness of 6mm and a height of 350mm, while the width is 300mm at the upper
side and 105mm at the lower side (Figure 5.4). The material used to manufacture the specimen is structural
steel S355J2, under the requirements of EN10025-2:2004 and EN10029:2010.

Figure 5.2: Deck dimensions [mm] [37]

Figure 5.3: Weld sequence [37]

Figure 5.4: Geometry of longitudinal stiffeners [37]
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5.2. Numerical modelling
In an orthotropic steel deck, the trough-to-deck plate connection is a region where crack initiation and prop-
agation is likely to occur. Therefore, obtaining more information about the residual stress distribution near
the weld is useful in order to understand the reasons behind this phenomenon.

As part of the large scale experiment in an orthotropic bridge deck, executed in Delft University of Tech-
nology, welding between the trough and the deck plate was executed both in an automatic and manual way
(Figure 5.3). In the present study, the welded connection between longitudinal stiffeners and the deck plate of
an orthotropic steel deck is modelled in the finite element software ABAQUS. The first step of the numerical
approach is the thermal analysis and the investigation of temperature distribution during welding. The weld-
ing heat source is modelled using the double ellipsoid heat source model and appropriate thermal properties
and boundary conditions are applied. In the next step of the process, the nodal temperatures, as obtained
by the thermal analysis, are used as input information for the mechanical analysis. Similarly, mechanical
material properties and boundary conditions have to be defined. Finally, both longitudinal and transverse
residual stress distribution in the through-to-deck plate connection are evaluated.

Welding of the longitudinal stiffeners to the deck plate has been executed both in a manual and automatic
way. This applies only to the outside of the stiffeners, since the welding source cannot have access to the
inside of the trough. For the case of manual welding, special attention in brought upon the influence of the
welding sequence on the residual stress distributions. Thus, two welding scenarios are investigated:

• Parallel welding
In this case, welding is executed at the same time on both trough sides. After both sides of the trough
are welded to the deck plate, a sufficiently large time step is considered, so as to simulate the process of
material cooling. Thus, the model returns to room temperature and the stress distribution at the end
of the analysis represents the residual stresses in the material.

• Sequential welding
In contract to the previous case, welding is executed on one side, only after the completion of the pre-
vious one is complete. Again, a large time step is considered after the welding procedure, in order to
obtain the residual stresses at the end of the material cooling.

Figure 5.5: Welding direction of parallel and sequential welding
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5.2.1. Geometry
As shown in Figure 5.3, the welded connection between the longitudinal stiffeners and the deck plate has
been executed in two ways; manual and automatic. Between the two methods, differences are observed, not
only in the followed welding procedures and the weld geometry, but also in the geometry of the connection.
As a result, two separate models are constructed, as shown in Figures 5.6, 5.7. Each model consists of one
trough, connected to the deck plate. For ease of calculations and limit of the computational time, the model
length is considered equal to its width (z = 600mm).

Figure 5.6: Trough to deck connection geometry and weld size for manually welded connection

Figure 5.7: Trough to deck connection geometry and weld size for automatically welded connection
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5.2.2. Mesh
The used mesh is shown in Figures 5.8, 5.9. Near the weld area, the element size is kept as small as possible, in
order to accurately capture the thermal response due to the heat input. However, since welding simulations
require a large amount of computational time, the element size is kept at 2.5mm at the longitudinal direction,
near the weld. This size gradually increases to 10mm at a distance from the weld, in order to reduce the total
amount of elements. In the transverse direction, two elements are adopted in the stiffener’s depth and seven
elements in the deck’s depth. In the fillet welds, wedge elements are used, in order to account for their trian-
gular shape, while in the rest of the model, the element shape is kept hexagonal. During the thermal analysis,
6-node linear heat transfer triangular prisms (DC3D6) are used at the welds, and 8-node linear heat transfer
bricks (DC3D8) at the rest of the model. Accordingly, in the mechanical analysis, 6-node linear triangular 3D
stress prisms (C3D6), and 8-node linear 3D stress bricks (C3D8R) are used for the welds and the rest of the
model respectively.

Figure 5.8: Numerical model and adopted mesh for manually welded connection

Figure 5.9: Numerical model and adopted mesh for automatically welded connection
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5.2.3. Material
As described in Chapter 4, it is necessary to model the material behaviour using temperature dependent ther-
momechanical properties. In EN 1993-1-2:2005 [1], information is given about the evolution of those prop-
erties with increasing temperature. In this standard, it is assumed that steel experiences no strain hardening
under elevated temperatures, thus it adopts an ideal plastic material model (Figure 5.10). This assumption
has also been widely used in the literature, in order to capture the mechanical response of steel during weld-
ing. In Chapter 4, this material law was used in order to validate the accuracy of the adopted thermal model
and it was found to yield satisfactory results. In this Chapter, a further examination is carried out, in order to
study the effect of strain hardening on the residual stresses. For this reason, apart from the ideal elastoplastic
material model, a stress-strain relationship including strain hardening (Figure 5.11), is also used as input in-
formation. This relationship was the result of steady-state heating tests on standard S355 specimens. During
the experiment, first the specimens were heated up to certain temperature level, and then they were loaded
with a train increase of 0.02%/sec, [5]. As it can be seen from Figure 5.11, strain hardening is observed up
until the temperature of 400oC , while for higher temperatures, no strain hardening is noticeable.

Figure 5.10: Stress-strain relationship of S355 under elevated temperautes, without considering strain hardening [1]

Figure 5.11: Stress strain relationship of S355 under elevated temperatures considering strain hardening, adopted from [5]
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5.2.4. Thermal analysis
The first step of the numerical analysis is the thermal analysis for the calculation of the temperature distri-
bution during and after welding. The followed procedure is in accordance with the information presented in
Chapter 4.

The continuous deposition of the filler material during welding is implemented through the birth and death
tecnique. The weld bead is divided into segments and in the beginning of the analysis, all segments are re-
moved from the model. In every analysis step, a segment is added, following the movement of the heat source
along the plates. The duration of every step is defined by the welding speed and the length of the applied seg-
ment. After the completion of the welding procedure, one analysis step with a sufficiently large duration
(∆T = 7500s) is applied, in order for the material’s temperature to return to its initial value (25oC ).

As it has been mentioned, welding has been executed both in a manual and automatic way. In the first case,
the followed method has been Shielded Metal Arc Welding (SMAW), and welding has been completed with
one pass on each side of the trough. In the second case, two passes have been executed on each side of the
trough. The first one was completed though a Flux Cored Arc Welding (FCAW) technique, while the second
one was executed with a Submerged Arc Welding (SAW) technique. The characteristics of each method are
summed up in Table 5.1.

The heat source is modelled according to the double ellipsoid heat source model [16]. The heat input is
defined as a body heat flux, which is applied on the entire model but is running along the welding direction.
This is achieved by implementing in the model the DFLUX subroutine, in which the heat source model is fully
described. The geometrical parameters α, b, c f and cr , which are necessary for the description of the ellip-
soidal shape of the heat source, are related to the weld’s geometry as indicated in Chapter 4. More specifically,
α is considered equal to half the weld’s width, while b is taken equal to the theoretical weld throat. The length
parameters c f is equal to parameterα and cr = 2.33×c f . The origin of the local coordinate system of the heat
source is applied in the middle of the fillet weld’s hypotenuse, while appropriate rotation transformations are
applied, so as to allow for the x and y axes to be parallel and vertical to it.

Heat losses through convection and radiation are also considered, by assigning appropriate heat transfer and
emissivity coefficients. In this case, the assigned values to the coefficients are similar to the ones assumed
in Chapter 4, since no additional data were available. The necessary parameters for the thermal analysis are
shown in Table 5.1.

Manual Welding Automatic Welding
Steel grade S355 S355 S355

Layers 1 1 2
Method SMAW FCAW SAW

Current [A] 165 235 525
Voltage [V] 23.5 26 26

Welding
speed [mm/s]

1.5 7.5 7.9

Efficiency 0.80 0.80 0.95
Width a [mm] 2.98 3.1 8.06
Depth b [mm] 6.40 3.53 3.4
Front c f [mm] 2.98 3.1 8.06
Back cr [mm] 6.94 7.2 18.8

Heat transfer coefficient
hc [W /(m2K )]

10 10 10

Emissivity coefficient ε 0.5 0.5 0.5

Table 5.1: Welding characteristics and heat source parameters for manual and automatic welding, used in the thermal analysis
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5.2.5. Mechanical analysis
The next step towards the estimation of welding residual stresses is the mechanical analysis. The temperature
distributions calculated during the previous step, are inserted into the mechanical analysis as a predefined
temperature field.

In order to achieve compatibility between the thermal and mechanical analysis, the same number of time
steps, with the same duration, is used. The welding procedure is implemented again through the birth and
death technique, thus simulating the constantly changing constraint conditions due to the solidification of
the filler material.

(a) (b)

(c)

Figure 5.12: Boundary conditions implemented in the numerical model

When investigating welding residual stresses, boundary conditions highly affect the residual stress field. In-
deed, overconstraining the mechanical model can introduce additional stresses, thus overestimating the ac-
tual condition. It is therefore important to implement appropriate boundary conditions, which can yield
realistic results. In this study, it has been considered that the part under investigation is not independent, but
it is affected by the surrounding structure. Thus, along two faces vertical to the x and z horizontal directions,
symmetry boundary conditions have been applied. As shown in Figure 5.12a, the noted face was constrained
against translations along the x direction and rotations around the y and z axes, thus taking into account the
restricted movement of this part due to adjacent trough. Similarly, as shown in Figure 5.12b, translations
along the z axes and rotations around the x and y axes were restrained on the highlighted face, so as to con-
sider the symmetry of the model in the longitudinal direction. Finally, in order to avoid rigid body motion,
the model has also been constrained against vertical displacement (along the y axis), on the four external
vertical edges of the deck plate (Figure 5.12c). Symmetry boundary conditions have not been considered on
all surrounding faces, so as to avoid overconstraining the model.
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5.3. Simulation results for manual welding
5.3.1. Influence of welding sequence
Longitudinal stresses at the deck
The longitudinal stresses (σz ) are calculated along an edge near the free face (z = 20mm), along the middle
edge z = 300mm, and along an edge near the face that is constrained against moving in the longitudinal
direction (z = 580mm), as shown in Figure 5.13. That way, the influence of the boundary conditions can
also be estimated. Out of the three considered cases, the one that may more realistically represent the actual
boundary conditions in an orthotropic steel deck is the position z = 580mm. When considering a large-
scale model of an OSD and evaluating the residual stress field in the midspan between two cross-beams,
the boundary conditions near this face can be considered representative of the constraints imposed by the
surrounding material in the longitudinal direction. Thus, in the next sections, residual stresses are plotted for
this specific position.

Figure 5.13: Indication of position for which longitudinal stresses on the deck are plotted

(a) (b)

(c)

Figure 5.14: Longitudinal residual stresses σz along three edges of the deck plate
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Longitudinal stresses at the stiffeners
The longitudinal stresses (σz ) are calculated along the plane z = 580mm, as shown in Figure 5.15. Stresses
are investigated along four positions, namely the inside and outside edges of both stiffeners.

Figure 5.15: Indication of position for which longitudinal stresses on the stiffeners are plotted

Figure 5.16: Influence of welding sequence on longitudinal residual stresses along the stiffener
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Transverse stresses at the deck
The transverse stresses (σx ) are calculated along the thickness of the deck, in the end of the plate (z =
580mm), as shown in Figure 5.17. The starting points of the edges along which stresses are plotted are lo-
cated at the weld’s root and toe, in both stiffeners. In case of sequential welding, position 1 refers to the side
of the trough that is welded first.

Figure 5.17: Indication of position for which transverse stresses on the deck are plotted

Figure 5.18: Influence of welding sequence on transverse residual stresses along the deck’s thickness
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5.3.2. Influence of material
The influence of the adopted material model on the residual stresses is investigated for the case of parallel
welding. The only difference between the two analyses is the stress-strain relationship, so as to evaluate the
effect of strain hardening on the material’s response.

Longitudinal stresses at the deck
Longitudinal stresses, (σz ), at the deck are calculated along three edges on the deck’s surface, as shown in
Figure 5.19.

Figure 5.19: Indication of position for which longitudinal stresses on the deck are plotted

(a) (b)

(c)

Figure 5.20: Longitudinal residual stresses σz along three edges of the deck plate
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Longitudinal stresses at the stiffener
Longitudinal residual stresses (σz ) are calculated along the height of the stiffeners, in the end of the model
(z=580mm). Four locations are considered, as shown in Figure 5.21.

Figure 5.21: Indication of position for which longitudinal stresses on the stiffeners are plotted

Figure 5.22: Influence of material model on longitudinal residual stresses along the stiffener
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Transverse stresses at the deck
Transverse stresses (σx ) are calculated along the deck’s thickness, in four positions, namely the weld’s toe and
root at both stiffeners. The lines along which transverse stresses are estimated lie in the plane z=580mm.

Figure 5.23: Indication of position for which transverse stresses on the deck are plotted

Figure 5.24: Influence of material model on transverse residual stresses along the deck’s thickness
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Stress contour plots
In the following Figures, the contour plots of principal stresses are plotted for three different scenarios.

Figure 5.25: Maximum principal stresses in the welded joint, in case of parallel welding, when strain hardening is not included in the
material model (a), and when it is included (b)

Figure 5.26: Maximum principal stresses in the welded joint in case of sequential welding. The material model does not include strain
hardening

When evaluating the possible positions for fatigue crack initiation, it is important to take into account the
combination of residual stresses and stresses due to external loading. Even when the externally applied
stresses are mainly compressive, or their magnitude in tension is not significant to induce crack propaga-
tion, the structure is susceptible to fatigue failure due to the residual stress field. Since residual and external
stresses are superimposed, the actual range of fluctuating stresses would be in tension in cases of very high
principal tensile residual stresses. This is also the case for the contour plots of Figures 5.25, 5.26. Indeed,
high principal stresses are present around the weld. Locally, these stresses exceed the material yield stress
(355MPa). As a result, the areas near the weld’s toe and root are potential crack initiation positions.
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5.3.3. Welding imperfections
For the strength calculation of stiffened plates, residual stresses are regarded as initial imperfections. Indeed,
in case of plated structures, EN 1993-1-5 [2] translates geometric and structural imperfections into equiva-
lent initial imperfections, that are taken into account in numerical non-linear analyses. In reality, their actual
magnitude is not known a priori and the extent to which the suggested values of EN 1993-1-5 can accurately
describe the residual stresses and deformations caused during welding, remains vague [31].

Figure 5.27: Edges along which deflection is plotted and sign convention

The estimation of imperfections induced by welding has been performed through the evaluation of the ver-
tical displacement of the deck plate, after the material has cooled down. For this purpose, the boundary
conditions of the model have been slightly modified, so as to consider the deflection of the deck plate inside
the trough. Thus, the vertical displacement has been constrained along the longitudinal, z-direction of the
plate, in the position of the stiffeners (Positions 1, 2 in Figure 5.27a). The vertical displacement is compared
to the value b/200, suggested by [2] for local imperfections of panels with a short span b.

Figure 5.28: Deflection of the deck plate in case of (a) parallel welding and (b) sequential welding

In Figure 5.28, the deflection of the deck plate, after the cooling down period, is plotted for both cases of
parallel and sequential welding. Results are shown for three edges along the deck, as indicated in Figure
5.27. At the position z=20mm near the free face, the deflection of the deck between the stiffener positions
is estimated at b/3000 and b0/1100 outside the trough, at point x=0. Near the restrained face (z=580mm) a
vertical deflection of b/6000 is found inside the trough and b0/750 out of it. Even in the most unfavourable
case of b/3000, the deflection is significantly lower than the limit value b/200 suggested in EN 1993-1-5 [2].
This, however, includes the combined action of both fabrication and manufacturing imperfections.
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5.4. Simulation results for automatic welding
5.4.1. Residual stresses
The following analysis results refer to the case of parallel welding. The adopted material model is the one
described in EN 1993-1-2:2005 [1], which does not consider strain hardening under elevated temperatures.

Longitudinal stresses at the deck
Longitudinal stresses, (σz ), at the deck are calculated along three edges on the deck’s surface, as shown in
Figure 5.29.

Figure 5.29: Indication of position for which longitudinal stresses on the deck are plotted

(a) (b)

(c)

Figure 5.30: Longitudinal residual stresses σz along three edges of the deck plate
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Longitudinal stresses at the stiffener
Longitudinal residual stresses (σz ) are calculated along the height of the stiffeners, in the end of the model
(z=580mm). Four locations are considered, as shown in Figure 5.31.

Figure 5.31: Indication of position for which longitudinal stresses on the stiffeners are plotted

Figure 5.32: Influence of material model on longitudinal residual stresses along the stiffener
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Transverse stresses at the deck
Transverse stresses (σx ) are calculated along the deck’s thickness, in four positions, namely the weld’s toe and
root at both stiffeners. The lines along which transverse stresses are estimated lie in the plane z = 580mm.

Figure 5.33: Indication of position for which transverse stresses on the deck are plotted

Figure 5.34: Influence of material model on transverse residual stresses along the deck’s thickness
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Stress contour plots
As in the case of the previous model, significantly high principal tensile stresses appear around the weld.
These stresses exceed the material yield stress close to the weld’s root and toes. Due to the superposition
of external and residual stresses, this highly tensile residual stress field indicates the susceptibility of this
connection to fatigue cracking, even if the component is nominally in compression.

Figure 5.35: Maximum principal stresses in the welded joint, in case of parallel welding

5.4.2. Welding imperfections
Imperfections induced by welding are evaluated through the vertical deflection of the deck plate at three lo-
cations, as shown in Figure 5.36a. Again, the vertical displacement has been restrained along the longitudinal
z-direction, at the stiffener positions 1, 2.

Figure 5.36: Edges along which deflection is plotted and sign convention
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The deflection of the deck plate is presented in Figure 5.37. The most unfavourable vertical displacement
is found at the position z=20mm, located near the free face. In this case, the deflection reaches a value of
b/500 at the deck plate inside the trough and a value of approximately b0/300 outside of it, at point x=0. The
deflection shape that approaches more a realistic condition is the one found along the edge z=580mm, since
the boundary conditions nearby are a good representation of actual boundaries in a large-scale deck. In this
position, the deck’s vertical deflection inside the trough is b/1000 and approximately b0/750 outside. If these
values are compared to the suggested value b/200 in EN 1993-1-5 [2], it is seen that they are quite lower than
this limit. In Eurocode, the equivalent imperfection, however, is used to represent both manufacturing and
fabrication imperfections. It is recommended as the geometric imperfection for a design by finite element
analysis.

Figure 5.37: Deflection of the deck plate in case of parallel welding

5.5. Discussion
In the previous section, residual stresses have been plotted along various positions of a welded trough-to-
deck plate connection. A simplified distribution of longitudinal residual stresses is presented for both mod-
els, for the position z=580mm (Figures 5.38, 5.39).

Figure 5.38: Simplification of residual stress distribution in case of manual welding



58 5. Simulation of orthotropic steel deck joint

Figure 5.39: Simplification of residual stress distribution in case of automatic welding

In the first model of manual welding, tensile residual stresses with a magnitude equal to the yield stress are
found around the weld, over a length of b0/5+b/12 at the deck and 6t at the stiffeners. In the remaining parts
of the deck, mostly constant compressive residual stresses appear, with an approximate magnitude of 8% of
the material yield stress. In case of the stiffeners, a triangular shape of compressive stresses is observed, with
a maximum value of 50% fy . In the model of automatic welding, a similar stress shape is observed. Around
the weld, tensile stresses at the level of the yield stress appear over a length of b0/5+b/30 at the deck and
4t at the stiffeners. Compressive residual stresses at 12% of the material yield stress are observed at the rest
of the deck. As in the previous case, compressive residual stresses with a triangular shape are found at the
stiffeners, having a maximum magnitude of 14% of the yield stress. The differences in the stress magnitudes
and their widths of application can be attributed to the different welding procedures.

The influence of the material model on the final results has also been examined. The adopted material model
for strain hardening does not have a serious impact on the predicted stress field. As a result, the simplified
stress-strain relationship suggested by [1], can be used with satisfactory accuracy.

Regarding the calculated vertical displacement of the deck plate, significantly different deflection shapes and
magnitudes have been predicted for the manual and automatic welding model. The predicted distortions are
considerably smaller in case of manual welding. Since the geometry, the material and the boundary condi-
tions are the same in both cases, it is implied that the followed welding procedure can have an impact on the
result.



6
Conclusions and Recommendations

This research project has been developed around two main questions:

How can the welding procedure be modelled in a finite element analysis software, so as the residual stress
field can be predicted?

– In a numerical analysis, the welding procedure is described through a sequentially coupled thermome-
chanical analysis. Modelling of the welding heat source can be sufficiently achieved by using the double
ellipsoid heat source model, whose parameters are proportional to the dimensions of the weld. Param-
eter α can be described by half of the weld’s width, parameter b can be expressed as the weld’s throat,
parameter c f can be considered equal to half the weld’s width, while cr is twice the value of parameter
c f . The validity of this conclusion has been verified through comparisons between experimental and
numerical results.

– Parameters α and b of the heat source model, affect the predicted nodal temperatures. The influence
depends on both the distance from the heat source and the elapsed time from welding. In the first
stages of welding, their impact on the temperature is more intense for points near the weld. When the
width parameter is doubled, more points on the plate surface are under the direct influence of the arc,
and temperature increases locally by 75%. On the other hand, when the depth parameter is doubled,
more heat is generated towards the thickness of the plate, thus surface temperature of points close to
the weld drops by 10%. In the beginning of cooling, the influence of width parameter is uniform along
the plate’s width, since temperature increases by 20% approximately in all positions when its value
is doubled. At the same stage, doubling the depth parameter results in a non-uniform temperature
increase across the plate’s width, ranging from 10% to zero, as the distance from the weld increases. On
the other hand, the temperature distribution with time of four investigated positions has indicated that
changes in the values of parameters c f and cr , do not affect significantly the temperature field.

– Heat losses are modelled through radiation and convection described by the radiation emissivity and
heat transfer coefficient. Variations in the considered values do not affect the maximum temperatures
reached in the body, but the cooling rate, after the completion of welding. Higher values of heat loss
coefficients have lead to higher rates of cooling, but these still remain relatively low.

What is the distribution of residual stresses in a welded through-to-deck plate connection of an orthotropic
steel deck?

– In the model of manual welding, tensile longitudinal stresses at the deck extend over a length b0/5+
b/12 around the welded connection, having a magnitude equal to the yield stress. In the remaining
areas, compressive stresses are present with an approximate magnitude of 0.08 fy . Along the stiffener’s
height, tensile stresses up to the yield point are found at a distance of 6t from the weld. The compressive
stresses follow a triangular shape, ranging from 0.5 fy to zero at the end.

– In the model of automatic welding, tensile stresses equal to the yield stress appear at a length b0/5+
b/30, around the weld at the deck plate. Compressive stresses at 12% of the yield stress are found in
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the rest of the deck. In the stiffeners, at 4t from the weld, tensile stresses equal to the yield stress are
present. In the remaining part, compressive stresses develop from 0.14 fy to zero, following a triangural
shape.

– Transverse residual stresses at the deck are compressive near its surface, at the weld root and toes. In
most cases, the stresses turn into tension and then compression along the thickness of the deck plate,
having a maximum magnitude of 25−30% of the material yield strength.

– The contour plots of maximum principal stresses show that high tensile residual stresses are present
around the weld, whose magnitude exceeds in certain positions the material yield stress. Considering
that residual stresses are superimposed to the external ones, the effective stress under cyclic loading at
these areas would be in tension, even if the applied loads cause compressive stresses. This implies that
these areas are potential locations of fatigue crack initiation.

Additionally, the following conclusions can be reached:

– Longitudinal residual stresses at the deck are affected by boundary conditions. Near the unrestrained
face, the maximum tensile residual stress is approximately 50% fy . Compressive residual stresses reach
15−20% fy , but appear to be zero in the middle of the deck. This fact is explained by the less restricted
expansion and shrinkage of the material.

– The welding sequence does not affect significantly the predicted stresses. Between the two welding
scenarios, no differences are observed in case of longitudinal stresses, both in the stiffeners and the
deck plate. In case of transverse stresses at the deck, the distributions follow similar trends with respect
to the stress sign and small variations have been observed in terms of the magnitude.

– The maximum vertical deflection of the deck plate was calculated as b/3000 and b/500 in case of the
manual and automatic welding model, respectively. These are below the value of b/200, suggested by
EN 1993-1-5 [2], which however includes the combined influence of manufacturing and fabrication
imperfections.

Following the reached conclusions, some recommendations are made for future research:

– In this study, the research interest has focused on investigating residual stresses in a small part of an
orthotropic steel deck. It is necessary to extend the analysis to a larger scale and evaluate these stress
distributions in case of span lengths that are adopted in practice.

– Additional studies on the factors that affect residual stresses should be performed. Welding scenarios
with various welding speeds or heat input can be implemented, so as to investigate to what extent they
can modify the remaining stress field.

– Concepts of fracture mechanics can be used in order to estimate the crack propagation rate and the
remaining fatigue life, under the combined action of the predicted residual stresses and local wheel
load.

– For strength calculations with non-linear analyses, it is important to have information about initial
imperfections. Although suggestions about their magnitude are given in EN 1993-1-5, the actual initial
imperfections of a component are not known. In case of deformations induced by welding, these can be
predicted through a thermo-mechanical numerical simulation. Since their value could be influenced
by factors such as the deck’s thickness or the welding procedure, it would be of great interest to analyse
if and to what extent this effect is significant. Knowing the magnitude of initial imperfections due to
welds and directly introducing them in numerical strength calculations, would make the analyses more
accurate.



A
Repetition of welding experiment

During this thesis, two welding experiments have been conducted, in order to investigate the distortion of
the vertical plate during welding. A suspected error in the measurements of the first experiment has lead to
the repetition of the process and the evaluation of the distortion results. In this chapter, more information is
given about the distortion measurements which have been taken during the welding experiments.

A.1. First welding experiment

Figure A.1: Sign convention for distortions

The distortion results during the first experiment are shown in Fig-
ure A.2. According to the sign convention presented in Figure A.1,
positive values of distortion are expected after the first welding pass,
and negative values after the second welding pass. In this context, the
negative values of distortion at positions D1 and D2 of Figure A.2a, in-
dicate a possible measurement error. Regarding the distortions after
the second weld run, as indicated in Figure A.2b, the sign of the values
is negative, as expected. However, it is observed that their absolute
value is significantly greater than the corresponding values of Figure
A.2a. Considering that the constrainment of the vertical plate during
the second pass is greater than during the first pass, due to the pres-
ence of the first weld, it seems unnatural to observe such a trend.

Figure A.2: Distortion measurements during first experiment
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The comparison between experimental and numerical findings is shown in Figure A.3.

Figure A.3: Comparison of experimental and numerical distortion results during first experiment

Regarding Figure A.3a, it is observed that the numerical analysis predicts a more uniform pattern of distor-
tions for neighbouring points, compared to experimental data. In Figure A.3b, important differences are
observed. Simulation data confirm the fact that the second distortion should be less or equal than the dis-
tortion after the first pass. Following the reasoning explained before, the validity of the experimental results
is further questioned after comparing them to the simulation output. By observing these differences, it is
distinguished that the former ones seem displaced by an almost fixed amount from the values predicted by
simulation. This could be explained by a possible systematic error included in the measurements. Even the
slightest displacement of the sensor from its initial position can introduce a systematic error that is observed
in every measurement.

A.2. Second welding experiment
In order to verify the validity of these doubts and limit the possibility of faulty distortion data, the welding
experiment has been repeated and new distortion measurements have been derived.

During the second experiment, all parameters have been kept the same as in the initial case. Thus, two
S355 plates with dimensions 100×150×20mm3 and 55×150×6mm3, have been welded using Gas Metal Arc
Welding. The welding torch has been positioned at an angle of 90oC to the direction parallel to welding and
at an angle of 45oC , to the transverse direction. The welding speed was 7mm/sec.

Special attention has been given on the distortion measurement set up, so as to ensure that no errors will
appear in the obtained data. As it can be seen from Figure A.4, an additional rigid constraint is used to secure
the position of the clamp, on which the laser sensor is positioned.

Similarly to the procedure followed during the first experiment, the two plates were tack welded at their ends,
so as to facilitate the process of welding. Welding has been executed on both sides of the vertical plate. Dis-
tortion measurements on the vertical plate have been taken at three different time moments, and six points,
similarly to the procedure described in the first experiment.
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(a) First welding experiment (b) Second welding experiment

Figure A.4: Difference in the distortion measurement set up. The clamp to which the laser sensor is attached, is held into place with a
rigid constraint in (b).

Apart from distortion measurement, temperature measurements have also been obtained. This was essen-
tial, in order to ensure that temperature would variate in a similar way between the two experiments. The
comparison between the temperature distributions between the first and the second experiment, is shown in
Figure A.5, for positions T2, T3, during the first welding run. A good agreement is observed between the two
experiments.

Figure A.5: Comparison of temperature distribution during first and second welding experiment in case of the first weld pass

In Figure A.6, the new measured distortion data are presented. The new experimental data confirm the fact
that erroneous measurements have been taken during the first experiment. As a result, distortions derived
during the second welding experiment have been used in this study for the verification of the numerical
model.
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Figure A.6: Comparison of experimental and numerical distortion results, after the repetition of distortion measurements
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