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ABSTRACT

During the construction of pipelines, the girth welds, which join pipe sections, are placed

under various stresses. The sfesses are due to mechanical handling loads such as those that

occur when lifting the front end of the pipeline to place it on supports as well as thermal

stresses due to the welding thermal cycle. These stresses, combined with the presence of

hydrogen from cellulosic electrodes, can produce hydrogen assisted cold cracking (HACC)

in the root pass of pipeline girth welds. HACC can cause catastrophic failure of a pipeline

girth weld. By reducing the residual stress and hydrogen concentation experienced in a

pipeline girth weld, the risk of HACC is also reduced. The method used in this study to

reduce the residual stress and hydrogen concentration is modification of the construction

procedure.

A numerical model of the pipeline construction process has been created. After surveying the

literature this appears to be the first model capable of modelling the process in a transient

sense. This is extemely useful as the residual stress and hydrogen diffr¡sion is not only

dependant on the application of process parameters but also their timing.

In order to validate the modelling scheme developed, an experiment was conducted using the

'Blind Hole Drilling' strain gauge method of residual stress measurement. There was

suffrcient agreement between numerical and experimental results to indicate that the

numerical modelling procedure was capable of conductingastudy of pipeline construction.



The use of cellulosic electrodes for the welding of pipelines in Australia is prefened. Such

electrodes possess certain favourable running characteristics suited to pipeline construction

but unfortunately produce a very large amount of diffiisible hydrogen, leading to saturation

of the weld metal. The diffilsion of hydrogen has been modelled using a scheme based on

Fick's Second Law of Diffusion. The parameters reported to dominate the rate of diffirsion

are the timing of the weldment passes, the joint geometry, pre-heating and post-heating, all

of which have been investigated in this thesis.

This study has highlighted the influence of process parameters on the resulting residual stress

and hydrogen diffilsion. By analysing the pipeline construction process in a transient sense'

an understanding of the transient risk of HACC has been developed. This has enabled

recommendations regarding procedural changes to be made to the pipeline indus@.



STÄTEMENT OF ORIGINALITY

This thesis contains no material which has been accepted for the award of any other degree

or diploma in any university or other læfüary institution, and to the best of my knowledge,

contains no material previously published or written by another person, except where due

reference has been made in the text.

I give consent to this copy of my thesis, when deposited in the University Library, being

made available for loan and photocopying.

Alexander Dunstone, lst of February 2004.

11r



ACKNOWLEDGEMENTS

The work reported here was undertaken as part of a research project of the Cooperative

Research Cente for Welded Structures. The Cooperative Research Centre for Welded

Structures was established by and is supported under the Australian Government's

Cooperative Research Cenfe Program.

I would like to thank my supervisors Dr Mike Painter, Dr Muhammad Wahab and Dr Ben

Cazolato for their assistance and encouragement. I am particularly grateful for the guidance

and support of Dr Mike painter who was always my first port of call. Professor Valerie Linton

and Ian Brown also provided useful comments on the work which was appreciated.

1V



NOTÄTION
o, b, c Geometric parameters (width, depth and lengfh) of Goldak's double ellipsoidal

heat source

0 Thermal diffirsivitY

A X-sectional area of PiPe

Ac Area over which pipe line-up clamp is applied

Ai Inside area of PiPe

Ao Outside area of PiPe

Á Residual sfess rosette calibration constant

Ap Area of line uP clamP Plunger

B Residual sfess rosette calibration constant

C Concentation of hYdrogen

Specific heatcp

d

D

D

D

Diftrsivity

Diameter of hole drilled

Inside diameter of piPe

Maximum diameter caused by pipe ovality

Dm¡n Minimum diameter caused by pipe ovality

max

D
0

Diameter of the gauge circle

v



AH

I

DP

E

FC

FH

Fn

t/ Kr

MF

P

PC

q

Diameter of plunger

Young's modulus

Clamping force

Force on line up clamP Plunger

Force on node

Change in enthalpy

Current

Residual stress rosette sensitivity constant

Number of nodes in x-section

Multiplication Factor

Pneumatic pressure

Clamping pressure

Heat generation

Heat generation applied to a node within a double ellipsoidal heat source'

Corrected nodal heat generation.

n

8ae

Qnodal

ea" Summation of nodal heat generation within a double ellipsoidal heat source

etomt Total heat generation determined by welding heat input and arc effrciency.

R Constant used to calculate diffirsivity

Rj lnside radius of piPe
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Rm Mean radius of PiPe

Ro Outside radius of PiPe

Time

Temperature

Voltage

Welding velocity

Width over which clamP is aPPlied

x, y, z Coordinates

P Angle between gauge one and principle stress

È1,È2,t3 Strain from gauges number I,2 and3

eA Total axial strain before drilling at applied load

L¿¿ Total axial strain change after drilling at applied load

Ler Total tangential strain change after drilling at applied load

Arc efüciency

Thermal conductivity

Poisson's ratio

v Kr/ K, Residual stress rosette Poisson's ratio

b Position relative to moving arc

T

V

v

W

î

¡.

V

6.o* Maximum PrinciPal stress
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6min Minimum PrinciPal stress

on Stress on node
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Spatial distribution
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Chapter 1

INTRODUCTION

A number of factors influence the tendency toward hydrogen assisted cold cracking (HACC)

in ferrous weldments. It is generally recognised that the important factors are the presence of

hydrogen, a hard susceptible microstructure and an applied stess. FIACC is a phenomenon

that is particularly relevant to the construction of gas pipelines, which exhibit all of these

factors. Significant resources must be put into place to manage and monitor girth welding to

avoid the possibility of HACC. Increased knowledge about the phenomenon and how it is

influenced by construction parameters will have a major economic impact on pipeline

construction.

The present study is motivated by three rationales. First, from past experience it is known

that enormous expense in terms of loss of life, lost revenue and repair costs can result from

HACC in girth welds during construction of gas pipelines. One such example occurred

during the construction of the Moomba to Sydney pipeline in I974. Today the occurrence of

weld failure is low, however the potential risk and cost of hydrogen cracking still warrants

further research.



Chapter I : Introduction

Second, cuïently there is a push toward using higher strength pipe material' If X80 or X100

strength pipe can be safely used there will be a significant material saving through the use of

thinner walled sections. The use of higher strength material will however require more

stringent measgres to avoid HACC. In order to implement these measures further research

on HACC specifically related to pipeline construction is needed'

Finally, the speed of pipeline construction is the major determinant of pipeline construction

cost. Methods are being considered by the pipeline industry to achieve an increase in

construction speed; however they have implications with regard to increased risk of HACC

as explained later in Chapter 2. It is clear that the prevention of HACC, while striving to

reduce costs, requires further research.

The level of applied and induced stresses and their variation during the post weld period is

particularly relevant to the possibility of HACC during pipeline construction. This has been

recognised by a number of researchers, (Fletcher et al,1999 and Glover et al, 1999)' but

determining these stresses and their relationship with process parameters is not a simple task.

A large amount of work has been done in the field of welding residual stress by researchers

in the past. From the literature it is clear that while good progress has been made on

numerical prediction and experimental measurement techniques, large discrepancies are

often found between them. Experimental measurement techniques are also difficult to use to

conduct a study over a wide variety of process parameters as they are very time consuming.

2



Chapter I : Introduction

This type of study therefore lends itself to numerical prediction. Numerical modelling also

offers the advantage that the transient stress field can be considered, which is important when

studying a construction procedure heavily dependant on time. Numerical prediction can

higtìlight trends which provide a greater insight into the stess evolution experienced by a

girth weld.

The rate of hydrogen diffirsion is also an important factor in the potential for HACC. The

diffirsion rate is highly dependant on the temperature cycle and geometry of the material.

Numerical models ofhydrogen diffirsion, while difficultto verify, canhighlighttrends when

considering various process parameters.

Establishing the transient response of the stress evolution, hydrogen diffiision, temperature

cycle and the variation with construction variables, will help develop an understanding of the

transient risk of HACC. This enables modification of the construction procedure which can

reduce the chance of HACC while not inhibiting the progress of front end consfuction. Also

restrictions placed on construction procedures such as the time of release of the line-up can

be investigated for potential increases in the pace of consfuction (the major determinant of

construction cost).

J



Chapter I : Introduction

1.1 OBJECTTVE

The objectives ofthis work are to study the evolution ofthe temperature, sfess and hydrogen

concenfation that occur in the root pass of a pipeline girth weld during construction.

Furthermore, to investigate the influence of various process parameters and relate this

knowledge to the likelihood of FIACC.

I.2 SCOPE

This present study commences with the background behind the problem of HACC in pipeline

girth welds. The welding technique used is explained and the pipeline construction procedure

is described. The literature relating to:

. stress due to mechanical handling loads applied to pipelines,

. thermal modelling of the welding process,

. analytical, experimental and numerical calculation of residual stress in circumferential

welds and

. hydrogen diffi¡sion modelling of the welding process is reviewed.

The approach taken in this current study is to develop and experimentally veriff

comprehensive numerical simulations of the pipeline construction process and use these to

study the stress evolution experienced in a pipeline girth weld during pipeline construction.

The finite element method was used to calculate the thermal and the stress cycle due to

thermal (weld related) arìd mechanical loads which are applied to the girth weld during

4
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construction. It appears that this present study is the first time the stress cycle in a pipeline

girth weld has been analysed in a transient sense, which allowed consideration of the timing

ofthe process.

Numerical models of hydrogen diftision throughout the weld piece after welding are

developed, based on Fick's Second Law of Diffirsion. Modelling of hydrogen diffirsion

allowed consideration of factors such as pre-heating the near weld region and the effect of

the hot pass. The tansient evolution of hydrogen concentration \ryas able to be compared with

that of the temperature and stress in a typical girth weld. This facilitated a transient view of

HACC in pipeline girttr welds to be developed.
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HISTORICAL OVERVIEV/

2.I INTRODUCTION

Hydrogen assisted cold cracking is a phenomena that can lead to great expense when

constructing pipelines (Hart, 1999).In order for HACC to occur there are three essential

ingredients; ahard susceptible microstructure, a source of hydrogen and an applied stress'

All of these ingredients exist in the pipeline construction process.

By developing a thorough understanding of FIACC through the investigation of the evolution

of temperature, stress and hydrogen concentration that occurs in the pipeline girttr weld

during construction, the risk of HACC can be reduced. These days low alloy high stength

steels are used which are able to resist cracking even with a fully hardened microstructure.

Due to this evolution the focus of current research on HACC has been aimed toward

reduction ofresidual stress and hydrogen content.

It is virtually impossible to investigate the relevant pipeline construction parameters by

experimental means. For this reason numerical models of the construction process will be

6
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developed. Current pipeline consfi'uction procedures have mostly been developed using full

scale testing and past experience. If new materials such as high strength pipe, high strength

welding consumables are intoduced or if changes are made to the operational procedures

used, the impact on the potential for HACC cannot be fully predicted. With the use of

numerical modelling a more complete scientific basis for the construction procedures can be

developed.

2.1,1 Occurrence of Hydrogen Cracking in Girth Welds

From past experience it has been found that HACC is most likely to occur within the root

weld pass during front end pipeline construction. The girth weld is conventionally made

using cellulosic electrodes, which infoduces ahigh concentration of hydrogen into the weld

pool. The large thermal mass of the pipeline causes rapid cooling thus producing a hard

martensitic microstructure in the heat-affected zone (HAz).Applied stresses are produced

by transient thermal stresses in the weld and the lifting and lowering ofthe pipeline front end.

In the late 1960's the British Gas Corporation had to repair 10% of their girth welds due to

HACC in the heat affected zone (Phelp s, 1977). The problems experienced were largely due

to the lack ofpre-heating and the rapid cooling of pipes with large wall thicknesses. The rapid

cooling rate had the effect of not allowing the hydrogen, which was introduced into the steel

during welding, to diffirse out of the material before theHAZ had cooled.

7
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It has been reported by Hart (1999) that in the Middle East in 1970, probably the worst

accident to result from HACC in a pipeline girth weld in terms of human life occuned.

Seventeen men \ryere incinerated during pipe failure and explosion when pressure testing was

conducted with gas rather than water. The pipeline which was made of X60 24'42" diameter

with 0.5" wall thickness cracked and the gas was ignited. It was stated that, "The failure

investigation determined the initiating cause of the brittle fracture was an HAZ hydrogen

cracking in the root of a girthweldfrom an internal backweld repair made with a cellulosic

electrode,' (Hart, 1999 pp.4). It was explained that contributing factors \trere the high

hydrogen, low heat input welding process used for the root pass and failure to lay the hot pass

immediately after welding of the root pass.

Australia has also experienced problems with HACC such as during the construction of the

Moomba to Sydney pipeline tn I974 (Hart, 1999). The cost of the weld failures including

restitution costs but excluding external consequential costs was A$15 million, which in

todays terms is of the order of A$100 million as reported by Hart (1999)' The cause of the

HACC was athibuted to the pipe's "high carbon equivalent and poorerfit up" (Hart, 1999 p

5).

kr the UK during the 1 990's problems were experienced in thicker walled pipes. It was stated

that the contributing factors in that case were "the use of a compound bevel (the wall

thickness was l9 and 25mm) and the use of more alloyed consumables, selected to meet the

more stringent Charpy requirements of the heavier wall thickness" (Hart, 1999 p 5). It was

8
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explained that the compound bevel would "tend to increase the layer thickness and decrease

the interpass time for each layer, compared to the shallower layers in a wider vee

preparation" (Hart, 1999 p 5). This has the effect of reducing the amount of hydrogen that

can escape between passes and results in a higher residual concentration of hydrogen in the

near weld region.

HACC typically occurs due to the root pass that is laid during front end construction. While

there have been many other failures that have occurred due to HACC in other structures such

as in the failure of the Kings Bridge in the early 1960s (Mansell, 1994), this thesis is

primarily concerned with understanding how HACC that occurs during front end pipeline

construction can be avoided by strict procedural measures. Although many ofthese problems

are not experienced as frequently nowadays due to the development of more weldable steels,

an improved understanding is essential to maintain the effrciency of the process. Improved

knowledge of HACC in pipeline girth welds also increases the capacity to avoid such

problems recurring as the industry moves toward thinner walled and higher strength pipe in

the future.

2,1.2 Factors Influencing Transient and Residual stress

The two important sources of stress that are applied to a girth weld during pipeline

construction are:

those generated by externally applied loads from mechanical handling, and

9
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a those that are intemally generated from the welding thermal cycle.

The most significant external loads occur during the lifting and lowering-off operations,

which are partof conventional pipeline laying practice. The desire for increased productivity

often means that lifting takes place before 100% completion of the root pass around the fulI

pipe circumference. This clearly has implications for the stress levels applied to the welded

joint. The forward pace ofpipeline construction is important in terms ofpipeline construction

cost. Therefore after the root pass is completed the line-up clamps are immediately removed

and are used to line up the next length of pipe. The capping passes are completed later.

The stresses induced in the root pass during construction are due to the lifting and lowering

of the pipe, ovality in the pipe and thermal stresses caused during the welding of the girth.

The lifting stress occurs after the root pass is complete when lifting the front end of the pipe

in order to place skids under it for support. The relevant parameters influencing the stresses

from lifting are shown in Figure 2.1'

10
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Figure 2.1: Factors influencing the stresses due to lifting and lowering operations.

Thermal stresses occur as a product of the non-uniform expansion and contraction resulting

in local plastic deformation. Correcting any ovality in the pipe also produces stress since the

line-up clamps are used to round the pipe before welding the root pass. When the clamps are

removed the root pass is left under süess so ovality can affect the final residual süess field'

Alternatively the pipes are not rounded before welding and as a result mismatch occurs in

certain regions of the root pass. Mismatch results in stress concentrations in the root pass.

The features controllingresidual stress are shown inFigxe2.2.
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11



Chapter 2: Hislorical OverYiew

Figure 2.2:Factorsinfluencing the residual stresses induced in the pipeline girth weld.

2.1.3 Overview of Thesis

The tensile residual stress developed during pipeline construction, which is dependant on

process parameters, is the driving force behind the potential for HACC. By using numerical

techniques the influence of a large number of process parameters can be considered quickly

and cost effectively. Experimental measurement of transient and residual sffesses during

pipeline construction is diffrcult. In such a context, computer simulation is an extremely

useful tool. It allows the calculation of variables such as the transient stress which are almost

immeasurable experimentally and it may be used to provide a systematic evaluation of the

influence of process parameters.

Expansion I contraction /phase change

Geometry of structureMaterial Properties

Residual Stress

of materialHeat input

Restraint in surrounding structureDeposited bead volume and shaPe
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ln order to completely study pipeline construction, a 3D modelling approach is required.

Researchers such as Dong et al (2001) have conducted studies of 3D residual stress fields in

girth welded pipes using the finite element method, however such work has not been directly

related to the pipeline construction process. Studies of pipeline construction conducted in the

past have ignored 3D effects in favour of 2D axisymmetric models for the computational

speed they ofler despite obvious 3D influences such as incomplete root welds.

North et al (1981) carried out a full scale experiment where pipeline construction was

simulated while altering process parameters to determine what parameters led to HACC.

While this provided insight into the tendency for HACC, it would be useful to also know the

quantitative evolution of stress and hydrogen concentration, which are the fundamental

drivers of HACC.

Work by Higdon et al (1980) related the construction process to residual stress and HACC.

That work highlighted the impact of the construction process on the residual stress and

hydrogen cracking. However, they were unable to consider the process in a complete

transient m¿ìnner due to the computational cost. Many simplifring assumptions were

required due to the linear elastic modelling scheme used which prevented consideration of

some of the most influential process parameters.

In this study 2D and 3D numerical models of pipeline construction were created. To validate

these models, an experiment was conducted using the 'Blind Hole Drilling' technique of

13
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residual stress measurement. This experiment gave confidence in the numerical results

before embarking on a systematic study of process parameters'

Cellulosic electrodes have been fiaditionally used by the pipeline indusby and even today

they are prefened. This is because they allow robust field application with high productivity

and the cost of building a pipeline is directþ related to the speed of construction. Cellulosic

consumables introduce high concenüations of hydrogen into the weld metal so in any study

of HACC it is necessary to consider the evolution ofhydrogen concentration during pipeline

construction. In this work numerical models of hydrogen effirsion were used to obtain this

information.

After surveying the literature it appears that this investigation has been the first to analyse

the effect of process parameters on the transient stress and hydrogen concenffation with

regard to the complete construction process. Increased knowledge of the evolution of stress

and hydrogen concenüation which resulted from this study has allowed a clearer

understanding of the transient risk of cracking and hence in its control.
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2.2 MECHANICAL HANDLING LOADS

Any fusion weld will generate a residual stress field due to non-uniform conshained

expansion and contraction. However the resultant sfess field experienced in a pipeline girth

weld is influenced not only by the welding thermal cycle but also by the mechanical handling

loads associated with pipeline construction. For example the application and removal of the

line-up clamp and lifting and lowering of the front end of the pipeline while support skids

are prepared. Also mismatch of oval pipes can have the effect ofincreasing the stress induced

in the weld due to lifting of the pipeline.

2.2.1 PipelineConstructionProcess

The pipeline construction process is highly time dependant. The reason for this is that the

faster a pipeline can be constructed the lower the construction cost. Of particular concern is

the pipeline front end speed which is the pace at which the pipeline can be constructed with

only a root and a hot pass neglecting the capping passes as these are completed later by a

second welding crew. In Figure 2.3 a photograph of front end pipeline construction is shown.

A description of the welding process used and the timing of the construction operations that

are typically used in the field follow.
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Figure 2.3: Photograph of front end pipeline construction

2.2.1.1 Welding Process

In Australia the welding process generally used for pipeline construction is manual metal

arc-welding (MMAW) as shown in Figure 2.4. This process uses a covered electrode and an

arc is formed between the work piece and the electrode. The electrode is covered in a flux

which melts during welding, forms a slag on top of the weldment shielding it from the

atmosphere and prevents oxidisation of the near weld region. The electrode and flux

composition can be varied to allow a wide variety of materials to be welded using this

process. The method generally used for pipeline welding is known as 'Stovepipe welding''
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Fi gure 2.4 : Mantal metal arc-welding' Karlsson ( 1 9 8 6)

The 'stovepipe welding' process is favoured by the pipeline construction industry (Spiller'

lg70). 'stovepipe welding' involves two welders, welding in the vertical down position on

either side of the pipe. Welding in the vertical down position rather than in the vertical up

position allows much faster welding speeds to be achieved. The joint preparation that is

generally used is a 600 included angle with a 1.6mm root face and a 1'6mm root gap'

In the past rutile type electrodes were used for pipeline welding in the vertical up position.

tn this position these elecfodes produce acceptable welds as the fluid slag is left behind the

arc. As explained in (Spiller, Ig7}),when rutile type electrodes are used in the vertical down

position however the slag runs downward faster than the arc travels, flooding the arc, thereby

making welding in the vertical down position impossible. High cellulose electrodes are

generally recommended for stovepipe welding of pipelines as they allow welding in the

SOLIDIFIEO

h,ELD

BASE MATERIAL
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vertical down position. These electrodes produce a small volume of slag, a powerful arc and

a gaseous shield of carbon-monoxide and hydrogen allowing rapid changes of electrode

angle.

It was stated by Bailey et al (1993) that cellulosic electrodes contain a high moisture content

causing them to introduce hydrogen into the material and that the cellulose itself contains a

high proportion of hydrogen. This means baking the moisture out of the electrodes makes

little improvement in terms of hydrogen reduction as compared to low hydrogen elecftodes.

However if the hydrogen concentration was to be reduced it would alter the desirable

welding characteristics of the cellulosic electrodes such as reducing the weld penetration that

can be achieved. The use of cellulosic electrodes does however have implications in terms

of HACC.

During Stovepipe welding a number of different passes are laid. The first pass is known as

the root pass or the Stringer bead. This pass is carried out by using no weaving and the

electrode is pushed into the root of the joint, while holding the electode at an angle of 600

in the direction of travel. This ensures a small weldment bead and contolled penetration.

A hot pass is laid after the root pass ideally while the root pass is still \ryarm. An angle of 600

relative to the direction of travel is used with a short arc and a light drag with a forward and

backward motion. This is done to prevent any undercut or wagon tracks occurring as a result

ofthe root pass.

18
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Filler beads are then carried out with the elecfode initially 90o relative to the direction of

ffavel, however the angle increases to 1300 relative to the direction of travel at the 6 o'clock

position. A rapid weave is used while travelling from the 12 to the 4 o'clock position and an

up and down movement is used from the 4 to the 6 o'clock position. This is done to ensure

that the filler beads leave flat faces and avoid any weld undercut.

Sometimes only Stripper beads are required rather than Filler beads. Stripper beads help fill

the concave sections that occur in the 2 to the 4 o'clock position and the 10 to 8 o'clock

position. These beads bring the weld up flush with the pipe outer surface before the capping

passes are laid.

Capping passes complete the joint with the electrode initially angled 90o in the direction of

favel, however the angle increases to 1300 in the direction oftravel at the 6 o'clock position'

The tip of the electrode uses a lifting and flicking action with side to side motion and a

medium to long arc length. The capping bead is generally limited to a width and depth of

19mm x 1.6mm.

2.2.1.2 Timing of Events

There is a number of activities associated with pipeline construction. These activities include

preparing a right of way, joining of the pipe segments, covering the welds with a polymer

coating, diggrng a üench for the pipeline, lowering the pipeline into the trench, pressure

testing the pipeline and 'tying in' the joined sections. The rate limiting process however is
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front end welding. A typical front-end construction process \ilas outlined in Smart et al

(1995). The sequence ofevents are described in Figure 2.5.

The pipeline is supported above the ground on skids

during construction.

The line-up clamp is withdrawn from the pipeline

arìd clamped to the leading edge.

A pipe segment is brought from right of way and

is threaded over the line-up clamp. The gap

between the two pipe segments is adjusted using

wedges.

A root pass is welded using cellulosic electrodes

using two welders working in the vertical down

position.

The pipeline front end is lifted while a support skid

is prepared.

The pipeline front end is lowered onto the newly

prepared support skid.

Figure 2.5: Sequence of operations in pipeline construction. (Smart et al 1995)
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This process is designed so that the welders spend as much time welding as possible in order

to maximise the front end speed. There are possibilities however to further increase the front

end speed which have been identified by some researchers such as Smart et al (1995) and

Henderson el at (1996). For example, Henderson el at (1996) showed that if the line-up

clamp could be removed and the lifting and lowering off was conducted after only 50%

completion of the root pass, the cycle time could be reduced from 6 minutes to 4'5 minutes.

However, possible increases to the forward pace are dependant on the process parameters.

For example, if high strength pipe such as X80 or X100 were used the likelihood of HACC

may be greater and so a more stringent procedure may be required which could limit the

forward pace.

Henderson et al (1996) gave a schematic representation ofthe timing of the welding process

for a procedure using two welders, a 1007o completion of the root pass before lifting and no

removal of the line-up clamp until completion of the root pass as shown in Figure 2-6.
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Figure 2.6: Schematic representation of welding of the root pass by two welders at200mml

min on a DN350 pipe. The clamp is released after 100% root pass completion. (Henderson

etal, 1996)

2.2.2 Stress Due to Lifting Pipeline Front End

Lifting stresses are produced when the pipeline front end is lifted to place a skid under it for

support. During lifting the number of pipe lengths thatarclifted offthe skids depends on the

lift height as well as the terrain over which the pipe line is being constructed. While the

terrain causes some variability, most studies in the past assume the pipeline is being

constructed on flat ground. One such example is Smart and Bilston (1995)'

Smart and Bilston (1995) reported that the line-up clamps which align the two ends of pipe

during the welding of the root pass provide no moment against the lifting süesses that are

induced during the lifting and lowering operations. No reason was given for this assumption

other than to state, "It is clear that the clamp does not provide an ffictive moment
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connection between the pipes" (Smart and Bilston,1995 P6-3). They suggested that the line-

up clrimps should therefore be removed before this operation and joined to the new front end

to increase the rate of construction.

The effective moment connection between the pipes is also affected by the proportion

completed and location of the root pass. In the Figure 2.7 fhe section modulus is plotted

against the percentage of the root pass that is completed for different weld starting positions.

From this graph, the dependence of the section modulus on the weld starting position can be

seen. It was stated by Smart and Bilston (1995) thatif 707o of the girth is welded, the stress

in the root pass will beZ|%ogïeater if welding begins 20o after top dead centre rather than if

welding begins at 20o before top dead centre. They therefore suggested that a partially

completed root pass will not be significantþ more stressed than a fully complete root weld

provided that the weld segments are correctþ located.

Lifting the pipeline front end before the root pass was completed would have the benefit of

increasing the forward pace of construction and thereby reducing cost. Smart and Bilston's

(1995) justification for this was the section modulus is not greatly reduced provided that

certain portions of the root pass are welded. However, the lifting process often occurs while

the near weld region is at an elevated temperature. This has the effect of reducing the sftength

of the material in this region. Also it is known that stress concentrations occur at the weld

ends due to the welding thermal cycle, which will influence the resulting stress field. The
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simple analytical model used by Smart and Bilston (1995) to develop the results presented

in Figure 2.7 was unable to account for these eflects.

Figure 2.7: The variation of rate of development of section modulus with start position.

(Smart and Bilston, 1995)

pipe body stresses were calculated using classical beam theory by Higdon et al (1980). In

Figure 2.S(a) and Figure 2.S(b) the bending stress has been plotted against lift height for

different joint locations. The local geometry of the root passes has been ignored, however

these graphs show the joint which contains the greatest bending stress for a given lift height.

Joint 1 is closest to the front end, joint 2 is second from the front end and so forth. The
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bending stress versus the distance from the point of lift was also plotted as can be seen in

Figure 2.8(c).

It is assumed by Higdon et al (1980) that the pipe is lying on flat ground rather than on

support skids that are placed near each girth weld along the pipeline. Making this assumption

allowed simple analytical calculations to be made however the use of support skids would

cause the pipe body stress to be greater than is shown in Figure 2.8 atcettain liftheights. This

needs to be taken into account when considering the influence of lift height on the stress

induced in a pipeline girth weld. Another factor not taken into account is the variation in

terrain. For example when constructing a pipeline over a hill the lifting súesses will be

increased.

ln order to examine the interaction between lifting and lowering and residual stress, Higdon

et al (1980) took the analytic lifting stresses and superimposed these onto a residual stress

field as described later in Section 2.3.1.
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2.2,3 Experimental Analysis of Lifting Stress

Whilst no research has been undertaken to measure the stress in a girth weld due to the lifting

and lowering process, some work on simulating the lifting process to investigate the effect

oflifting and other process variables on the occurïence ofhydrogen cracks has been carried

out. An experimental test rig was developed by North et al (1980) in order to carry out full

scale testing of the pipeline construction process. North et al (1980) decided to produce a

fuI1-scale rig due to the large number of field variables, which make it very difficult to

produce laboratory techniques, which simulate the construction process.

The test rig consisted of two 6.5m pipe lengths, which were hydraulically loaded, in four

point bending. A series of tests were carried out whilst controlling the pre-heat, the holding

time, pipe misalignment (highJow at 6 o'clock position) and the equivalent lift height. The

pre-heat was applied using six external gas burners to a region approximately 150mm wide

on either side of the weld region. Typical results are shown in Table 2.1.
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A reasonably severe criterion was used to determine whether HACC would occur. For

example a 15 minute holding time was used, whereas in reality the pipe is only lifted for a

few seconds. North et al (1980) did however give an indication of the parameters required to

induce cracking. They concluded that provided no mismatch of the pipe segments existed

cracking was unlikely to occur and if considerable mismatch existed pre-heats of 75o-100oC

were required to avoid HACC. These days however mismatch is rarely a problem due to the

line-up clamp used. Also the stress induced in the root pass is increased by factors such as

incomplete root passes, which was not taken into account in this study.

The British Gas Corporation has also used full-scale pipe bending, to test pipe root pass weld

integrity. The procedure for the weldability testing which is outlined in Phelps (1977) is as

follows. Two pipes gteater than 10m in length have a root pass welded around the girth at a

starting temperature of OoC using celluosic electrodes. Then a third and a fourth pipe are also

joined by completing a root pass at a starting temperature of 20oC. Then one end is lifted to

simulate the lifting and lowering operations. The welds are mechanically tested and X-rayed

to see if they meet British Gas Specification PS/P2 'The Field Welding of Steel Pipelines'.

The welds are microscopically examined at a magnification of 250X in order to determine

the presence of cracking in the HAZ.

One of the major reasons the British Gas Corporation had for rejecting a weld was cracking

ntheHAZ. They found two types of cracking occurred; hydrogen-embrittlement cracks and

decarburisation cracking. It was found that hydrogen-embrittlement cracks generally occur
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on the inside surface of the pipe where the greatest stress concentration occurs. It was

suggested that a typical hydrogen concentration of 90mL per 1009 of weld was generally

required for hydrogen cracking to occur.

Henderson et al (1996) also investigated the effect of lifting the pipeline front end. They

measured the displacement across the root pass in the 6 o'clock position during the lifting

and lowering process. It was found that there was a greater displacement when the pipe was

lifted than when the pipe was lowered. This suggested that plastic deformation occurred at

the root pass in the 6 o'clock position which would have the effect of altering the final state

ofresidual stress.

The experimental methods which have been used in the past with regard to lifting and

lowering of the pipe have focused on whether it caused the weld to crack. It has been shown

that it can cause enough stress in the girth weld to induce cracking. However the manner in

which the lifting process actually alters the final state of residual stress has not been

demonstrated.

2.2.4 Ovality Stress

Ovality in the pipe can cause stress concentrations, which magnify the eflect of the lifting

process. Pipes have a specified allowance of lo/oovality in relation to the total diameter (Pick

et al 1982). Ovality sfiesses are also caused by the spring back of oval shaped pipes, which
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have been temporarily rounded by the line-up clamp. After welding is completed, additional

stresses are produced in the root pass due to the spring back ofthe rounded pipes.

Wiekerert et al (1984) used finite element analysis to investigate the increase in stress that

resulted from lifting ovalised pipes that have their major axis 90o apart as shown in Figure

2.g.ltwas found that the increase in stess that resulted was less than the stress induced by

the lifting and lowering process itself. North et al (1981) found that the stress concentrations

produced by oval pipes being joined without being rounded is greater than the residual stress

that is produced by rounding the pipes before welding'

Generally the use of a line-up clamp prevents any weld mismatch during pipeline

construction. It is worth noting that while there is potential for stress concentrations to be

produced due to ovality, consideration of ovality in studies conducted may have the effect of

giving an inaccurate view of the stress that exists in a pipeline glrth weld. This inaccurate

view is because the line-up clamp will generally remove any ovality during welding. Of

greater concern is the timing of the line up clamp release.
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Figure 2.9:T\emaximum pipe ovality occurs when major axes are at right angles.

2.2.5 Summary

It has been recognised by a number of researchers that the mechanical handling loads

influence the propensity toward HACC. This finding has been based on frrll scale testing and

limited numerical analysis. While experimental studies have demonstrated what

combination of parameters are likely to cause HACC, they do not allow a quantified

understanding of the phenomena. For example it is difficult based on limited experimental

data to estimate the variation in risk of HACC that may arise from, say a change in welding

heat input, an increase in pipe yield strength or a reduction in pipe wall thickness'

Numerical analyses are also made on many simpliffing assumptions. Many of these

simplifications are due to inability to create adequate 3D simulations and as a consequence
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these assumptions were unable to be tested. Using 2D residual stress fields from butt welds

and superimposing the results from analytic lifting models have some inherent limitations'

Some of these limitations include:

. it is assumed the lifting and lowering process has no effect on the final state of residual

stess,

. the residual stress field is assumed to be axisymmetic,

. material properties are not temperature dependant,

. the result of incomplete root passes and stress concentrations at the weld start and stop

position are ignored,

. the temperature of the material is assumed to be ambient during lifting.
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2.3 RESIDUAL STRESS

Residual s¡.esses are produced in welds due to non-uniform temperature gradient produced

by the heating and cooling of the near weld region during welding. As the near weld zone

expands and contracts it produces local stresses. Some of these stresses reach the yield

strength of the material and plastic deformation occurs. When the weld metal has completely

solidified, elastic unloading stresses in the elasto-plastic region lead to the development of

residual or internal stresses. To simply explain the concept of residual stress, consider the

case of a bar of elastic-perfectþ plastic material shown in Figure 2.10, which is restrained at

the weld ends using rigid platens.

When the bar is heated in the middle it expands producing a compressive stress, and

eventually it reaches the yield strength of the material (0-1). As the bar is heated further it

continues to expand, the stress induced in the bar could reached the yield süength of the

material and plastic deformation occurs (1-2). Then the bar is allowed to cool and contract

relieving the compressive stress. The unrestrained length of the bar is now shorter than it was

(due to the plastic strain that occurred during (1-2) causing a tensile süess in the bar to

develop as it cools (2-3). As the bar continues to cool the tensile stress in the bar reaches the

yield süength of the material and then plastically deforms until the temperature returns to

ambient leaving the bar with a residual tensile stress (3-4). The residual tensile stress

approaches the yield strength of the material. This same phenomena occurs during the
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welding process as the material expands and contracts at different rates due to temperature

diflerential in the material.

Restrained
at ends

oY +---

0
Temp

Bar is heated
and then

allowed to cool

1 2

Figure 2.10: A bar is restrained at the ends, heated in the middle and allowed to cool. It goes

through a sffess cycle, which leaves it with a tensile residual stress. (Wells 1953)

Extensive data is available on residual stress distributions in pressure vessels, however

comparisons of geometries and process effects are difficult due to non-uniformity of

materials and methods for determining residual stress (Scaramangas, 1984).

Chandra (19S5) conducted a review of the work in the field of residual stress in butt-welded

pipes. The paper considered analytical, experimental and finite elementtechniques including

the thermal modelling required for this analysis. His review is now some what out of date

however, as developments such as the use of 3D models have occurred since that review.

Another review was collated by Mohr (1996) relating to the influence of some parameters on

-oY
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the residual stress in circumferential welds rather than the modelling techniques themselves'

This review highlighted the large variability in results mainly due to the different welding

parameters used by different researchers. To address this problem this thesis will consider a

large variety of construction parameters while using the same model.

2.3,1 Analytical Residual Stress Models

\Mells et al (1953) developed a residual stress model for a butt weld in a flat plate. This model

used a heat flow model due to moving heat sources to predict a temperature disfibution in

the plate. The equations used to calculate the temperature distribution \ryere developed by

Roberts (1923) and were first applied to welding problems by Rosenthal (1935), however,

there were many simpliffing assumptions, which are summarised in Myers (1967).

The approach that is generally used when producing analytical models of residual stress in

circumferential welds was first undertaken by Vaidyanathan et al (1973). The method was

based on the previous work by Wells et al (1953) for a residual stress model for a weld in a

flat plate. Vaidyanathan et al (1973) proposed to consider the pipe as a flat plate, which had

been rolled into a cylinder. They used thin shell theory to evaluate the stess caused by the

deformation.

The direction of the principle stresses for the analory between a weld in a flat plate and a

weld in a cylindrical shell can be seen in Figure 2.11. The flat plate model predicts high
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longitudinal stresses near the weld, low longitudinal stresses away from the weld and

negligible üansverse stresses as can be seen in Figure 2.12. When these stresses are

transposed into the circumferential direction and the material is allowed to deform the

residual stress pattern changes. This is because the cylindrical weld and the region away from

the weld can displace in the radial direction. This has the eflect of reducing the hoop stress

to less than the longitudinal stress predicted by the flat plate model. The deformed shape of

a circumferential weld is shown in Figure 2.13.

WELD

WELD

Figure 2.11: Definitions of stress directions. vaidyanathan et al (1973)
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Figure 2.12:Typic¿l distribution of the stess parallel to the weld direction in a butt welded

plate. Koichi Masubuchi (1980)

Near weld region

Manner in which pipe distorts
due to welding residual stress

wall

Figure 2.13: The manner in which a tube distorts to relieve residual stresses due to circum-

ferential welding. Masubuchi ( 1980)

This model was useful in hightighting the residual sfess patterns to be expected in a

circumferential weld, at a time when computer speed inhibited the use of economical
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numerical solutions. Analytical solutions however do not account for temperature dependant

material properties and the efffect of phase fansformation'

Weickert et al (1984) used the anaþtical technique developed by Vaidyanathan et al (1973)

to calculate the residual sfess field in a cylinder. The results were superimposed with pipe

body lifting results as described in Section 2.2.2to calculate the resultant sffess due to lifting

and residual stress on the root pass. They looked at the resultant stress for two stress

concenfations in the root pass, which were labelled, region A and region B. These areas can

are shown in Figure zJa@) and Figure 2.14(b) and the stress due to lifting the pipeline front

end, the stresses due to ovality and the residual welding stress can also be seen.
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Figure 2.I4: (a) Residual, ovality and lifting sffesses (Region A). (b) Residual, ovality and

lifting stresses (Region B). Weickert et al (1984)

In Figure 2.15 the combined stress in regions A and B are plotted on the same axis. From this

graph it can be seen that for this size of pipe the lowest maximum stress was calculated to be

where the two lines meet at an approximate lift height of 30cm.
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LlfT HflaFl(Ftttt

Figure 2.15: Combined residual, ovality and residual stresses. Weickert et al (1984)

The residual stress field was created by taking a typical two-dimensional residual sfress field

in a flat plate (which is calculated analytically) and wrapping it into a cylinder. The stresses

due to lifting and ovality were then superimposed onto the residual stess field. Clearly this

approach does not account for the transient development of residual stress. It was assumed

that the final state of residual stress is unaltered by the lifting and lowering process since

simple linear elastic models were used (to superimpose the residual stress and lifting stress

results) which cannot simulate any plastic deformation.

Consequently part of the investigation carried out by the author of this thesis is to assess

whether the lifting of the pipeline front end does have an effect on the final state of residual

stress. In order to consider this, the mechanical handling loads that occur during construction
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need to be incorporated into a thermo-elastic plastic model of the complete construction

process. Other limitations of the work conducted by Weickert et al (1984) prevent

consideration of many important process parameters that affect the welds propensity toward

hydrogen cracking. For example, the timing ofthe liftingprocess, the heat input, the welding

speed and pipe and weld metal properties are among the many process variables not

considered in their work.

2.3.2 Numerical Residual Stress Models

Analytical models have been shown to produce results of a reasonable accuracy (Easterling,

I9g2). These models however are limited to single passes with welds of simple geometries.

Experimental methods of measurement are useful but are also limited as described later in

Chapter 4. Due to the complexity of the geomeüy of most welds, the ability to consider

effects such as latent heat of vaporisation and temperature dependant material properties,

finite element techniques have proved extremely usefril.

When modelling residual stress the approach that is generally taken is to use a numerical

thermal model to calculate a temperature history for input into a mechanical model. The two

models are assumed to be de-coupled. A typical procedure is given in Figure 2.16.
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Figure 2.16:Typical procedure used when numerically modelling residual stress.

2.3.3 Thermal Modelling

Residual stress, distortion and the reduction of strength in the near weld zoîe aÍe directly

related to the thermal cycle of the welding process. For this reason it is important in a
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numerical analysis of transient stress that the thermal cycle should be modelled accurately.

The calculation of the thermal cycle during welding can be achieved by considering the

process to be a transient thermal analysis with a moving heat source. The method by which

the heat source is modelled greatly aflects the accuracy of the thermal model. This is

important for both closed-form and numerical solutions.

The majority of work in this area has simplified the calculations by assuming that conduction

is the only means of heat transfer through the material. The calculation of the flow and heat

transfer in the welding arc is usually ignored and such phenomena are approximated. These

simplifying assumptions make modelling the welding process feasible. As stated in Davies

(1995), without these assumptions a complete model of the welding process would have to

include drag, gravity force, surface tension, elecüomaguetic forces, plasma pressure and

shear on the weld pool surface, buoyancy, impact force of the droplet, flow of molten

material carrying heat and momentum, radiation, conduction, convection, evaporation of

molten metal.

2.3.3.1 Heat Flow Equations

Solutions to heat flow equation applied to the welding process were first developed by

Rosenthal (1935). These are generally expressed as a heat flux:

HeatFlux :V! MJm-l
v

44
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where

n : Arc efficiency

V:Yoltage

1 : Current

v = Welding velocity

The differential equation of heat flow is:

Chapter 2: Historical Overview

(2.2)a2T . a2T . a2r ^n az
#- urt- ò; 

: 
"oã,.

where

Z : Temperature

x, y, z : Cartesian coordinates

/ : Time

l, : Thermal conductivity
Pco
c[

p : Density

c = Specific Heatp

c¡( = Thermal diffilsivity
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As the arc passes over the material being welded at a constant velocity, a constant

unchanging temperature field in relation to the welding arc develops. This occrurence allows

simplification of the analysis so that a temperature profile can be developed more

economically by using what is known as the 'quasi-steady state' assumption. Equation2.2

relates to a fixed coordinate system. However if x is replaced with ( where:

E: x-vt (2.3)

where

( : Position relative to moving arc

then a quasi-stationary temperature profile exists. This allows Equation (2.2)to be simplified

as shown in Equation (2.4).

(2.4)

Its difficult to make experimental measurements of welding temperature fields due to the

high temperatures experienced in the fusion zone. However in the past, measurements of

temperatures in the fusion zone have been made using embedded thermocouples. This

demonstrated that Rosenthal's (1935) analytic model and point heat source can predict

temperature distributions away from the fusion zone with good accuracy, however it is

limited for describing temperature distibutions in the fusion zone.

,U*.Yn.t*: -,wpe
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This inaccuracy in temperature prediction in the fusion zone is primarily due to the

assumptions made in order to develop an analytical solution. The material propefty data used

is assumed to remain constant with changing temperature and the latent heat due to phase

fansformation is ignored. The heat loss from the surface of the material is also neglected.

More refined heat source models are required to predict temperature distributions in the

region about the arc with reasonable accuracy.

Due to the simplifying assumptions required to develop closed form solutions which limit

their application to restricted scenarios, the process lends itself to numerical methods'

Numerical modelling allows the use of complex heat sources, complex material property

definitions and allows convection and radiation from the surface of the material to be

accounted for.

2.3.3.2 Heat Sources

The geometries that have been used to model the welding arc vary from point sources to

complicated shape functions depending on the application. Much work has been done on

modelling the geome@ ofheat sources.

Pavelic et al (1969) first suggested the idea of a distributed heat source. A disc model was

proposed that had distributed the heat flux ('Mm2) with a Gaussian distribution. In Krutz et

al (1978), Chong (1982), Westby (1968), Anderson (1978), Paley et al (1975) and Friedman

(1975) the disc model was combined with finite element analysis to produce temperature
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distributions which 'were significantly better than those calculated using the Rosenthal

(1935) point source analytic solution.

Goldak et al (1984) proposed a mathematical model for the geometry of a heat source. This

model uses a double ellipsoidal geometry with a Gaussian distribution of the heat flux. This

model has the advantage that the geometry ofthe heat source can be easily altered. It also has

the capability to model asymmetric heat sources such as strip electrodes. The result is

Equation 2.5.

Ø(x, Y, z) : q oe
-(A*'+ By'+ Cz2)

(2.s)

where

q :Heat generation/unit volume

x,/, z : Coordinates

Constants A, B and C are calculated so the total heat input is rlVI and the source decays to

5Vo of the peak value at the exfemities and x: ta, y -- !b, z: !.c. The geometric

parameters are shown in Figure 2.I7 as taken from Goldak et al (1984):

_J
2

v_
b2

+
)

L)
o

q(x, Y, z) e (2.6)

where
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q : Arc efficiencY

V:YoItage

1 = Current

a, b, c : Goldak's double ellipsoidal heat source geometric parameters

As it is a double ellipsoidal heat source, Equation (2.6) is used for both the front and the rear

sections of the heat source. This model has the advantage that the geometry ofthe heat source

can be easily altered. It has been suggested that the best results are obtained when the

ellipsoid size and shape are approximately equal to that of the weld pool. This heat source

model has been shown to produce accurate results for both shallow and deep penetration

welds.
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Figure 2.17: Goldak's double ellipsoidal heat source. Goldak et al (1985)

A closed form solution of Goldak's double ellipsoidal heat source has been developed by

Nguyen et al (2000). This has allowed increased accuracy of temperature field prediction

using analytical techniques. It is however still constrained to conduction only heat transfer

and the effect oflatent heat ofvaporisation cannot be accounted for.

Much work since 1985 has been carried out testing and evaluating Goldak's double

ellipsoidal heat source for varying welding processes and modelling techniques by a number

of researchers such as Mahin et al (1936), Weckman et al (1988), Mangon and Mahimkar

(1986), Terkriwal and Mazumder (1988) and Pardo and weckman (1988).
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While Goldak's heat source is still the most popular heat source used for welding simulation,

modifications to it have been made in the past to produce more accurate results in certain

welding processes. For example, Sabapathy et al (2001) modified the shape of the heat

source to account for the weaving action used during in-service welding on gas pipelines.

Also Nguyen et al (2001) developed what was described as a hybrid heat source. This was a

modification of the double ellipsoidal heat source in an attempt to increase the accuracy of

temperature predictions in relation to the depth of the weld.

2.3.3.3 Summary

A common simplification that is made in heat transfer analysis is the 'quasi steady state'

assumption. This allows efficient predictions to be made by only considering the one time

interval. This assumption is possible as the welding arc generally tavels at a constant speed

causing the temperature of the material to be constant in relation to the arc position away

from welding start and stop positions.

Both numerical and analytical methods of heat transfer analysis have been used in the past,

however modelling of the welding process is best suited to the use of numerical techniques.

This is primarily due to the ability to account for the effect of latent heat of vaporisation. Also

analytical models generally consider the heat transfer as conduction only and do not use

temperature dependant material properties.
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The accuracy of temperature field prediction in the region about the arc is higtrly dependant

on the type of heat source used. Some of the heat sources that have been used in the past

include point sources, disks, ellipsoids and double-ellipsoids. Although some researchers

have made modifications to Goldak's double ellipsoidal heat source, it still remains the most

popular heat source used for welding simulation today.

2.3.4 Thermal Stress Modelling of Welding

By de-coupling the thermal and mechanical models the complete temperature history

calculated can serve as input for the mechanical model. As the transient stress is calculated

the material properties are altered with temperature and effects such as phase ftansformation

need to be accounted for.

When modelling circumferential welds the approach that has been commonly used is to

assume the welding process is axisymmetric. This allows the use of 2D models which

significantly reduce the computation time. Although three dimensional models have been

used by some researchers, most work conducted to date has focused on the ability to achieve

3D simulations and efficient methods for doing so. Such work has also highlighted the ability

and deficiencies of 2D axisymmetric simulation.
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2.3.4.1 Transformation Plasticity

Transformation plasticity occurs during the phase change between austenite to banite and

martensite. During this change, the crystal structure of the material changes, and there is a

resulting reduction in material strength. This reduction in strength occurs during the

expansions and contractions that occur in the near weld region after welding, and allows

increased plastic deformation, producing an alteration in the residual stress field.

A number of anaþtical and numerical models have been developed for the calculation of

residual stresses due to welding. The numerical models generally include a thermal model

and a mechanical residual stress model. Friedman (I97 5) concluded that when creating such

models there are only estimated welding parameters so the accuracy of the model will be

limited. For this reason generally only simple finite element models were used rather than

more complicated elastic-plastic models. However more accurate material data and welding

parameters are no\ry available so effects such as transformation plasticity can be considered.

When creating numerical models of residual stress it is often difhcult to include the effect of

transformation plasticity. The literature generally agrees that the plasticity produced in the

material during the phase change from austenite to bainite and martensite does have an effect

on the residual stresses left in the heat aflected zone (HAZ). Josefson (1985) demonstrated

this by using the simpliffing assumption that the yield strength is reduced at the

transformation temperature as shown in Figure 2.18. The dotted lines show the alterations

made to the material strength curve which is used to simulate transformation plasticity.
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TEMPERATURE, oC

Figure 2.18: Temperature dependence of yield strength for C-Mn steel and the manner in

which the definition \ryas altered in order to allow for the effect of transformation plasticity'

Josefson (1985)

Later Oddy et al (1990) also demonstratedthe effect of transformation plasticity. In their

investigation three üansformation effects were considered. First, the effect of yield stress

hysteresis which is where the yield stress ofthe material changes during the phase change of

the material. This effect causes the relationship between yield strength and temperature to be

different depending on whether the material is being heated or cooled as shown in Figure

2.19
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HY80 YIELD STRESS vs TEMPERATURE

600

500

Æ0
6È

=ã goo
oo
at

200

100

0

0 100 200 300 400 500 600

Temperature (C)

700 800 900 1000

Figure 2.19: Yield süenglh verses temperature for HY80 steel, including yield hysteresis.

Oddy et al (1990)

Second, the effect ofthe volume change that occurs during the phase change from austenite

to bainite or martensite was considered. Oddy et al (1990) measured these volume changes

using dilatometeric measurements obtained from a Gleeble simulation. These volume

changes can be accounted for in the temperature dependant thermal expansion properties

which are specified in the numerical model.

Third, the effect oftransformation plasticity was accounted for. Transformation plasticity can

be described as plastic deformation that occurs during a phase transformation. It occurs

because as the structure of the crystal lattice changes during phase transformation the
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material loses strength. This phenomena was accounted for by introducing a dip in the

strength verses temperature curve at the transformation temperature which is similar to the

approach of Joseßon (1 985).

In the study conducted by Oddy et al (1990), yield stress hysteresis was found to have no

significant effect on the residual stress. However the effect of transformation plasticity and

volume change proved to be significant and better agreement with experimental results was

achieved intheHAZ and the fusion zone when these effects \ryere included.

2.3.4.2 Axisymmetric Models

Most analyses ofresidual sffess in circumferential welds to date have used 2-D axisymmetric

models. These models assume that the entire girth is welded simultaneously. They have the

advantage that they are computationally efficient while still providing a useful indication of

the residual stress produced. However it has been found by Rybicki and Stonesifet (1979)

and Brust et al (1981) that experimental stress measurements often do not agree with results

calculated with 2D models. This has been attributed to the effect of start and stop positions

of welding. This effect becomes more pronounced with factors such as incomplete root

passes, more than one weld being laid at a time and reversing the welding direction for

capping passes.

Rybicki et al (1978) produced an elastic-plastic welding simulation involving an analytical

thermal model, which served as input to a mechanical model and simulated two welding
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passes. Later Rybicki et al (1979) also developed models to simulate seven and thitty pass

welds with reasonable computational effrciency. These models however were limited by the

use of analytical models to develop a temperature history for the welding process. However

this method allowed multiple passes to be modelled which would have not been possible

otherwise due to the computational cost of 3D models.

Residual stress measurement and finite element models for the prediction of residual stress

in root pass welds have been produced by Suzuki et al (1986). It was found that inside the

girth weld of a pipeline, there are residual stresses that nearly equal the yield strength of the

pipeline material. The residual stress in a Lehigh slot weld test was found also to have a

residual stress close to that of the parent metal. Suzuki et al (1986) decided that this would

be a suitable test to determine the susceptibility of line pipe to hydrogen cracking.

An axisymmetric model was produced by Teng et al (1997), which considered a

circumferential weld completed in four passes. The results obtained summarize what is

known about residual stress patterns in girth welds. These results are well established and

demonstrate the ability of axisymmetric models to simulate three dimensional residual

stress fields. The results of the study conducted by Teng et al (1997) are given below:

. On the weld line a high tensile residual axial stress occurs on the inner surface and a

compressive axial residual stress occurs on the outer surface. Away from the weld cen-

tre line a compressive axial residual stress occurs on the inner surface and a tensile

aúal residual stress occurs on the outer surface.

57



a

a

Chapter 2: Historical OYerview

Thicker pipes have less axial residual stress and a larger tensile region.

The inner surface of the weld centre line has a tensile hoop stress and the outer surface

has a compressive hooP sfess.

Thinner walled pipes have higher tensile residual hoop stress than thicker walled pipes

and large diameter pipes have alarger zone of tensile stresses.

a

One of the deficiencies of axisymmetric models has always been the inability to simulate

welding end effects, however Dong et al (1997) and Edwards et al (1998) used axisymmetric

models in order to verify the experimentally measured result from a part-circumference weld

repair. It was found that even with only part of the circumference welded, an axisymmetric

model could still provide good agreement with experimental results away from the weld start

and stop positions.

One other example of an axisymmetric model used to good effect was in a computational

model produced by Zhang et al (1998) to predict the residual stresses in a girth weld in a

BRW core shroud. The weld used a vee preparation on both the inside and outside wall of

the shroud. This left the residual stress on the wall in tension near the surfaces and in

compression in the middle of the wall thickness. This demonstrates how useful results can

be developed using 2D models.

It could be said that 2D axisymmetric models are quite capable of analysing residual stress

fields in circumferential welds. While there are some limitations such as not being able to
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simulate weld end effects and an over estimation of the residual stress on the weld centre-

line they have been used successfully to research circumferential welds up to the present

time. They offer such vastþ faster computation times compared with 3D models and for

many types of analyses, such as multi-pass welding they are still the only practical means of

residual süess calculation.

2.3.4.3 3D Models

Some analyses however do warrant the use of 3D models despite their long solution times'

Some examples of residual stress modelling using 3D models are given below'

A fu1ly three dimensional transient residual stress model was compared with an

axisymmetric residual stress model by Karlsson (19S9). This model considered a single pass

girth weld. The three dimensional analysis used a thermal model of the welding process to

provide the temperature history for the mechanical model. The calculated hoop stress

however did not agree well with the measured data. Karlsson attributed this to the phase

transformation that occurred in the welding process, which was not allowed for in his model.

Karlsson et al (1990) later produced a model of a single pass girth weld, which did allow for

tansformation plasticity by reducing the yield strength at the fansformation temperature.

This did help approximate the residual sftess in the hoop direction. The material was also

assumed to be perfectly plastic when the yield strength was exceeded. The justification for

this assumption was that the plastic sfains accumulated before the final solid-state phase

transformation to a large extent are relieved during the transformation. In doing this
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comparison it was found that the results from the two models were similar and that ignoring

the start and end effects of welding, the results were almost rotationally symmetric in the 3D

model. It was also found that using a coarse mesh in the mechanical model yielded stress

values and shapes with reasonable accuracy when compared to finer meshes'

Two dimensional and three dimensional analyses of residual stress were also compared for

welds on flat plates by Mc Dill (1992). The results were compared with experimental results

found using X-ray diftaction. It was found that generally the 3D analysis approximated the

measured results, however the 2D models exaggerated the magnitude of the longitudinal

residual stress in theHAZ due to the plane strain assumption. The 2D models also failed to

capture the effect of the phase transformation on the near weld region.

Li et al (1995) made progress towards the production of a three-dimensional multi-pass

transient model. The temperature fields \ryere assumed to be axisymmetrically distributed

about the girth, which was in good agreement to the experimentally measured results, except

at the start and stop positions. The stress results were found to be also axisymmetrically

distributed about the girth, however this was not in good agreement with the experimentally

determined results found by X-ray diffiaction. It was concluded that better experimental

results were required to develop this model further.

Dong et al (1997) produced a 3D model using shell elements, which used a transient heat

sogrce. The purpose of this research was to demonstrate that using shell elements was a
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computationally-effective way to predict global stresses. The analysis was able to predict

stress patterns through the thickness of the weld region similar to that which had been

previously found using axisymetric models. The problems associated with the weld start /

stop positions that cannot be taken into account in axisymmetric analyses \ryere addressed

using a shell element model.

Dong et al (2001) compared the method of using 3D shell elements against a 2D

axisymmetric model and some experimental results. It was shown in the 3D model that the

residual sfess is not exüemely close to axisymmetric. However 3D models are useful as they

can provide prior knowledge of the region under consideration before an axisymmetric

model is produced. It was stated that the start and stop positions of the weld were largely

responsible for the disagreement in results between experimentally measured results and

axisymmeüic models.

A fuIl3D finite elementmodel of acircumferential weldwas carried outby Dike et al (1998).

The justification behind using such a computationally intensive analysis was that "three

dimensional analysis are required to achieve the correct structural deþrmations." (Dike et

al, 1998 pp. 961) Goldak's (1934) heat source was used in the finite element heat conduction

analysis using linear eight noded tetrahedral elements. The same mesh was also used in the

mechanical anaþsis. Use of 8 noded tetrahedral elements is acceptable in thermal analysis,

however, it is generally accepted that parabolic 20 noded tetrahedral elements should be used

when solving non-linear stress analysis problems. 8 noded tetrahedral elements were used
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however to enable transfer of the temperature history to the mechanical model without

interpolation and to reduce the number ofnodes and the solution time. X-ray diffiaction was

used to validate the models created. While the results from the modelling fell within the

experimentally determined results there was a significant scatterwithinthe X-ray diftaction

results.

From past research it can be seen that it is now possible to use 3D residual stress models

despite the computational cost. It is also clear however that while axisymmetric models have

some deficiencies they are still a very useful and effrcient method of residual stress

modelling. In summary if weld end effects are not important or if the analysis is highly

intensive then, axisymmetric models are still worth considering. Another potential path that

could be taken is the use of axisymmetric models in conjunction with 3D models as

suggested by Dong et al (1997).

2.3.4.4 Multiple Passes

Another benefit in the use of numerical models is the ability to model multiple passes.

Generally multiple passes are modelled using axisymmetric analyses due to the

computational intensity required. A number of studies have simulated multi-pass welding

but they are generally concerned with the modelling techniques themselves.

Work has been carried out in the past on determining the best and most efficient ways of

simulating multiple weld passes. For example some researchers such as Ueda and Nakacho
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(1932) looked at the mesh density requirements for multi-pass \ryelding simulation and the

effect of the nìrmber of passes on CPU time.

More recentþ the development of modelling techniques relating to the simulation of

multþle passes using the concept of lumped passes was described by Hong et al (1998)' This

technique involves lumping all passes in each welding layer in order to reduce the

computation time. It appears to be a useful way of simulating multi-pass welds efficientþ

and with reasonable accuracy.

Zhang et al (1997) used a 3D analysis with shell elements and assumed that they were

laminated. This allowed the researchers to consider multi-pass welds by adding filler metal

using element birth and death facilities provided in the ABAQUS software. The method

proposed was applied to a repair weld, which could not be modelled accurately using an

axisymmetric model.

Multi pass welding is generally required in pipeline construction to fill the weld groove. In

Radaj (Iggz)it is explained that the longitudinal residual stress in the first passes is generally

reduced by the layers welded over them. This is one reason for the reduction in HACC risk

that occurs after the hot pass is laid on top ofthe root pass. It is stated in Australian Standard,

Pipelines - Gas and liquid petroleum AS 2885.2-2002 that if the hot pass is not laid within

six minutes of completion of the root pass then the risk of HACC is greatly increased.
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Many researchers have created simulations ofmultiple passes using sophisticated techniques

such as element birth and death with 2D axisymmetric models. Itwould appear from the open

literature that 3D simulations of multiple weld passes using a transient heat source with the

addition of weld metal is yet to be achieved. While some researchers have been able to create

such models with single passes, current computing technology is yet to allow thorough 3D

simulation of multiple passes.

2.3.5 Effect of Process Parameters

A significant amount of work on modelling residual stress in circumferential welds has been

carried out to date. The pattem of residual stress in a circumferential welds is well

understood, however, a complete compilation ofresults demonstrating how the stress field is

altered by changing different process parameters is lacking. Some preliminary work has been

conducted and that which is stated in the open literature is given below.

There are some conflicting results published in the literature. For example, the influence of

pipe wall thickness and pipe diameter which was investigated frstly by Chrenko (1978) and

later by Rybicki et al (1982). Chrenko (1973) compared pipes of varying diameter with a

constant wall thickness. It was found that the tensile axial residual stress on the inside wall

in the HAZ was lower in the larger diameter pipes. Rybicki et al (1982) however found that

the axial tensile residual stress varied very little in thick walled pipes when considering the

radius to thickness ratio of pipes.
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Other effects such as the influence of yield strength of the material and the heat input have

also been examined in the past. Burst and Stonesifer (19S1) found that increasing the yield

strength resulted in slightly higher values of residual stress. It was also stated after examining

the effect of two different weld heat inputs that there was little difference in the residual

stress. However the higher heat input resulted in a gteater residual stress'

A summary of the residual stress in circumferential welds results which are available in the

literature up to 1995 was collated by Mohr (1996). The object of this stmìmary was to create

a method of predicting residual stress based on limited information. He found some trends

relating to wall thickness and pipe diameter, however the varied process parameters used by

different researchers caused variability in results.

Later Michaleris et al (1996) created a limited matrix of residual stress results which covered

variation in radius to wall thickness ratios, single and double V bevels and residual stresses

before and after hydrotest. Finite element models were used to develop these results' From

this work a method of predicting residual stess was developed in Mohr (1997) which was

based on what was believed to be the most influential parameters; the number of passes, the

wall thickness and the yield strength of the pipe material. This method was developed using

empirical relationships from results of finite element models. 'While this method provides a

less conservative way to predict residual stress than the existing guidance provided, it still is

avery conservative way of predicting residual stress. This level of conservatism is required
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due to the many important process parameters that were ignored and produced the variability

of results seen in Mohr (1996).

In a study carried out by Lin and Perng (1997) which considered the effect of welding

parameters on residual stress in type 420 martensitic stainless steel it was found that the

higher the heat input used when welding the greater the residual stress. They also considered

the effect of pre-heat on the residual stress. It was found that using higher pre-heat

temperatures could have the effect of increasing the equilibrium temperature and therefore

the heat input and cause increased residual stress. This highlights the complexþ of

considering the ef[ect of welding process parameters on the residual sfess.

Because of the complex influence of process parameters trends observed often need to be

qualified. It is this reason why investigation of process parameters specifically relating to the

pipeline construction process need to be considered.

2.3.6 Methods of Stress Relief

There are many methods available for the relief of welding residual stresses, including pre-

welding measures such as joint preparation, to process techniques like backlay welding and

post-weld treatments such as annealing. For a detailed description of many techniques for the

reduction of residual stress see Radaj (1992). This work is interested specifically in the
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reduction of residual stesses in circumferential \ryelds. Examples of studies into such

techniques are given below

Residual stress relief can improve the structural integrity of welded joints. It also can have

the effect of reducing the driving force for HACC. Different methods of stress relief have

been studied for use in circumferential welds such as pre-heating or post-heating the weld,

Last Pass Heat Sink Welding (LPHSW), Induction Heating for Stress Improvement (IHSI)

and backlay welding. Similar methods could be developed to reduce the residual stresses

experienced during pipeline construction.

Backlay welding is carried out in order to transform the tensile residual stress on the inside

surface of the pipe into compressive stress. This is done by laying a series of welds over the

girth weld in the axial direction. This has been shown by Brust and Rybicki (1981) to be an

effective way to completely eliminate any tensile stress on the inside surface of the pipe.

While this could be a useful process it would be impractical for use in pipeline construction

due to the additional time required to carry out such a process. Also it is an inefficient use of

weld metal.

Josefson (1932) considered the effect of post weld heat treatment (PWHT) on the residual

stress in a single pass girth weld. In this analysis a two-dimensional axisymmetric finite

element model was used. The effects of stress relaxation creep and phase transformation

were included. It was found that the optimal PWHT was when the weld is held at 575-600oC
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for l-2 hours, which would leave a residual stress of 80-110 MPa. It was also found that a

longer PWHT did not produce significantþ lower stress levels but did cause deterioration in

the material properties.

A technique that has been used in the past for relieving residual stress in girth welds is known

as Induction Heating for Stress Improvement (IHSI). This method involves creating a

temperature differential across the cylinder wall by using an induction heating coil around

the girth while cooling the inner surface with water. A redistribution of the residual stress

field results in reduced tensile stresses on the inside wall. This technique has been described

and investigated using numerical models by Rybicki et al (1980).

A similar method known as cooling süess improvement (CSI) was described by Li et al

(1993). The theory behind CSI is that after girth welding the weld can be treated by keeping

the temperature at the inside of the pipe cool and heating the outside to reduce the residual

stress gradient in the pipe in the through thickness direction. The concept was proposed as it

is known that the residual stress in girth welds generally are left with the inside surface in

tension and the outside surface in compression. While this method would be impractical

during pipeline construction due to the increased time required to complete the joint, it

demonstrates the type of methods available for residual stress relief.

Another similar method was modelled by Enzinger and Cerjak (1998) called Last Pass Heat

Sink Welding (LPHSW). This technique uses water flowing through the pipe as a high heat
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input final pass is laid to provide heating of the outside wall ofthe pipe. Cerjak and Enzinger

(1993) used a finite element model of LPHSW to consider its effect on the development of

residual stress.

It can be seen from the above examples of residual stress reduction strategies, that currentþ

available methods are unlikely to be used in the pipeline construction process. However

modification of the pipeline construction procedure could influence the residual stress

induced in the girth weld. There are a large number of process parameters and investigating

their influence may reveal how the residual stress can be minimised. By understanding the

influence of process parameters it is possible that residual stress reduction strategies could

be developed for the pipeline construction process.
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2.4 HYDROGEN DIF'FUSION MODELLING

Numerical analysis has been shown to be the most useful method of calculating hydrogen

concentration due to the rapid rates of hydrogen diffirsion and the complex geometries of the

welding process. Numerical anaþsis is deemed useful due to its ability to calculate hydrogen

concentrations in crack susceptible regions. Experiments have shown (Bailey et al 1993) that

the diffilsion of hydrogen through metals follows Fick's Second Law of Diffiision which, is

given below:

(2.7)

where

C : Concentration of hydrogen

V2 : Spatial distribution

/ = Time

d = Diffirsivity

When modelling hydrogen diffirsion the approach that has been taken by a number of

researchers such as Chew et al (1975) and Anderson (1980) is to model the hydrogen

diffr¡sion using Fick's Second Law. While this has allowed a quantiøtive view of hydrogen

difüision through weldments it was recognised by McNabb et al (1963) that there are

# = dv2c
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hydrogen-tapping sites, which exist in the material. McNabb treated these trapping sites as

uniformly distributed potential wells of significantly greater depth than those in regular

regions of the crystal lattice. Chew et al (1975) also developed a similar model, named a

'void model' to account for the effect of hydrogen trapping.

Goldak and Zhang (1991) used a numerical method of calculation that uses the chemical

potential of hydrogen as the driving force for diffirsion. More complex models have been

developed such as that of Anderson (1980), which include the trapping effects modelled by

McNabb and stress assisted diffirsion. There is however a lack of consistent values in the

literature regarding the quantity of diffirsion retarding traps or the density of diffirsion

accelerating dislocations in weld metal. Because of this it has been suggested by

Boellinghaus et al (1995) that for a quantitative analysis of hydrogen concentration models

simply based on Fick's second Law are advisory.

Some progress has also been made toward modelling the effect of the hydrogen content on

the propagation of a crack. A simple hydrogen assisted cracking model has been developed

by Boellinghaus et al (2000) which considers only the local hydrogen content, local

mechanical load and local microstructure. The scheme developed appears to be a reasonable

approach to model HACC, however it requires further development to become a useful tool

for prediction purposes.
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2.5 GAPS IN CURRENT KNO\ilLEDGE

From the literature surveyed it is apparent that there has been alatge amount of work carried

out on welding residual stress including residual stress in circumferential welds. The

majority of numerical work in this area has been carried out using two-dimensional

axisymmetric models. These models have been shown to produce results of reasonable

accuracy however they are unable to consider the welding start and stop positions.

Some numerical 3D circumferential residual welding stress literature has been published

however this has served more to point out the capabilities and deficiencies of the

axisymmetric models, which have been used in the past. There is now opportunity to apply

these techniques to increase the knowledge of stress evolution during the pipeline

construction process.

The effect of the lift height has been recognised in relation to residual stress by Higdon et al

(19S0). They considered it with the use of a combination of analytical and 2D-axisymmetric

numerical models. The numerical models that were used however \ryere not thermo-elastic

plastic models but a simplified residual stress model where a 2D longitudinal residual stress

field in a flat plate was \ryrapped into a cylinder and allowed to deform. This ignores the 3D

effects, phase fansformation, elevated temperature of the material and the transient stress

during construction. It also makes the assumption that lifting has no effect on the final state

of residual stress. There is opportunity to consider the effect of a number of process
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parameters on the residual stress. For example the timing of the lifting process during

construction.

There has now been much research done on modelling of hydrogen diffrrsion due to the

welding process. This has advanced from models simply based on Fick's second Law of

diffirsion with an initial hydrogen concentration, to models based on the mass transfer

equation coupled with heat transfer models and thermo-elastic-plastic models with hydrogen

traps.

There is an opportunity to now consider the transient temperature, stress and hydrogen

concentration during pipeline construction. A transient view of stress, temperature and

hydrogen concentration would allow an understanding of the transient risk of HACC which

until now has been reported but not explained.
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2.6 RESEARCH PROBLEM

The overall objective of this research is to produce a transient numerical simulation of

pipeline fabrication using finite element modelling techniques. To relate the knowledge

gained by modelling pipeline construction to reduce the possibility of HACC. To simulate

the construction process, the stresses due to lifting of the front end, the temperature cycle and

the thermal welding stresses and the tansient hydrogen concentration needed to be

considered.

The key features required are:

. To model the stress induced in the root pass of a girth weld due to lifting and lowering.

These stesses are dependent on the height of lift, the geometry of the root pass and the

temperature field within the root pass.

. To undertake a transient heat fansfer analysis of the near weld region which will pro-

duce temperature history for the material during the construction process. This is

important, as the material properties of steel (such as strength and thermal conductiv-

ity) are temperature dePendent.

. To produce a fiansient thermal stress model using the temperature history previously

derived in the heat transfer analysis.

. To effrciently combine the transient thermal stress and lifting models to simulate the

complete construction Process.

74



I

a

Chapter 2: Historical OYerview

To experimentally verit/ the residual stress model developed and to indicate the level

ofaccuracy that can be exPected.

To vary the process parameters (such as the timing of the process, welding speed, per-

centage completion of root pass before lifting etc) to:

-demonstrate how a residual stress in the root pass can be minimised. This will

have the effect of reducing the likelihood of HACC'

-increase the forward pace of construction which is the limiting factor in

reducing the cost of pipeline construction.

create a transient hydrogen diffiision model of the welding process.

Combine the knowledge of the evolution of stress, temperature and hydrogen concen-

fation to explain the tansient risk of HACC which can be used when designing con-

struction procedures.
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2.7 JUSTIFICATION OF WORK

While it has been recognised by some researchers that lifting of the pipeline front end

(Higdon et al, 1980) and other process variables have implications for the residual stress

experienced in gtrth welds, it has not been possible until now to consider their effect in a

transient manner. The timing of events has a significant effect on the stress and hydrogen

concenfiation. For example, if a number of forces are applied to an object simultaneously it

could result in plastic deformation, while ifthese forces were applied one at a time the object

would only be elastically deformed.

Consider the analory of a bridge which has a capacity to support ten people. If fifteen people

walk across the bridge simultaneously the bridge may collapse. However if they walk across

one at a time the bridge will not fail. Therefore in order to know whether the bridge will

collapse when fifteen people try to cross, the timing of each person crossing needs to be

known.

With the current push toward thinner walled higher strength pipe to reduce construction

costs, avoidance of HACC is of increased importance. If it is possible to safely use X80 or

X100 pipe there is a significant material reduction in the pipe tonnage required per unit

length of pipeline. The use of higher strength pipe may increase its susceptibility to HACC

making the pipeline more vulnerable to the existence of hydrogen cracks.
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The major determinant of pipeline construction cost is the speed of front end construction'

There have been various methods proposed by other researchers in the past which could be

used to improve the efficiency of the process, however these methods generally place the

pipeline at greater nsk of HACC. Further investigation is required in order to determine what

improvements can be safely made.

The cost of shutting down a pipeline which supplies gas to a city to repair weld defects could

run into millions of dollars. There is also the risk of loss of life in the event of an accident.

Due to the high cost of failure it is extremely important to have a good understanding of the

potential for HACC. This thesis aims to address these issues.
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CONSTRUCTION MODELLING

This work seeks to determine the effect of process variables on the development of residual

stress in the region of a girth weld during pipeline construction. It is intended that by

minimising the welding residual sfiess, the possibilrty of HACC is reduced. The method

undertaken to carry out this research has been to create numerical models to map the thermal

and stress cycle of the near weld region. The models described in this chapter are compared

and verified against experimental results in Chapter 4. The experimental results described in

Chapter 4 indicate the accuracy that should be expected from residual stress measurement.

The experimental work conducted as part ofthis research gave confidence that the numerical

models have the ability to predict residual stress trends due to certain combinations of

process parameters.

While studies of thermal stresses induced in the near weld region of circumferential welds

have been carried out by a number of researchers before such as Karlson (1989), the studies

have always been on models of only the near weld region. This has been an acceptable

approach as it is well known that the residual stresses induced in the near weld region fall

away to zero only a short distance from the weld centre line. With pipeline construction

78



Chapter 3: Construction Modelling

however the front end of the pipe is lifted a long way from the weld which induces a stress

on the weld. In order to incorporate both these effects into the one thenno-elastic-plastic

model to avoid inaccurate assumptions such as made by Weickert (1984) would require a

mesh of such proportions that computation would be prohibitive. For example Weickert

(19S4) assumed that the lifting and lowering process had no influence on the final state of

residual stress. In this thesis a sub-modelling technique has been developed to simulate the

influence of the lifting process onto a model of only the near weld region. This enabled the

efficient use of computing resources while avoiding inaccurate assumptions such as

superposition.

The process used to model pipeline construction in this thesis is as follows. Firstly a'Lifting

Model'was created which calculated the stress induced in the root pass due to the lifting and

lowering process without considering the effect of the thermal cycle. Then a 'Thermal

Model', based on Goldak's double ellipsoidal heat source was created to calculate the

temperature history of the near weld region. This temperature history was used to calculate

the transient stress due to the welding thermal cycle. A model of the clamping process \ryas

created to examine the effect of the internal line-up clamps. The eflect of the lifting process

was simulated onto a model of the near weld region using the sub-modelling technique

developed and the results were compared with those of the fult pipe model. These extemal

mechanical loads were applied to the thermal stress model ofthe near weld region to simulate

the complete construction process. A schematic ofthis calculation scheme is shown in Figure

3.1.
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HEAT TRANSFER BOUNDARY CONDITIONS
FORTRAN program which applies heet generetion

boundary conditions to simulate the welding arc

THERMAL MODEL

Heat transfer analysis of
the welding of the root Pass LINE-UP CLAMP MODEL

Stress analysis of the
operation of the line-uP clamP

LIFTING MODEL

Stress analysis of the lifting
of the pipeline front end

EXTERNAL PROGRAM

FOR'lRAl.l program whieh collects deta from
earlier models and 6slculate8 boundary
condtions for a model of ths complet6

coostruct¡on procegs

CONSTRUCTION MODEL
Stress analysis including the effects of
lifüng the pipeline front-end, the l¡ne-up

clamp and the welding thermal cycle

Figure 3.1: Schematic diagram of modelling procedure.
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3.1 LIF'TING MODELS

To analyse the stress in the root pass of a girth weld due to the lifting and lowering operation,

stress models of three pipe lengths with a refured mesh in the region of the root pass were

produced. While these models gave an indication of the stress induced in the root pass due

to the lifting and lowering process, they ignore the effect of the thermal cycle on the

evolution of stress in the weld. For this reason a modelling stratery has been developed

which allows the efücient and effective modelling of the lifting and lowering process.

Non-linear stress models were created and results were produced with relative computational

ease considering a mesh of three pipe lengths with 25000 nodes was used. The solution time

was reasonably quick due to the relatively few time steps that are required when the thermal

cycle is considered not to change. The temperature cycle is assumed not to change as the

lifting and lowering process occurs within a few seconds so the change in temperature during

this time interval is insignificant. The temperature field in the near weld region at the time of

lift was included as it influences the strength of the material.

In the past Higdon et al (1980) and North et al (1981) calculated the bending stresses due to

lifting the pipeline front end. They assumed that the pipeline lay on a solid foundation,

ignoring the existence of the support skids placed at the end of each pipe segment. This

allowed calculation of the bending stresses using simple analytical techniques.
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ln this study pipe lifting was modelled so that the pipe was able to contact and break contact

with the support skids when the front end is lifted and lowered off. This approach allows

calculation of the pipe bending stress with height which cannot be taken into account using

analytical techniques.

3.1.1 Nominal Dimensions

For the purpose of setting up the modelling procedure a generic pipe size was selected. The

lengths of the pipe segments \ryere assumed to be 1 2m in length, 3 00mm in diameter and have

a wall thickness of 6mm. The joint preparation that was used for the root pass was a 600

included angle with a 1.6mm root face and a 1.6mm root gap. The height of the root pass was

taken to be 4mm. These nominal dimensions were used to set up the modelling procedure but

dimensions and other process parameters were varied during the investigation described in

Chapter 5.
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30"

6mm1_+r

Figure 3.2: Nominal dimensions used for the joint preparation.

3.1.2 Simulation of SuPPort Skids

ln finite element methods, when simulating objects which contact or break contact during

deformation, measures need to be taken to communicate their positions otherwise meshed

bodies will effectively glide through one another. One method is to use special elements to

bridge the gap, often known as contact elements. Contact elements effectively operate as a

non-linear progressive spring between two nodes on each side of the potential contact zone.

When modelling the lifting of the pipeline front end, contact between the pipe body and the

skids need to be simulated. However during lifting, the gaps between the pipe and the skid

that require bridging are large and this can produce solution convergence problems.

Therefore an alternate methodology was developed.

1.6mm
I
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Initially a model \ryas run which excluded the skids. This allowed the free displacement of

nodes in the location of the skids to be determined. rWith the introduction of the skids this

free displacement is constrained. This constrained motion can then be calculated and forced

as a displacement verses time boundary condition. A boundary condition was created, which

mimicked the displacement of the pipe in the region above the skid but did not allow it to be

displaced below the level of the support skid before and after the lift. This technique required

that the solution was re-run as each skid was simulated by the displacement boundary

condition until all skids were simulated up to the front end. The maximum number of skids

the pipe is lifted off, is two, which occurs during an extreme lift case. Therefore simply

restraining the pipe where the third support skid was placed simulated all other skid contact

further away from the pipeline front end.

In Figure 3.3 the deformed shape of the pipeline front end during lifting and lowering is

shown for two scenarios. The first is where the skid closest to the front end is both present

and absent and the second where the skid closest to the front end is there to support the

pipeline when it is lowered.
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Lifr Height = Omm Lifr Height = Omm

Lifr Height = 300mm Lifr Height= 300mm

Lift Height = 600mm Lifr Height = 600mm

Figure 3.3: The undeformed pipe is shown in red and the deformed pipe is shown in blue.

On the left side, the lifting process has been modelled without the skid closest to the front

end and on the right the lifting process has been modelled with the skid closest to the front

end. The distortion of the pipe has been increased by a factor of 5-

In Figure 3.4 the pipe body sfess for a given liftheight at the 6 o'clock position on the inside

wall at the joint closest to the pipeline front end is shown. The result published by Higdon et

al (19S0) which assumed the pipe lay on a solid foundation and the result found in this study

by including the support skids in the analysis is given. It can be seen that when the pipe is

lifted off the second support skid the stress rises rapidly. This would suggest that when

speciffing a maximum lift height in a construction procedure, the number of support skids

the pipe is lifted offshould also be specified.

85



Chapter i: Constuction Modelling

60

50

loog
th

830
Þg,

àzo
oo
o,9 to
È

is lifred ofi
second skid

- 
Including skids

- 
H¡gdon et al (1980)
not including skids

0

100 200 300 400

Lift Height (mm)

500 600 700

-10

Figure 3.4: Graph of axial pipe body stress verses lift height for the 6 o'clock position on

the inside wall at the joint closest to the pipeline front end.

While this anaþsis is useful for determining the pipe body stresses that are experienced due

to lifting the pipeline front end, examining the resultant stress in the near weld region would

give an incorrect interpretation of the stresses. This is because the stress due to the welding

thermal cycle are not taken into account. It is for this reason that a sub-modelling technique

was developed.

3.1.3 Sub-modelling the Lifting Process

To accurately model the construction process the effect of the welding thermal cycle also

needs to be considered. The thermal and stress models required to simulate this process are
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time dependent and require that short time steps be used in order to achieve convergence.

Due to the computational intensity required it is almost impossible because of excessive

computation time to consider a full pipe mesh for these models. To overcome this dilemma

a sub-modelling technique was developed in which the stress due to lifting was applied onto

a mesh of only the near weld region. The bending loads induced in the pipe during lifting and

lowering is simulated onto a sub-model as shown in Figure 3.5. The forces used in the sub-

model were calculated from the pipe body stresses in the previously generated pipe lifting

model.

Force

Time

Figure 3.5: Forces applied to sub-model to simulate stress in the root pass due to lifting the

pipeline front end.

The sub-model produced uses the same mesh geometry in the near weld region as the fuIl

pipe model. The stress results at the nodes in the full pipe model where the forces are to be
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applied were resolved into the longitudinal direction and the forces were calculated. To test

and validate this approach it was verified that these forces produced very similar stress

results on the sub-model as was produced on the near weld region using a full pipe model as

demonstrated later in Section 3.1.5.

3.1,4 Calculation of Forces to Simulate Lifting

The stress at each node on the boundary of the sub-model was transformed into a force using

an extemal computer program (Fortran program separate from the FEA software) that was

written to calculate and apply forces to simulate bending due to the lifting and lowering

process. The program strategy was as follows:

o

I

a

The coordinate positions, coordinate identification numbers and component stresses

arereadinto the program from the output file of the full pipe lifting model.

The coordinate positions and node identification numbers are read in to the program

from a file containing the mesh geometry data to be used in the sub-model.

The nodes in the fuIl pipe model are then scanned through to find which ones share the

same coordinate position with those in the sub-model. These nodes are then placed

into an array.

The süesses on these nodes in the longitudinal direction are then used to calculate the

forces to be applied in the sub-model.
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These forces and their coffesponding node ID numbers are then written out into an

external file.

This external file is then read into the sub-model as boundary conditions.

The nodes in the cross section are evenly spaced and each node on the inside diameter

represents the same amount of area as every other node on the inside diameter. Similarly the

nodes on the outside diameter represent the same amount of area as every other node on the

outside diameter. In the cross-section where the forces were applied the nodes were spaced

regularly around the girth as shown in Figure 3.6. The nodes on the outside diameter cover

a greater area than those on the inside. Therefore the nodes on the outside require

proportionally larger forces to produce the intended pressure. A multiplication factor was

produced to allow for this difference in area between the inside and outside nodes.
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Figure 3.6: The nodes in the pipe cross section where the forces are applied were evenly

spaced.

where

The multþlication factors used to proportion the forces applied to the nodes on the inside and

outside surfacss of the pipe were calculated using the following equations'

MFin,id": 2x(rTì (3.1)

MFouts¡de: Zx(rft) Q.2)

MF = Multiplication Factor
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l, = lnside area

,4o : Outside Area

The areas were assigned to the inside and outside nodes as follows.

'1., 
: nçn?^- n!¡

A": n(R?,-RI)

where

R, Inside radius of PiPe

Rm Meanradius of PiPe

Ro Outside radius of PiPe

The force applied to nodes to simulate bending was then calculated using Equation 3'5

(3.4)

(3.3)

F, = MF(9":A) (3.s)

where

A

n

F, Force onnode

on Stress on node

Cross-sectional area of pipe

Number of nodes in cross-section
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3.1.5 Verification ofSub-modellingTechnique

In order to verifr this sub-modelling technique the calculated bending stresses induced by

lifting on the near weld region from a sub-model and the ñrll pipe model were compared. It

can be seen by comparing the stress fields for the fuIl pipe model in Figure 3.7 andthe

submodel in Figure 3.8 the two models are not identical. This variation is due to the forces

which are applied in the sub-model to simulate a pressure. This variation is caused by

induced stress concentrations which occur in the sub-model at the loaded nodes.

Figure 3.7: Von-Mises stress (MPa) field results from fuIl pipe lifting model during a maxi-

Rffi
#"0
ROTY

0.0. .

RUU
+¡

mum lift of 600mm
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Figure 3.8: Von-Mises stress (MPa) field results from a sub-model of the lifting pipe model

during a maximum lift of 600mm.

The effect of these stress concentrations can be seen by considering a larger submodel' The

forces, which were being used in order to simulate bending were applied on nodes so a

fairly uneven pressure was applied to the sides of the sub-model. This pressure starts to

become more evenly spread away from where the forces are applied. This follows Saint

Venant's principle, which states that for the purpose of computing the stresses in a

structural member it is possible to replace a given loading for a simpler one. This is

provided that:

. The actual loading and the loading used to compute the stresses must be statically

equivalent.
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Stresses cannot be computed in this manner in the region where the loads are applied.

Therefore by creating a larger sub-model the simulated pressure becomes more uniform in

the near weld region as it is further away from where the forces are applied. The result of this

is shown in Figure 3.9.

Figure 3.9: The Von-Mises sfess (MPa) in the near weld region produced by a larger linear

elastic sub-model.

In Figure 3.10 the Von-Mises stress vs distance from the weld cente line at the 6 o'clock

position on the inside wall is plotted for the small sub-model, the large sub-model and the

full pipe model. In the region close to the weld cenüe line (the area of interest) the stress
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results agree closely however in the region where the forces are applied the results vary

significantly. The difference in the results shown in Figure 3.10 is due to a phenomenon

known as St Venant's Principal (see page 92).

70
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¿
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Figure 3.10: The Von-Mises stress vs distance from the weld centre line at the 6 o'clock

position on the inside wall for the small submodel, the large sub-model and the full pipe lift-

ing model.

Using a largt sub-model did help to move the sfess concenfiations that occur where the

forces are applied further away from the near weld region. These sfess concentrations

however only produce an anomaly in the region where the forces are applied and not in the

root pass which is the area of interest.
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The lift height of the pipe is a fairþ approximate measure as it varies with each lift depending

on the terrain and other factors. For this reason it is not necessary to model the magnitude of

the lifting stress exactþ so long as the shape of the stress field is reasonably approximated,

which it is. It was concluded therefore that the sub-modelling technique approximates the

lifting and lowering process adequately on a sub-model of only 60mm in pipe length.

3.1.6 Lifting Model Summary

The models created to simulate lifting and lowering of the pipeline front end were three

dimensional. It is possible to create axisymmefic models of the lifting process by using non-

axisymmetric loads provided linear elastic anaþsis is used. The FEA solver 'NISA' does not

allow non-axisymmetric loads to be applied to axisymmetric models when using a non-linear

solution (as is required for thermo-elastic-plastic analysis). For this reason an attempt was

made to simulate lifting at the bottom dead centre of the pipe due to the bending of the pipe

by applying a tensile pressure of the order of the pipe body sftess during lifting thereby

placing the cylinder under tension. The stress field created over estimated the stress induced

in the near weld region, so it was evident that lifting could not be accurately simulated onto

axisymmetric models of the complete construction process.

ln order to model the complete construction process the mechanical handling loads due to

the lifting and lowering of the pipeline front end need to be considered in conjunction with

the thermal loading induced by welding. While it has been demonstrated in the past that
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reasonable thermal stress prediction is achievable using axisymmetric models, the effect of

lifting and lowering cannot be accurately simulated with them. This is made even more

difficult when combined with incomplete root passes as is commonly the case during

pipeline construction.

It has now been shown that the sub-modelling concept is capable of simulating the bending

force due to lifting on the root pass with reasonable accuracy. This provides great benefits in

terms of computational efficiency, which is essential in order to produce a complete 3D

simulation of the construction process.

Previous work done by Higdon et al (1980) produced a 2D axisymmetric linear elastic lifting

model and superimposed the results onto a residual stress field calculated using analytical

techniques. That approach assumes the pipe is at ambient temperature and the residual stress

is fully developed before lifting. It is known that often this is not the case since the pipeline

front end is lifted immediately after welding to maximise the pipeline front end speed, so

lifting occurs before the weld is completely cooled and before the residual stress field is fully

established. It also assumes that no plastic deformation or changes to the final stress state

occur due to the lifting and lowering process.
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3.2 THERMAL MODELS

Welding residual stresses, which occur due to the non-uniform expansion and contraction of

weld metal during the welding process need to be considered in order to accurately model

the stress cycle of the root pass during construction. To calculate these transient sffesses a

temperature history is required. This temperature history was developed using a transient

heat transfer analysis. Both three dimensional and axisymmetric models were created and

compared. While 2D models are not appropriate for consideration of the lifting process they

are extremely useful for looking at factors such as welding heat input and varied pipe

geomeûy due to the computational speed they offer.

3.2.1 Transient Solution

The quaslsteady state assumption considers the weld piece a fluid of high viscosity, which

flows below a stationary arc at the welding velocity. The viscosity of the weld piece is taken

as an arbitrarily high value so that it is effectively a solid. This means if the weld piece is

infinitely long a steady state condition occurs so that any point in a constant position relative

to the arc remains at a constant temperature. Any point relative to the weld piece however

does not remain at a constant temperature so it cannot be described as steady state hence the

term 'quasi-steady state'. The quasi-steady state assumption in thermal modelling has the

advantage that a solution can be obtained far more quickly than in a transient model.
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Because the welding arc (the heat source) does not move relative to the mesh the 'quasi-

steady state' assumption also has the advantage that mesh refinement is only required in the

region about the arc itself. In transient models however the arc does move relative to the

mesh so mesh refinement is required for the entire length of the weld. The additional nodes

and time steps required to achieve this result in a major increase in computation time for a

transient analysis.

Quasi-steady state models can be used to provide a temperature history as the welding

velocity and the location of the nodes relative to the arc are known. There are cases however

when quasi-steady state models cannot produce adequate results. One such case is where a

temperature history is required for the weld start and stop positions.

In the modelling of the front-end construction of pipelines generally incomplete root passes

are laid in order to maximise the forward pace. For this reason modelling the welding start

and stop positions is important. Hence fansient thermal models are used.

3.2.2 Boundary Conditions

A transient heat transfer analysis is used where the arc is modelled using a heat source

applied to the region where molten metal exists. The details of the heat source used are

discussed later in Section 3.2.4. Heat is lost from the weld piece via both radiation and

convection. The emissivity of the material is assumed to be 0.9 as recommended for hot
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rolled steel by Goldak et al (1985). The Stefan Boltzman Constant is 5.67e'14 W/mm2Ka.

The convective heat transfer coemcient on all surfaces except in the vicinity of the arc was

assumed to be I.2e-5 W/mm2Ka. The area below the arc has no heat losses, this is

accommodated via a welding arc eff,rciency of 80% as suggested by Easterling (1992) for the

MMAW process.

3,2.3 Material Properties

Temperature dependant material properties are used in the thermal model for density,

thermal conductivþ and specific heat. The effect of latent heat during phase change can be

approximated as a variation in specific heat. Figure 3.11 shows the specific heat and enthalpy

data used. In such a technique at the melting point there is a sudden spike in specific heat,

which creates convergence problems so the spike was broadened over a larger temperature

interval to aid convergence. The thermal conductivity data has a step change at the melting

point as can be seen in Figure 3.12. This step change was broadened over 20 Kelvin, which,

also enables convergence. This is an approximate method of allowing for increased

convective heat exchange within the molten weld pool'
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Figure 3.11: Temperature dependent material properties which where used in heat transfer

analysis.

Since this spike in specific heat can create convergence and solution problems, these can be

avoided by specifying temperature dependent enthalpy data, since enthalpy is related to

specific heat as shown in Equation (3.6). Shown in Figure 3.11 is the enthaþ data used to

help approximate phase change.

^H(T) 
: lio"rfno, (3.6)

where

LH : Change in enthalpy

co : Specific heat at constantpressure
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Figure 3.12: Temperature dependent thermal conductivity data, which was used in the heat

fransfer analysis.

3.2.4 Heat Source

The models used in this present work to simulate pipeline construction follow Goldak et al

(1934) who proposed a mathematical model for the geometry of a heat source. This heat

source uses a double ellipsoidal geometry with a Gaussian distribution of the heat flux. For

fuither details on this type of heat source please refer to Chapter 2. A Gaussian distribution

is used since it:

. approximates the current distribution across the welding arc,
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simulates the decay of molten pool velocity and the reduction in convective heat distn-

bution at the edge of the weld pool.

The dimensions used for the heat source were approximated to the size and shape of a

typical root pass. For further information on the parameters which define Goldak's double

ellipsoidal heat source see Goldak (1934). The defuring parameters for the double

ellipsoidal heat source used in this study are as follows:

a¡:2.25mm (length of front portion of the heat source)

a6:8mm (length of rear portion of the heat source)

b : 2.25mm(width of heat source)

c: 4mm (depth of heat source)

-f¡: 0.6 þroportion of heat allocated to the front section of the heat source)

fø : | .4 (proportion of heat allocated to the rear section of the heat source)

These parameters are tuneable and allow the size and shape of the weld pool to be adjusted

to approximate reality as closely as possible. They are required as conductive heat sources

ignore the stirring effect that occurs within the weld pool. In this work the important factor

was considered to be that the size of the molten zone \ryas close to that of the root pass. While

it was endeavoured to create the most accurate temperature field possible, it is known that

the accuracy of the temperature in the molten zone has little effect on thermal stress as

reported by Easterlin g(I992). The reason for this is that the melting point for steel is I773K

but steel has virtually zero strength above 1200K.
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The heat source used in the preliminary models \ryas assumed to have a welding speed of

5mm/s, with a current of 100 amps and a voltage of 25 volts. This gave a heat input of 0.5kJ/

mm and an efficiency of 80% \ryas assumed as taken from Easterling (1992). This heat input

was used to set up the modelling procedure, however various other heat inputs are considered

later in Chapter 5.

3.2.5 Correction Factors

The mesh used does not represent the geometry of the heat source exactþ as hexagonal

shaped elements were used. This means that a corection factor needed to be introduced to

prevent a discrepancy between the heat load required and the actual heat load applied to the

nodes within the double ellipsoid.

The correction factor was determined by finding the ratio between the summation of the

heat loads placed on each node within the heat source, Qae, and the required welding heat

load, Q,o,o¡. The heat loads applied to the nodes within the double ellipsoidal heat source,

Qdu, àre summed as shown in Equation 3.7.

Qd, = løa" (3'7)

The required heat load is determined by the welding heat input and arc efficiency as shown

in Equation 3.8.

Qtotot : TIVI (3.8)
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The heat load applied to each node within the heat source, Qnodat, is then coffected as

shown in Equation 3.9.

4 nodal xSau (3.e)

3.2.6 Axisymmetric Models

Axisymmetric models assume that the object being modelled is axially symmetric n a 2D

revolution about an axis of rotation. As mentioned previously, in the literature there has been

much work published onresidual stress in circumferential welds using axisymmetric models.

If the thermal loading is axisymmetric, the weld being modelled is assumed to be welded

3600 around the circumference simultaneously.

An axisymmetric model was created for comparison with the 3D model and for use when

factors not concemed with welding start I stop positions or the lifting process are being

considered. The geomeûy of the heat source at each time interval was found by considering

a double ellipsoid passing through a2D plane at the welding speed.

3.2.7 Results of Heat Transfer Analysis

The thermal models assumed symmetry along the weld centre line. In the 3D model only half

of the pipe is modelled. This is done because during pipeline construction generally two

welders weld the girth simultaneously. The two welders generally work on opposite sides of
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the pipe so the welding arc and related thermal fields are sufficiently far apart so they do not

influence one another. Therefore modelling only one weld is necessary as the temperature

results can be then copied onto the other side of the pipe to simulate two welds in the residual

stress models. The weld begins 45o before top dead centre (BTDC) and finishes 45o after top

dead cente (ATDC). Figure 3.13 shows a contour plot of the transient temperature field after

24 seconds that resulted from this anaþsis.

ffiRÀ1W

NCE|@ós

I IH¡

tn.1

16.1

t5r

16.5

r¡9

ta.t

ttat

103¿

q.l

31.{

1tÃ

gø

96

2CO

Y
ROn
4.0
ROry
0¡
ROE
si

Figure 3.13: The transient heat transfer model results after 24 seconds of welding.
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3.2.8 Comparison of Axisymmetric and 3D Results

By using the same geometry, boundary conditions and heat input, axisymmetric and 3D

transient heat transfer models where created. Although the boundary conditions that were

used were the same there still are some inherent differences. The axisymmetric model

assumes the entire girth is welded simultaneously and that there is no conduction in front of

the arc during welding and it is therefore expected that the 3D model would provide more

accurate results. Therefore it is not surprising that the results from the two models differ

slightly.

Figure 3.14: Cooling curve produced by the axisymmetric model as the arc passes over a

segment of the girth.
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In Figure 3.14 itcan be seen that from both models a similar peak temperature is calculated.

In the 3D model results, the temperature increased before that ofthe axisymmetric model and

the cooling rate in the axisymmetric model is faster, primarily due to the conduction ofheat

in front of the arc in the 3D model which does not occur in the axisymmetric model'
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3.3 RESIDUAL STRESS

The majority of the numerical research undertaken to calculate residual stress in girth welds

by researchers in the past, has been done using axisymmetric approximations. The advantage

of this is that it vastþ reduces the computation time when compared with 3D modelling. It

has been suggested that this approximation can produce reasonable results so long as the area

of interest is not near the start I stop welding positions (Dong et al, 2001). This modelling

technique is also limited in its use for residual stress prediction when isolated repair welds

are being considered such as in pressure vessels used in the nuclear po\trer industry or in

partial welds used in the construction of pipelines. In pipeline construction full 3D transient

stress models are required to consider the effect of the lifting process on the residual stress

and stress concentrations that occur at the welding start / stop positions.

The number of nodes in the axisymmetric model is far less than in the 3D model and so it is

far more effrcient. Although obviously a great burden it was decided that 3D models were

required for the following reasons:

. The lifting and lowering of the pipeline front-end can only be simulated using a 3D

model,

. The root pass is generally incomplete before lifting and the weld has end effects which

cannot be accounted for in 2D,

. The start and stop positions often have stress concentrations, which can only be con-

sidered by a 3D model, and
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a The root pass is not symmetric in the plane of the lifting process'

3.3.1 Formulation of Residual Stress Models

In this work the models produced consider a completion of 50% of the root pass laid down

by two welders working on opposite sides of the pipe at the same time as suggested by

Henderson et al (1996). A fuIl circumferential girth weld was meshed and the unwelded

portion was assigned a low elastic modulus so it would have little effect on the results. The

benefit of having the elements there is that in the complete construction models produced

later there is the risk that the two pipe segments may come in contact in the unwelded region

during lifting. Including 'soft' elements within this unwelded part of the joint is an

approximate way of simulating a gap, which may close. Another benefit is that it allows

variation of the amount and location of the root pass to be done using the same mesh.

The approach that is generally taken when producing residual stress models is to use the

same mesh geometry in both the thermal and stress model. This is done to transfer the

temperature history to the stress model easily. This method however is not ideal, as thermal

models require a greater mesh density than the sfess models in order to model the geomeüy

of the heat input accurately and due to the high temperature gradients that occur in the

thermal model. If the same mesh is used in the two models either the stress model will be too

computationally intensive or there will be errors introduced into the thermal model, as the

mesh is too coarse.

110



Chapter 3: Construction Modelling

Figure 3.15: The fine mesh used in the thermal model (right) has eight elements for each

element used in the stress model (left).

An external program was written to combat this problem by transferring the temperature

results from a fine mesh to a coarse mesh. A portion of these meshes are shown in Figure

3.15. It can be seen that there are eight elements in the thermal model inside each element in

the stress model. This allowed the transfer of temperature results derived from fnst order

elements onto the nodes of the coarse second order mesh without any interpolation. The

element size used in the root pass of the thermal model was lmm x 2mm x 1.25mm and the

element size used in the root pass of the stress model was 2mm x 4mm x 2.5mm. This mesh

densþ was deemed adequate following the finding of Karlsson (1989) who investigated the

mesh density requirements of thermal stress modelling of the welding process.

This also had the benefit that the mesh in the thermal models could be refined enough so that

the heat input could be placed as element heat generation rather than nodal heat generation.
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Chapter j: Consnuction Modelling

This is beneficial as the NISA software has a fundamental limit on the number of boundary

conditions that can use a 'time-amplitude' condition, which would be exceeded using nodal

heat generation. The 'time-amplitude' function in the NISA software is used to vary the

amplitude of a boundary condition with time as specified within a table. To achieve further

mesh refinement linear elements were used which is an acceptable approach in thermal

models.

It is generally considered that in order to produce stress analysis results of a reasonable

accuracy, second order elements are required. This was achievable due the coarser mesh used

in the stress analysis model.

3.3,2 Material Properties

The material properties that were used were taken from Goldak et al (1986). The accuracy

achieved in these models is limited by the availability of accurate material property data. The

software used in this present work has the ability to alter material properties depending on

temperature but not temperature history. Because of this software restriction limited

approximations of fiansformation plasticity were included within the numerical procedure.

The commercial finite element analysis software used (NISA) requires that the temperature

dependant material property data is defined using only five data points. Although this does
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Chapter 3: Construction Modelling

restrict how accurately the material properties can be defined, the pertinent material

properties for steel can still be described reasonably well as shown in Figure 3.16.

In the models created in this study the effect of yield stress hysteresis is ignored following

the finding by Oddy et al (1990). The effect of volume change is allowed for in the definition

of the thermal expansion properties and transformation plasticity is approximated with a

reduction in material strength at the transformation temperature as described in Joseßon

(19S5). An elastic-perfectþ plastic, yield criterion was used as it is assumed that during the

phase fansformation there would be little strain hardening.
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Chapter 3: Construclion Modelling

3.3.3 Results of Transient Stress Analysis

The instantaneous thermal stress in the material after 24 seconds of welding can be seen in

Figure 3.17. The Von-Mises Stress is shown as this allows aview of the stress intensity in

the material independent of stress direction'

In Figure 3.18 the residual Von-Mises Stress in the girth weld after the material has cooled

to ambient temperature is shown. Only the half the girth weld was modelled as two welders

usually weld simultaneously, so symmetry was assumed. An incomplete root pass was made

90o around the glrttì so that the weld start and stop positions could be observed. It can be seen

(Figure 3.18) that there are stress raisers at the weld start and stop positions but that away

from these positions the residual stress field appears to be uniform around the girth. By

observing this phenomena demonstates how the use of axisymmetric models have been

found to produce accurate results away from the weld ends'
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Figure 3.17: Transient Von-Mises stress (MPa) after 24 seconds of welding in the anti-

clockwise direction.
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Figure 3.18: Residual sfess field after an incomplete root pass was laid.

The results from the model developed in this study as shown in Figure 3.19 demonstrate that

a tensile residual sfess develops at the root of the weld and a compressive residual stress

develops at the top of the weld. This result is supported by Teng et al (1997) who described

the pattem of residual sfess that occurs in a typical girth weld. The accuracy ofthe modelling

scheme developed here is experimentally verified in Chapter 4.
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Figure 3.19: The evolution of axial stress in the root pass during welding and cooling at the

top and the root of the weld.

The three dimensional residual stress models, while producing results which were expected

from the literature, are computationally intensive making it diffrcult to consider many

process variables. For this reason it was decided to investigate the possibility of using

axisymmetric models where possible, if their results proved acceptable. The same joint and

pipe geometry welding speed, heat input and other boundary conditions where used in both

the 3D and axisymmetric models.

HACC requires a tensile stress as the driving force. In circumferential welds a tensile

residual stress develops on the inside wall of the cylinder. The inside wall is therefore the

area of interest and is the area that is considered primarily in this study.
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Figure 3.20: Comparison of aúal residual stress results along the inside surface of the pipe

which \ryere produced by an axisymmetric model and a 3D model.

In the central region of the girth weld, well away from the weld ends, the residual stress and

transient stress is compared for the axisymmetric and 3D models. In Figure 3.20 the anal

stress verses transverse distance from the weld centre line is shown. The transient axial stress

at the root of the weld for the first 60 seconds after the weld is laid is shown in Figure 3.21.

On the weld centre line, the axisymmetric model has calculated a slightly lower residual

stress. However it can be seen that the two models follow the same trend.
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Chapter 3: Construction Modelling

Figure 3.21: Comparison of transient axial stress at the root of the root-pass results from 3D

and axisymmetric models.

3.3.4 Experimental ValidatÍon

When using numerical models it is always advisable to veriff the results obtained

experimentally. However measurement of transient stress during the welding thermal cycle

is a difficult task. Strain gauges cannot simply be placed on the HAZ during welding due to

the high temperatures they would need to endure. Therefore residual sfress measurement

techniques usually involve placing strain gauges on the material after welding and relieving

the stress by removing material around or in the vicinity of the strain gauges. There are other

methods also available as described in Chapter 4. All methods seek to determine the residual

stress so the transient stress history remains unknown and many methods have significant
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Chapter 3: Construction Modelling

restrictions. The numerical results achieved here appear to agree with observations made in

the literature (Teng et al, 1997), however in order to gain enough confidence in these models

to conduct a study of pipeline construction some experimental verification is required. This

has been carried out using the 'Blind Hole Drilling' technique ofresidual stress measurement

and is described in Chapter 4.
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Chapter 3: Consffuction Modelling

3.4 CONSTRUCTION MODELS

The construction process is simulated with the use of a thermo-elastic-plastic model to

account for the nonJinearity of the material properties. To do this boundary conditions were

placed on the previously developed thermal stress model to simulate the lifting and lowering

of the pipe and the clamping force of the line-up clamp. The development and application of

the lifting and lowering boundary conditions are outlined in Section 3.1.3.

Previous research undertaken by Higdon et al (1980) on the residual stress due to the

construction process used an axisymmetric lifting models and superimposed the results onto

a residual stress field calculated using analytical techniques. Rather than take the approach

taken by Higdon et al (1980), in this thesis, the entire process has been incorporated into the

one model. The reason for this is due to the plastic deformation that occurs during

consfuction, which is directly related to the timing of the lifting and lowering process. A

thermo-elastic-plastic analysis is required to determine whether the mechanical handling

loads alter the final state of residual stress. This has been numerically investigated for the

first time in this work.

3.4.1 Simulation of Lifting During Construction

Lifting of the pipeline front end occurs shortly after completion of the root pass. In the model

created in this study an extreme lift of 600mm and an even higher 1200mm lift was

simulated. The lifting and lowering had the effect of altering the residual stress in the root
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Chapter 3: Construclion Modelling

pass. In order to demonstrate the effect of lifting and lowering on the residual stress in the

root pass, the hansient stress with and without lifting and lowering are compared in Figure

3 .22. Of greatest concern is the way in which the inside pipe wall, which experiences a tensile

residual stress, is affected. Tensile stress exists in this area and it is where cracking is most

likely to occur.

Figure 3.22: Transient stress with and without lifting at the root of the weld at BDC.

When the transient stress results with and without lifting are compared it can be seen that as

a result of lifting, the root pass can become increasingly stressed as in the case of the 600mm

lift and can be stress relieved as in the case ofthe 1200mm lift. It can be seen that the resultant

stress due to the addition of lifting had some unexpected results that could not have been

predicted using superposition.
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Chapter 3: Consffuction Modelling

This is because the lifting and lowering process influences the plastic deformation that

occurs as the residual stress develops. Therefore placing the root pass under a tensile stress

thereby producing plastic deformation, can have the effect of relieving some of the tensile

residual süesses.

A residual stress field is a balance of tensile and compressive stresses all in equilibrium.

Therefore by plastically deforming some areas within the structure, a redistribution of the

residual stress field will occur. A pipeline weld is a complicated 3D structure so the

redistribution cannot always be explained with the use of simple one dimensional analogies

such as used in Chapter 2 for the explanation of the concept of residual stress. It is for this

reason that the use of finite element models are so usef,rl when investigating 3D residual

stress fields.

3.4.2 Simulation of Line-up Clamp

The clamps that are used to line-up the pipes before welding place an additional load on the

pipe. Line-up clamps produce an internal pressure approúmately 20mm from the weld

cenffe line during welding. The internal line-up clamp that is used during the construction

process, rounds the ends of two pipe segments during welding and prevents any weld

mismatch. The stress that is induced in the pipe segment ends may have an effect on the

residual stress in the root pass. ln Figure 3.23 a photograph of a typical line-up clamp is

shown.
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Chapter 3: Construclion Modelling

't*c

L2i

Figure 3.23: Photograph of a line-up clamp used to round and align pipe segments during

pipeline construction.

In order to simulate the effect of the line up clamp an internal pressure of 3.8MPa was applied

to the inside of the pipe in the region where the line up clamp was actuated. The method of

calculation of this intemal pressure is given in Appendix A. The line up clamp was assumed

to be actuated during the welding ofthe root pass and then released. As can be seen in Figure

3.24 the line up clamp had virtually no eflect on the transient and residual stress. While this

investigation was only undertaken for only one pipe diameter and wall thickness the effect is

unlikely to be more significant with other pipe grades and sizes as a low strength steel with

a relatively thin wall was used in this experiment.
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Figure 3.24:The transient stress with and without the use of the line up clamp at the root of

the weld at BDC. X42 pipe with a diameter of 300mm with a wall thickness of 6mm was

used.

The pipeline construction industry is particularþ interested in how timing of the line-up

clamp release influences the residual stress induced in the root pass. This interest is due to

the potential increase in the forward pace of construction by early release of the line-up

clamp. Currently there is a requirement in most construction procedures that the line-up

clamp should not be released until after lifting of the pipeline front end. In the Australian

Standard AS-2885.2-2002 under items for qualified procedures it is stated that:

. greater than 50% of the root pass must be completed before line up clamp removal,

. when the proportion of the root pass completion is less than 100%, then greater than

80% of the top and bottom quadrants must be completed.
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From the result obtained in this study it would suggest that these requirements are acceptable

and perhaps even conservative. It would seem that provided any weld mismatch was avoided

the line up clamp has no influence on HACC.
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EXPERIMENTAL \IERIFICATION

'Whilst numerical methods for calculating transient stress obviously avoid the difficulties of

experimental determination, it is necessary to veriff the accuracy of such numerical

procedures. By making experimental measurements of residual sffess, confidence in the

numerical modelling scheme developed can be gained and an indication of the level of

accuracy that can be expected when using the numerical models can be established. In this

work the experimental measurement of residual stress in a test circumferential girth weld is

directþ compared with the results of a numerical model.
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4.I METHODS AVAILABLE FOR EXPERIMENTAL
\lERIFICATION

Measurement of transient or residual stress formed during welding is difficult as strain

gauges or extensiometers cannot be used to measure the stress history endured by a material

in the near weld region. There are however a number of ways in which measurements of

welding residual stress can be undertaken. Most methods are destructive, whereby a change

in strain is measured whilst relieving some of the residual sfesses and this information is

used to determine the original stress. The destructive methods of relieving residual stress

include cutting and sectioning the part, removing successive layers and trepanning and

coring. There are also non-destructive methods ofresidual stress measurement such as X-ray

diftaction, neufon diftaction, ultrasonic and electromagnetic strain measurement which

broadly seek the current state of stress by measuring the elastic distortion within the

structure

4.1.1 Non-DestructiYe Methods

Examples of non-destructive methods include X-ray diffraction, neutron diffiaction and

ultrasonic techniques. Neutron diffiaction and ulüasonic techniques are limited by buþ and

complex equipment whereas X-ray diftaction equipment is portable and commercially

available. X-ray diftaction is only capable of considering stresses at the surface however it

is the most commonly used non-destructive method currently available.
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X-ray diffraction and neutron diffiaction are known to produce some excellent results when

conducted by a skilled operator however there are difficulties when using them in welding

applications. The unstressed crystal lattice spacing must firstþ be measured for comparison

with the stressed crystal lattice spacing. When the weld metal is different to the parent metal

the unstressed lattice spacing is also different. As long as the unstressed lattice spacing at a

given locations is always known satisfactory results can be obtained. However there is

usually mixing of the weld and parent metals during welding so the unstressed lattice spacing

is not known at these locations. Also depending on the cooling rate the microstructure of the

material in different locations differs. Therefore the unstressed lattice spacing once again is

difficult to ascertain.

4.1.2 Destructive Methods

Destructive methods ofresidual stress measurement include hole drilling, sectioning and saw

cutting. These methods are also known to produce reasonable results in the hands of skilled

operators.

The 'sectioning method' uses strain gauges placed at different locations on the inside and

outside of the pipe wall away from the weld centre line and then strips are parted away from

the surface parallel to the longitudinal axis while sftain measurements are recorded. In

another method, strains are recorded on the inside and outside pipe wall as the pipe is cut

perpendicular to the longitudinal axis. This method however limits the measurements to
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Chapter 4 : Experimental Verifi cation

axisymmetric ones. Figure 4.1 shows how the pipe segment is sectioned while recording the

strain changes. The cuts are made using an electrical discharge machine (EDM).

The 'sectioning method' has been used in the past by Ellingson et al (1979). Bulk

displacement measurements were made at different locations around the girth as layers

parallel to the longitudinal axis were parted away. This experimental procedure was

underl¿ken to verify the numerical results obtained by Rybicki et al (1977).

LOCATION

(a)
WALL
THICKNESS = 8.6MM

l5mm

t = l.smm

(b)

STRAIN-GAUGE

EDM
CUT

Figure 4.1: Layer removal technique for bulk residual stress measurements. (a) Isometric

sketch of a typical section to be instrumented and removed; (b) division of the removed sec-

tion into two pieces by EDM technique. (Ellingson and Shack,1979)
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Cheng et al (1985) produced a variation of the 'sectioning method' that was termed the

'compliance method'. This method involves recording strains on the outside wall of a

circumferential weld as a slit around the complete girth is cut to increasing depths. The

experimental results achieved reasonable agleement with the predicted results, however this

method is somewhat unquantified and is used little these days.

The most common method of residual stress measurement is the 'Blind Hole Drilling'

method. This method involves drilling a hole in the centre of a three strain gauge rosette

which has been attached to the surface of a specimen containing a residual stress. The hole

relieves the local strain which is measured by the strain gauges and this allows calculation of

residual stress magnitude and direction. The 'Blind Hole Drilling'methodhas achieved wide

acceptance as a standardised test method. This method however is limited to depths of only

one third the wall thickness. This technique is illustrated in Figure 4.2.
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Figure 4.2: Schematic layout of the hole drilling technique in which the change in residual

strain due to drilling a hole is measured by the strain gauge rosette. Easterling (1992)

The maximum and minimum residual stresses can be calculated from the strain relief

measured by the rosette. This is done using the relation given in Equation 4.1.
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(4.1)

where

E : Young's modulus

6 *o*: Maximum princiPal stress

6 min: Minimum principal stress

È1, e,2, e3 : Strain gauge numbers 1,2 and 3

v : Poisson's ratio

Variables K, and K, arc calibration constants which are dependant on the dimensions ofthe

rosette and the diameter of the hole drilled. For each available rosette, a range of calibration

coefücients are given for a range of hole sizes. The direction of the principal stress directions

can be calculated using Equatiott 4.2,

p : O.5atan
1-2t'r+ (4.2)

Êt-Ê¡

where

p : Angle between gauge one and principle stress

Makhenko et al (1970) were the first to consider residual stress experimentally in the

circumferential configuration however their experimental work was limited and showed

oro, -_ 1 ,. E-u! ,r*r, *[(rr-rr)'*zrr-(gr*rr)t]ot]
6min Kt"2"J.l-vKr/Kr- I-vKr/Kt )
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significant differences from finite difference solutions developed. A more successful result

was achieved in an experimental study undertaken by Vaidyanathan et al (1973).In that study

two hemispherical shells 0.080 inches thick with a radius of 4 inches of 5083-0 Aluminium

were joined using electron beam welding. It was decided that spherical shells would be used

as the residual stess in a cylinder sharply declines a short distance away from the weld cenffe

line making measurement diffrcult. After the welding was completed, sfain gauges were

placed in the axial and hoop directions in the region of the weld and the 'Hole Drilling

Method' of residual stress measurement was carried out. In order to validate this method of

residual stress measurement, the same technique was applied to a butt-welded flat plate of

the same material and the results were compared against an approximate analytic solution for

residual stress. Although it was only possible to obtain a few data points using the

experimental technique, there appeared to be reasonable agreement between the two sets of

results.

While the 'Blind Hole Drilling' technique has been shown to be a very practical and useful

technique it does have the following potential deficiencies when used in welding

applications.

. When stress exceeds 50% of the yield strength of the material, localised plasticþ

effects cause measurements to be exaggerated'

. Welds are expected to generate residual süess fields that vary through the thickness

whereas 'Blind Hole Drilling' is best suited to süess fields that do not vary with depth.
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It was demonstrated by Weng and Lo (1992) that this method only produces accurate results

where the residual stress is less than 50% of the yield strength ofthe material. If the residual

stress is greater than 50% ofthe yield strength localised plasticity occurs around the hole

introduced into the material causing the residual sfess to be overestimated. This has been

recognised by a number of researchers and methods to correct for localised plasticity have

been suggested.

Weng and Lo (1992) carried out calibration tests and calculated new calibration coefücients

that could be used in regions of high residual stress such as occurs in the vicinity of

weldments. These calibration coefficients are not made available in ASTM 8837, (Standard

Test Method for Determining Residual Stresses by the Hole Drilling Strain-Gauge Method).

Beghini et al (1994) recognised that the calibration coefücients were dependant on the

biaxiality ratio (the ratio between the maximum and minimum residual stress), the

orientation of the rosette, the yield strength and strain hardening parameters, when the

residual stress excee ded 50% of the yield strength. They conducted a study using through

hole analysis (for which analytical solutions are possible). They suggested the use of a four

gauge rosette to remove inaccuracies caused by orientation. Latter in Beghini et al (1998) a

review of the work conducted in this area was published and a procedure for allowing for

localised plasticity was given. This procedure is limited in its accuracy if the principal stress

directions are not known prior to measurement.
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Zhao et al (1996) proposed a far simpler method for correcting the effect of localised

plasticity. Theirmethod is based on a distortion energy parameter. The technique is relatively

simple and is practical for use in engineering applications, however this method also required

that the principal stress directions be known prior to drilling to avoid inaccuracies.

Later Vangi and Ermini (2000) also demonstrated that when the residual stress exceeded 50%

of the yield stress the calibration coefficients were dependant on the biaxialþ ratio (ratio of

maximum and minimum residual stress) and the angle of the principle stress in relation to the

position of the rosette. This work however does not appear to offer anything not previously

known or provide alternate methods of plasticity correction.

Another problem, which is recognised in the 'Measurements Group Tech Note TN-503-3',

is that the 'Blind Hole Drilling' technique of residual stress measurement is best applied to

stress fields that are uniform with depth or inaccuracies are introduced. This can be

problematic when studying weldment stress as it is well known to vary with depth. However

there are calibration coefficients available that vary with depth so this criteria can be

considered.

4,1.3 Summary

Whenusingnumerical modelling, validation of the numerical scheme developed is required.

One method ofvalidation available is by experiment. The validation experiment proposed is
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to compare the calculated residual sfess in the region of a pipe girth weld with an

experimental determination using the 'Blind Hole Drilling' technique.

The 'Blind Hole Drilling' technique is widely accepted and standardised. It enables model

verification to be conducted economically. A large number ofmeasurements are not required

for model verification and the residual stress through the pipe wall is not needed as the area

of interest is the inside surface ofthe pipe. There are some limitations with this technique and

they are generally well understood, however before applying this method to weldments, a

bench mark test will be carried out. This will be conducted to determine the accuracy that

can be expected from the 'Blind Hole Drilling' method in a residual stress field that does not

vary with depth and to determine whether increased accuracy can be acquired by developing

new calibration constants.
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4.2 BENCHMARK TEST

A mild steel bar was loaded to a known uniaxial stress to simulate a residual stress and then

the 'Blind Hole Drilling' method was applied. This allowed comparison of the actual stress

in the steel bar with the results of the 'Blind Hole Drilling' method. A finite element model

of the bench mark test was also created which allowed consideration of the accuracy of the

calibration constants used in the analysis.

4.2,1 Experimental Equipment

The equipment used for the benchmark test is listed below and the test rig is shown in Figure

4.3 and Figure 4.4.

. A mild steel bar with a cross sectional ateaof 32.43mm x 5.06mm'

. A Hounsfield Tensometer was used to load the mild steel bar to simulate a residual

stress.

. A 20kN load cell was used to measure the load applied to simulate residual stress in

the test piece.

. Strain gauge rosettes were applied to the bar to used to make residual stress measure-

ments using the 'Blind Hole Drilling' technique.

. The Model RS-200 Milling equipment was used for analysing residual sftesses by the

'Blind Hole Drilling' technique.

. Strain gauge bridges were used to measure changes in resistance of the strain gauges

during operation.
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Figure 4.3: Experimental set up used for benchmark test.
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Figure 4.4:Thetensile sample used in the benchmark test is held in a Hounsfield Tensome-

ter which is connected to a load cell.

4.2.I.I TYPES OF STRAIN GAUGE ROSETTES

The EA-XX-062RE-120 design of strain gauge rosette (see Figure 4.5) is the most

commonly used and is available in a range of sizes to conform with different hole sizes and

depths. The TEA-)O(-062RK rosette has an identical geometry to that of the EA-)C(-

062R8-120 but offers an encapsulated design with heavy copper solder terminals for ease of

soldering. The CEA-XX-062LJNL-I20 also offers an encapsulated design with heavy copper

solder terminals for ease of soldering but has a different grid geometry. This grid geome@
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enables measurements to be taken more closely to welds or other irregularities. For this

reason the CEA-)O(-062UM'120 rosette was chosen.

EA-XX-062R8-120 TEA-XX-062RK-120 CEA-XX-062UvI-120

Figure 4.5: Residual stress strain gauge rosettes. (ASTM Standard E837)

4.2.2 Experimental Procedure

The mild steel bar used in the test was firstþ stress relieved to remove any pre-existing

residual stresses in the bar. The bar was heated to 600oC and held at that temperature for two

hours before allowing it to cool to 300oC and removing it from the fumace. This procedure

for stress relief was taken from the Materials Handbook (Brady etal,2002).

The steel composition was determined and is given in Table 4.1. The microstructure after

heat featment was compared with the non-heat-treated steel to ensure no significant change

in material properties occurred as a result of the heat üeatment. As can be seen in Figure 4.6

no significant change in grain size occurred as a result of stress relieving.
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J -\
I
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þt\

As Received Relieved

Figure 4.6: Microstructure of material used in benchmark test, before and after stress reliev-

Element C Si Mn P S Cr Mo Ni

o/ 0.035 0.009 0.297 0.018 0.009 0.015 <0.002 0.02

Element Ni AI Co Cu Nb v w Pb

o/ 0.02 0.039 0.003 0.012 0.001 0.002 0.01I <0.003

Element Sn As Zr Ce Ta B Zn La

<0.001 0.005 0.002 <0.004 0.007 0.001 0.003 <0.001

Table 4.1: Composition of steel bar used in benchmark test'

A strain gauge rosette was installed on the test piece as described in the Vishay Measurement

Group Instruction Bulletin B-I29,'surface Preparation for Shain Gauge Bonding.' The

strain gauge rosette used was of the 062UM variety (see Figure 4.5). The rosette was

positioned with gauge 1 aligned in the direction of the induced stress.

The specimen \ryas loaded in the Hounsfîeld Tensometer with the load cell to a tension of

11.49kN which induced a stress in the bar of 70MPa. While the bar was held under this
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simulated residual stress the strain gauge bridge \ilas calibrated and zeroed. 'The Standard

Test Method for Determining Residual Stresses by the Hole-Drilling Strain-Gage Method',

ASTM Standard E837-95 was then used.

4.2.3 Results From Benchmark Test

The expected residual stress results were a maximum stress of 70MPa, a minimum stress of

gMPa and the maximum stress alignedzero degrees from strain gauge l. As shown in Table

4.2 the agreement between measured stress and the applied value was very good.

Table 4.2: Benchmark test results

e
1

E2 t.J
Residual

Stress Max.
(MPa)

Residual
Stress Min.

(MPa)

O[

(Radians)

Experimental -17 -65 -26 65 4 -0.05

It can be seen from this result that a reasonable calculation of residual stress was made since

this measurement technique is only expected to yield results within tl}%. However one

possible source of error that is not related to the experimental technique is inaccuracy of the

data reduction coefficients. In order to test the accuracy of the data reduction coefücients it

was decided that a numerical model of the benchmark test would be created which simulated

the change in strain that occurs when a hole is introduced into the material. A numerical

model is best technique for this test as the data reduction coeffrcients cannot be calculated

analytically.
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4.2.4 Finite Element Model of Benchmark Test

Linear elastic models of the specimen under tension were produced with and without a hole

introduced into specimen. In total eight separate models were created all with varying hole

depths. This was done to simulate the hole being drilled incrementally and allowed

calculation of data reduction coefficients for varying hole depths as explained later in Section

4.2.5

The geometry of the hole simulated was the same as that of the benchmark test which was

0.074 inches in diameter and was drilled in incremental depths of 0.0101 inches to a

maximum depth of 0.0808 inches. Imperial units were used as this made calculations simpler.

The maximum mesh density used was around the hole. First order eight noded hexagonal

elements were used, which typically provide good results when only elastic deformation is

simulated. The smallest of these elements were approximately 0.243mm x 1.146mm x

0.257mm. A pressure of 70MPa was applied to one end of the specimen and the other end

was restrained to simulate the induced stress.

The difference in strain between the models with and without a hole \ilas assumed to be the

amount of strain relieved by drilling the hole. Figure 4.7 shows the calculated Von-Mises

stress for the model of the specimen with a hole drilled into the material to a depth of 0.0808

inches.
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Figure 4.7: Tlne Von-Mises súess (MPa) f,reld calculated using finite element model of

'Blind Hole Drilling' technique.

The change in strain calculations for a full depth hole were used to calculate the residual

stress. A comparison with the experimental results as shown in Table 4.3.Itcan be seen that

the numerical results were quite accurate however they too underestimated the residual

stress. For this reason the numerical model was used to calculate new data reduction

coefficients

Table 4.3: Experimental and numerical results from the benchmark test.

I

Ê1 t2 t.J
Residual

StressMax.
(MPa)

Residual
Stress Min.

(MPa)

ct

(Radians)

Experimental -t7 -65 -26 65 4 -0.05

Numerical -t20 aa.JJ 44 69.2 - 1.5 0.02

146



Ch apter 4 : Experim en ta I Verifi cati on

4.2,5 Calibration of Data Reduction Coefficients

The experimental and numerical results show good agreement with each other, however both

methods underestimated the actual residual stress. This led to a decision being made to

calculate a new set of data reduction coefficients which would more accurately calculate the

residual stress. Data reduction coefficients are used with the 'Blind Hole Drilling' technique

to calculate the residual stress.

The variation of residual stress with depth is also an important consideration when making

residual stress measurements. These coefücients vary with the depth of hole drilled and

cannot be found analytically as in 'Through Hole' analysis. Instead in the past they have been

calculated using experimental measurements such as was done by Pang (1989) or by

numerical simulation such as by Schajer (1981).

The strain gauge rosettes that were used are of the CEA-XX-062UM-I20 variety which, due

to their geometry allow measurements to be taken closer to welds than other varieties permit.

There was no data reduction coeffrcient information available which varied with depth for

the 062UM strain gauge rosettes which were used. The only data reduction coefücient

information available was for full depth holes.

The finite element model of the benchmark test that was described previously was used to

determine data reduction coefücients which could then be used later to consider the variation
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of residual stress with depth for this strain gauge. The finite element model \üas used to

derive this dat¿ rather than experimental techniques due to the increased accuracy that can

be achieved.

The three element 45o rectangular rosette equations generally used to calculate residual

stress and principal direction are given below.

E,EttÈt Z \ (4.3)omax,min:;{Ç=¡:5;

where

Z_ 1e, - e3)2 + (2e2- e1 - e3)2 (4.4)

and

þ=+
Ez- Et-

€r -€:
(4.s)

(4.6)

(.7a)

Beaney and Procter Q97\ modified these equations in order consider a sensitivity

calibration factor, t/K1and a residual stress rosette Poison's constant, vKVlKy

Z
I + (vKù/ K

For uniaxial stress calibration, the rosette constants are given by:

l_e,q
K1 Le,

vKr_ Le,

I E( Èt+Êt _
o m a x, m i n : 4 

. 2\-1 1y tç¡ t x., =

KI L¿¿
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where,

t4:Total axial sfain before drilling at applied load

LeA = Total axial süain change after drilling at applied load

Le,r: Total tangential strain change after drilling at applied load

ln the ASTM Standard E837 the rosette equation uses calibration constants, A and B which

were derived from a finite element study by Schajer (1981). a and b are data reduction

coeffrcients used to account for the drilled hole dimensions. The stress is given by:

.- -Et+et*Jlvmax,min 
4À - 48

2 + (er- rr)'(e, - e2)

where,

- v- Io : aî'o

As stated in Pang (19S9) the relationship between Equation (a.6) and (4.8) is given by:

(4.8)

(4.9a)

(4.eb)

(4.10a)

(4.10b)

I 1

Kt E1À+B¡

uKr- @-A)
Kr çB +Á¡
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By equatingrelations (4.7a),( .7b) with (4.10a), (4.10b), Á and B could be calculated from

the strain results in the finite element models used in this study for varying hole depths.

(4.11)

(4.13)

(4.14)

(4.t2)

In turn the data reduction coefficients A and B could be calculated for varying hole depths

using the relations Q.9a) and (a.9b) given in the ASTM Standard E837 and reananging them

to make -a and ã the subject of the formula.

A = 
K'-vK'

2E

- _2AEa:fi

b=2BE

The results are presented in Figure 4.8
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DlDo= 2.73
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Figure 4.8: Data reduction coefficients for UM rosettes as functions of non dimensional

hole depth and diameter calculated from finite element models.

These coefficients apply only to a certain hole diameter of 0.074in for the 062UM variety of

rosette. This data allows calculation of residual stress at different hole depths. These results

are used to calibrate the experimental measurements that were made on pipe girth welds as

explained in section 4.3.
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4.3 EXPERIMENTAL RESIDUAL STRESS
MEASUREMENT

A glrth weld was performed on a segnrent of X70 pipe, and the 'Blind Hole Drilling'

technique of residual stress measurement was carried out on the weld. The pipe segnents

used had a vee-preparation machined onto the ends using a lathe. Once a vee-preparation had

been placed on the pipe ends the pipe segments were 'tack \üelded' together in four locations

around the girth. The specimen \ryas then stress relieved in a furnace prior to welding.

Line pipe generally has locked-in sftesses from the hot rolling process during fabrication and

hydrostatic testing. These stresses cannot be accounted for in the modelling process but are

expected to be low in relation to the welding residual shesses. Stress relieving was used to

remove these locked-in stesses to ensure what is being modelled is as close to reality as

possible. The experiment conducted was for the purpose of validating the modelling

procedure used rather than to determine the stress experienced in a pipeline grrth weld. Once

the modelling procedure has been verified it can be used to highlight trends despite a small

variation in results that may occur due to fabrication stresses that would occur in the field.

The specimen was heat treated by heating it to 600oC holding it at that temperature for two

hours and allowing it to cool overnight to 300oC before removing it from the furnace. This

procedure for stress relief of ferritic steel was taken from the Material Handbook (Brady et

at (2002).
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The pipe used was X70 pipe with an internal diameter of 350mm and a wall thickness of

5.4mm. The material \ryas measured in tensile tests to have a proof stress of 525MPa. The

weld preparation used \ryas a 600 included angle with a lmm root gap and a lmm root face.

The elecüodes used were E6010 (Lincoln 5P) with a diameter of 3.2mm. A typical pipeline

construction procedure was used with a 50% weld completion of the root pass with 90o of

the girth welded on opposite sides of the pipe. The two weld segnents carried out on opposite

sides of the pipe consumed two electrodes each to complete.

A welding monitor was used during welding to record the voltage and current at one second

intervals. The results were averaged to give an avercge voltage of 25 volts and an average

current of 111 amperes. The length of a weld was measured and the time taken to produce

the weld was gathered from the welding monitor. This information was used to calculate the

welding speed, which was 4mm/s. From this information the heat input was calculated to be

0.69kJlmm, which is not unusual for a root pass carried out in the field.

Using the 'Blind Hole Drilling' technique residual stress measurements were taken on the

inside wall of the pipe in varying positions away from the weld centreline as shown in Figure

4.9. The gauges were placed on the inside wall of the pipe with gauge 2 opposite the weld.

The strain gauges used were the CEA-)O(-062UM-I20 type as previously described in

Section 4.2.I.1. The holes were introduced using an air powered drill with a diameter of

0.074 inches. The holes were drilled in 8 increments of 0.0101 inches to a maximum depth
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of 0.0808 inches with strain gauge readings recorded at each increment. A photograph of the

weld from which the measurements were taken is given in Figure 4.10'

Copper Tabs

Soldering Drilled Hole

Weldment

Strain

Uo

Stain Gauge 2 Stain Gauge 1

Figure 4.9: CEA-)O(-062IJNÍ-120 Rosettes that were used for residual stress measurement,

were aligned with strain gauge 2 perpendicular to the direction of the weld.
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Figure 4.10: Inside pipe where residual stress measurements were made.

4.3,1 Results of Residual Stress Measurement

lncremental strain results were recorded for eight holes which were drilled on the inside

surface of the pipe in varying locations from the weld centre line. ln Appendix C, plots of

strain verses depth are given for each strain gauge used and the incremental strain results,

residual súesses and their directions are tabulated.

The strain results were plotted on the same axis as the strain scatter band used in ASTM

if the residual sfess field is uniform with depth. The measurements made close to the weld

centreline, where the residual stress is the highest, had strain readings which fell

predominately within the scatter band with very few outliers. This is encouraging as welding
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residual stress fields are known to typically vary with depth. It is stated in ASTM 837, for

this method to yield results with an accuracy better than l0o/o sfain readings must fall within

the scatterband. The residual stress results measured at the eight incremental depths were

averaged for comparison with numerical results'

Measurements made further from the weld centreline, where the residual stress is lower,

suffer from increased error. This error is because there is a constant amount of background

noise experienced in the strain gauge bridge and other parts of the equipment which for

higher readings become less significant. If residual stesses which approach zero are

measured, this noise will produce proportionally more error in the results than regions of

higher residual stress. This can be seen in the plots of strain verses depth for the

measurements made further than 20mm from the weld centreline (see Appendix C).

Ideally the 'Blind Hole Drilling' technique should be carried out on a residual stress that does

not exceed 50% of the yield strength of the material. Typically the residual stress associated

with welding approaches the yield strengfh causing localised plasticity effects which

introduce error in the results. This can be seen in Figure 4.11 where the results indicate that

there is a residual stress that exceeds the yield strength of the pipe material. This problem

however has been recognised by a number ofresearchers such as Beghini and Bertini (1998)

and solutions have been proposed.
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Figure 4.11: Residual sfess results determined using the 'Blind Hole Drilling' technique

with some results indicating a residual sû.ess above the yield strength.

4.3.2 Localised PlasticitY

The phenomena of localised plasticity was recognized by Weng and Lo (1992). They

conducted a series of calibration tests from which they developed new calibration

coefficients for when residual stress exceeds 70o/o of the yield strength for both RK and the

UM rosette used in this study. The results after adjustment using the technique described by

Weng and Lo (1992) are shown in Figure 4.11. The calibration coefficients they developed

for the UM rosette were used in this study to correct the effect of localised plasticity.
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Stress > 7}o/oof oy then A : - 0.363 + 0.150X- 0.7ßÍ

B - - 0.799 + 0.328X - 1.465i

where X : ((o/oÐ-70)/30

Figure 4.12: Residual stress results determined using the 'Blind Hole Drilling' technique.

Results have been corrected for the effect of localised plasticity using the technique pro-

posed by Weng and Lo (1992).

More recently however it has been demonstrated by Beghini et al (1998) and Vangi and

Ermini (2000) that the calibration coefücients are also dependant on the biaxiality ratio (ratio

ofmaximum and minimum residual stress) and the alignment ofthe strain gauge rosette with
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respect to the residual stress field. A procedure was developed by Beghini et al (1998) to

allow for the effect of localised plasticity. However the procedure required that the direction

of the principal stress be known prior to drilling and that the number I strain gauge (see

Figure 4.5) to be aligned with it. The typical residual stress field of a circumferential weld is

known however magnitude and direction rapidly change funher away from the weld

centeline. It is therefore difficult to place a strain gauge in the correct location and direction

in the near weld region.

In this work it was decided to align the gauges so that measurements could be taken as close

to the weld centreline as possible, disregarding the principal stress direction. The technique

proposed by Beghini et al (1998) was still able to be used including the effect of biaxiality

however it is stated that by not having prior knowledge of the principal stress directions

accuracy can only be expected to be within 20o/o.For further information on the procedure

please see Beghini et al (1998). The results are shown in Figure 4.13.
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Figure 4.13: Residual stress results determined using the 'Blind Hole Drilling' technique.

Results have been conected for the effect of localised plasticity using the technique pro-

posed by Beghini (1998).
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4.4 NUMERICAL MODEL OF WELDING EXPERIMENT

For comparison with the experimental results produced using the 'Blind Hole Drilling'

technique, residual stress finite element models of the same \ryelding procedure were

created. The finite element models were produced as described previously in Chapter 3.

Both 2D and 3D models were created for comparison as both types of models are required

to consider all process variables that occur during pipeline construction. The experimental

results shown are corrected for localised plasticity using both the technique described by

Weng and Lo (1992) and that of Beghini et al (1998) and are plotted on the same axis as the

numerical results as shown in Figure 4,14 andFigure 4.15'
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Figure 4.14: Comparison of finite element model residual stress prediction and 'Blind Hole

Drilling' residual stress measurement technique results. The axial residual stress on the

inside wall at varying locations away from the weld cenffe line are shown.

161



Chapter 4 : Experimental Verification

t!È
=q
øo
g,
Ê
o
o
!

800

600

400

200

+ Experimental (Corrêcted using Beghini et al (1 998)

+Expêrimental (coí€cted using Weng and Lo (1992))

+2D Num€rical

+3D Numêricãl

0
60 70

-200

-400

Distance from Weld Gentre Line (mm)

Figure 4.15: Comparison of finite element model calculated and experimentally determined

residual stress results. The hoop residual stress on the inside wall at varying locations away

from the weld centre line are shown.

t62



Chapter 4 : Experimental Verifi cation

4.5 SUMMARY

At best the 'Blind Hole Drilling' technique can be expected to achieve an accuracy within

10% provided the residual süess does not vary with depth. Welding residual sfress fields are

known to vary with depth so achieving accurate experimental results is difficult. Also further

error is introduced when the effect oflocalised plasticity needs to be accounted for. With this

in mind it can be seen that both the trend in the experimental and numerical results show

excellent agreement. This also highlights the fact that finite element models are extremely

useful to highlight üends despite the fact that there will always be an amount of error in the

predictions made.

Finite element modelling offers the opportunity to efficiently and economically study

pipeline construction. In this study, finite element models will be used therefore to

investigate the effect of process parameters on the residual and transient stress.
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CONS TRUCTION PARAMETERS

5.1 INTRODUCTION

Both 2D axisymmetric and 3D models ofthe pipeline construction process have been created

and produce results which are consistent with experimental results as outlined in Chapter 4.

Numerical simulations using thermo-elastic plastic models are known to produce results

which often have limited accuracy, but there is a benefit in using them. They demonstrate

fends which are useful when designing a construction procedure. Numerical modelling also

has the advantage thal alarge number of process parameters can be considered quickly and

cost effectively. In this chapter the effect of varied construction parameters will be

considered in relation to their effect on the üansient and residual stresses in the weld zone.

Other researchers such as Higdon et al (1980) have considered the effect of lifting on the

residual stress, however they considered it in terms of applying a force to a pre-existing stress

field. This ignores the transient nature of the stress field and that the weld metal is at an

elevated temperature during lifting. There were also other limitations within that work as

outlined in Chapter 2.
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Other work has also been carried out which considers the effect of welding heat input such

as that conducted by Lin and Pemg (1997). While process variables associated with

construction have been considered in the past, few have been considered in relation to the

complete construction process. In this study models have been developed which are capable

of considering the transient stess due to both thermal and mechanical effects.

5.1.1 Region of Interest

When using numerical models the transient as well as the residual stress can be observed.

The region which is of greatest interest is where the highest tensile residual stress occurs.

Shown in Figure 5.1 is the axial residual süess on the inside pipe wall versus transverse

distance from the weld centre line at the 6 o'clock and12 o'clock positions that occurs during

a typical pipeline construction procedure. Due to the lifting and lowering processes, the area

which suffers the highest level of tensile residual stress is on the weld centre line at the 6

o'clock position. Therefore, when considering the influence of process parameters on the

transient stress, the weld centre line at the 6 o'clock position will be used.
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Figure 5.1: The residual axial stress verses the ûansverse distance from the weld csntre line

on the inside wall for the 6 o'clock and 12 o'clock positions.
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5.2 INFLUENCE OF PARAMETERS ON RESIDUAL
STRESS

The results given in this chapter demonstrate frends that occur when process parameters are

altered. The process parameters that have been considered include:

. the height of lift during construction

. the timing of the lift

. the heat input

. the elecûode used

. the parent material used

. the volume of the weld bead

. the wall thickness

. the proportion of the root run completed before lifting

. the diameter of the pipe

As previously demonstrated in Chapter 4, away from weld start and stop positions,

axisymmetric models produce results which agtee closely with those produced by 3D

models. Therefore in some cases axisymmetric models have been used in this thesis because

of the computational efficiency they offer. However axisymmetric models are not

appropriate when investigating the effect of weld end effects, the effect of lifting and

lowering the pipeline front end or incomplete root passes. When investigating the effect of

heat input, pipe diameter, wall thickness, materials used and volume of the weld bead it is
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advisable to model these effects in 2D due to the time saving it offers. When considering

these parameters 2D models can be used without detriment to the results.

5.2.1 Heat Input Comparison

The heat input used during welding is an important factor to consider. It influences the

welding speed that can be achieved, the bead height, the cooling rate of the material and the

residual stress. Generally the heat inputs used when welding the root pass are fairþ low when

compared to those of the capping passes. This is because the welding speed used for the root

pass is much greater than that of the capping passes. The faster the root pass is welded the

faster the forward pace of construction, which is a major determinant of pipeline construction

cost.

In the literature it is generally accepted that greater heat inputs result in greater residual

stresses (Lim et al, 1998). Therefore using low heat inputs has the beneficial effect of

keeping the residual stress in the root pass lower than it would otherwise have been. To give

an indication of the extent to which the heat input influences the residual stress a numerical

experiment was conducted using 2D models.

The heat input was varied by changing the curent and voltage used, while the welding speed

was kept constant. The size and shape of the bead was also altered depending on the heat

input used. The greater the heat input the greater deposition rate and therefore bead volume.
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lnformation was found from Lincoln Electric (1995) which related the deposition rate to the

welding cwrent used as shown Figure 5.2. This information was used to calculate a bead

height, which was related to the heat input whilst maintaining a constant voltage, welding

speed and joint preparation. Pipe segments are generally welded using a 600 vee-preparation

with a gap between the two pipe segments of l.6mm and a 1.6mm root face. So using this

basic geome@ the height of the weld bead was varied while keeping other boundary

conditions constant. The height of the weld bead was varied from 2mm, which is less than

that of a typical root pass, to 4mm, which is greater than that of a typical root pass.
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Figure 5.2: Relationship between the welding current and the weld metal deposition rate for

E6010 electrodes. Lincoln Electric (1995)
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As can be seen in Figure 5.3 the higher the heat input the greater the residual stress. It can

also be seen ho\ryever that the transient stress takes longer to develop with higher heat inputs.

This is due to the extended cooling time that occurs with higher heat inputs.
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Figure 5.3: Transient axial stress at the root of the weld at the 6 o'clock position using diÊ

ferent heat inputs while allowing for deposition rates.

The residual stress produced in a weld would be expected to be greater if the weld cooled

very quickly. This is because the weld metal would experience greater restraint by the

surrounding material. It is well known that increased restraint results in increased residual

stress (Henderson et al, 1996). An investigation therefore was carried out to determine

whether the increase in residual stress that occurs when increasing the heat input was actually

related to the increased deposition rate of weld metal.
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To test the theory that increased residual stress is related to increased bead volume rather than

heat input some models with varying bead volumes were created. It can be seen in Figure 5.4

that by increasing the deposition rate alone a reduction in residual stress occurs.

Transient Stress at Root of Weld
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Figure 5.4: Transient axial stress at the root of the weld at the 6 o'clock position for varying

bead heights for a constant heat input of 500J/mm.

rWhile it has been previously reported by some researchers that increased heat input increases

residual stress, it has not been made clear how to use this information. The author of this

thesis proposes that for optimal performance of a root pass in relation to heat input, a low

heat input should be used with an electrode with a high deposition rate for a given current.

This recommendation is given because it will result in a low tensile residual stress while

achieving a high rate of productivity.
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5.2.2 Material Used

By using high strength materials thin walled pipes can be used to carry high pressure gas.

With all other factors being equal the required wall thickness of a pipe is inversely

proportional to the yield strength. Therefore using higher strength pipe has the benefit of

allowing amaterial saving ofup to one third ifmoving from say X65 to X100 grade material.

When constructing pipelines there is a requirement that the strength of the weld must exceed

that of the pipe itself. This requirement is known as over matching. This means that as the

strength of the pipe increases the strength of the weld metal should also increase.

The gteater the strength of the parent material used the greater the residual welding stresses

that are induced in the root pass. Axisymmetric models \ryere created using different material

properties fromX42 to X80 using 89010 electrodes. As the strength of the parent material

increases so to does the residual stress as can be seen in Figure 5.5.
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Transient Stress at root of E9010 Root Pass
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Figure 5.5: Transient axial stress at the root of the root pass for various parent materials

while using E9010 electrodes.

The strength of parent material influences the restraint on the root pass material thereby

altering the residual stress. The residual stress experienced in the root pass however is more

dependant on the sfength of the weld metal than that of the parent metal. This can be seen

in the Figure 5.6. It would therefore be advisable to use lower strength material for the root

pass than for the capping passes. By doing this a reduced residual stress would be produced

at the root of the weld in the tensile region while still meeting the over matching

requirements.
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Transient Stress at Root of Weld in X80
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Figure 5.6: Transient axial stress at root of weld for E6010 and E9010 electrodes.

5.2.3 Pipe Wall Thickness to Diameter Ratio

The ratio befiryeen the pipe wall thickness and the diameter has a significant effect on the

residual stress. In circumferential welds the süess field is capable of deforming in the radial

direction, which reduces the restraint and residual stress in the weld. The amount of

circumferential deformation depends on the wall thickness to diameter ratio.

Figure 5.7 shows the result of varying the wall thickness for a given diameter. The geomeûy

of the root pass, the heat input (500J/mm) and other boundary conditions were kept

consistent between the two models. Figure 5.8 shows the effect of varying the diameter for

a constant wall thickness. As the diameter increases the residual stress is reduced. It is
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interesting to note that the crilrent move toward using thinner walled pipe will have tho

beneficial effect of reducing the residual sfess.
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Figure 5.7: Transient stress at the root of weld for different wall thicknesses for the same

weldbead geometry.
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Figure 5.8: Transient axial süess at the root of weld for different pipe diameters.

5.2.4 Lifting Pipeline Front End

After welding of the root pass the pipeline front end is lifted to place it on a support skid. The

lifting process places additional mechanical loading on the root pass which affects the

resulting residual sffess. During the lifting and lowering process, plastic deformation occurs

in the root pass. This plastic deformation can result in leaving an increased residual stress in

the root pass or it can be used to relieve some of the residual stresses in the root pass as

demonstrated in preliminary models in Chapter 2. The particular effect of lifting and

lowering is dependant on the height of lift, the material properties, the timing of the lift and

the proportion of the root pass completed before lifting.
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5.2.4.1 Height of Lift

The construction model described in Chapter 3 was run a number of times whilst only

changing the height of the lift of the front end of the pipeline. Figure 5.9 shows the transient

axial süess that resulted from this analysis. Only the axial stress is shown since the hoop

stress experienced in the root pass shows similar trends, however the magnitude of the hoop

stresses are lower due to the ability of the pipe to radially deform. Since the maximum

residual stress occurs near the weld centre line as shown in Figure 5.9, the residual sffess is

compared at the weld centre line in this present work.

Figure 5.9: Transient stress at the root of weld for various lift heights. Parent material is

X80 and the electrodes used are E9010.
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In Figure 5.9, X80 grade material was used with a 50o/o completion of the root pass and

86010 electrodes. In this scenario lifting the front end for a normal lift (300mm) or an

extreme lift (600mm) both result in an increased residual stress. However if the front end is

lifted high enough and the root pass is sfiessed enough to produce enough plastic

deformation in the root pass some ofthe residual stresses can be relieved. For enough plastic

deformation to occur there are two factors other than increased lift height to consider. Firstly

a pipe grade of lower strength can be used or the front end can be lifted earlier while the

material is at a more elevated temperature.

5.2.4.2 Strength of Material

In the scenario used above a lift height greater than used in practice was required to produce

enough plastic deformation in the root pass to relieve some of the residual stress. However

if the strength of the pipe and electrodes were lower, the lift height ofthe pipe could be lower

while still resulting in enough plastic deformation to relieve some of the residual stress.

This can be seen in Figure 5.10 where X42 pipe gtade was used. A lift height of only

1200mm rather than 2500mm was required to induce enough plastic deformation to relieve

some of the residual stress. While this numerical experiment has highlighted a trend that

occurs when lifting the pipeline front end, the height of the lifts considered here are extreme

and are unlikely to be used in practice.
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Figure 5.10: Transient stress at the root of weld for various lift heights. The pipe material is

x42

5.2.4.3 Timing of Lift

The pipeline front end is lifted shortly after welding the root pass so as to maximise the

forward pace of construction. This means the weld metal is at an elevated temperature during

lifting. It is therefore important to model the construction process using transient models.

By altering the timing of the lifting and lowering, the residual stress experienced in the root

pass can be altered. This phenomena can be seen in the Figure 5.11. If the lift occurs early

enough such that it results in significant plastic deformation in the weld zone then this can
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have the effect of relieving some of the residual stresses in the root pass. However if the lift

does not result in enough plastic deformation in the root pass the residual stess is increased.
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Figure 5.11: Variation of the transient axial stress at the root of the weld in the 6 o'clock

position for different lift times.

It can therefore be seen that if the lifting does not result in sufficient plastic deformation for

stress relief to occur it would be advisable to keep lift heights to a minimum and allow the

weld metal to cool sufficiently before lifting. However lift heights that are currentþ used

cause only a small increase in the residual stress of the order of 5-10%, which suggests

current practice is overþ conservative.
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It could well be decided that out of conservatism lifting of the front end would not be used

to relieve residual stresses in the root pass. In this case the lift height, the timing of the lift

and the percentage completion of the root pass required can be specified for a given material

grade and geomeûy using the modelling scheme developed. It would appear that current

procedures are conservative and recommendations could be made to increase the forward

pace of construction.

5.2.4.4 Proportion of Root Pass Completed

The benefit of allowing reduced root pass completion and earlier lifting of the pipeline front

end would be increased forward pace of construction (one of the objectives of this research).

An important improvement made to the pipeline construction process was suggested by

Henderson et al (1996), which was that only a 50% completion of the root was required

before lifting. This enabled the pace of front-end construction to increase from 4km per day

to 8km per day, as demonstrated on the Carpenteria Pipeline (Chipperfield,2002).

It has also been stated by Smart and Bilston (1995) that the section modulus of a root pass is

dependant on the portion of the root pass welded in relation to the lifting axis. For example

if the portions of the top and bottom pipe are welded, it will result in a greater section

modulus than if portions of the two sides are welded. This suggested that less than 100%

completion could be used if the correct portions were welded.
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A numerical experiment was conducted to determine the difference in the resulting residual

stress in the 6'oclock position for differing proportions of root pass completion. The welding

start and stop position was 20o before top and bottom dead centre respectively for all models.

A 600mm lift was carried out immediately after welding was completed.
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Figure 5.12: The transient süess at the root of the weld at bottom dead centre for different

root pass completions.

It can be seen from Figure 5.I2 that provided the root pass start and stop locations are 20o

before the top and bottom dead centre, then as little as 25%o of the root pass can be welded

without increasing the residual stress. It can be seen however that the root pass is placed
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under more stress during the lifting procedure than in the models with greater proportions

welded before lifting.

The reduction in the proportion of the root pass completed before lifting did not result in

enough plastic deformation to relieve some of the residual stresses for a 600mm lift height.

If a greater lift height was used in combination with reduced root pass completion, stress

relief would occur. This demonstrates how little root pass is required provided the

appropriate parts of the girth are welded.

While this appears to suggest that only 25Yo of theroot pass needs to be welded before lifting

ofthe pipeline front end, it is assumed in these models that no weld mismatch occurs. In order

for no weld mismatch to occur when oríy 25Yo of the root pass is completed before lifting,

the line-up clamp may be required after the lifting process whilst the root pass was

completed. Without early release of the line-up clamp the speed increase may not be

achieved.

5.2.5 Effect of Welding Start / Stop Position

The location in which the girttì is welded influences the section modulus of the girth weld. If

the top and bottom portions of the pipe are welded the girth will have a greater section

modulus than if the sides are welded. A numerical experiment was conducted where 50% of
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the root pass \ryas welded before lifting, while changing the location around the girth where

the root pass was welded.

Three different scenarios were considered. In all scenarios only 50% of the girth was welded

by two welders working simultaneously on opposite sides of the pipe. In the first case, the

root pass was welded 45o after bottom dead centre (ABDC). In the second case, the root pass

was welded 20o ABDC. In the third the root pass was welded until it reached bottom dead

cente. The results are shown in Figure 5.13.
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Figure 5 . 13 : The transient süess at the root of the weld at bottom dead centre for a root pass

of 50o/o completion with various start positions.
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A similar trend can once again be observed. By increasing the amount of plastic deformation

by a sufficient amount, some ofthe residual stess can be relieved. Inthis case the amount of

plastic deformation is altered by varying the section modulus. It can also be seen however

that if the weld is stressed to an insufficient level the residual stress can be increased.
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5.3 SUMMARY

After investigating the influence of process parameters on the residual stress it can be seen

that current practice does not adversely affect the residual sffess. This is not unexpected as

current procedures are based on past experience and trials that have been carried out. The

work presented here however has developed an understanding of the influence of individual

process parameters in relation to the induced transient and residual stress.

It has been shown that broadly speaking, the greater the heat input, the higher the residual

stress. The effect of heat input however is also related to the weld deposition. It was found

that the greater weld metal deposition for a given heat input, the lower the residual stress. An

increase of 50% in deposition rate produced a reduction of axial süess of approximately

rc%.

The strength of the electrode has a very strong influence on the resulting magnitude of the

residual stress in the root pass. It was demonstrated that reducing the sftength ofthe elecfrode

by one third, had a corresponding effect of reducing the residual stress by one third. The

parent material also influences the residual stress in the root pass but to a lesser extent than

that of the electrode strength. The difference in the magnitude of the axial residual stress

when moving from sayX42 to X80 sfrength pipe material is approximately 20Vo.
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It has been confirmed in this present stud¡ that the higher wall thickness to diameter ratio

the greater the residual stress. It was found that by doubling the diameter the axial residual

stress was reduced by approximately l5o/o.

The proportion of the root pass completed before lifting can influence the maximum residual

stress induced in a girth weld. It was demonstrated, however, that if the portions that are

welded evenly cover the top and bottom dead centre of the girth, as little as 25% of the g¡rth

needs to be completed before lifting. This depends, however, on the pipe segments having

no ovality, which is unlikely in reality. For this reason it would be unwise to recommend that

orly 25o/o of the girth needs to be welded before lifting.

It has been found that by lifting the pipeline front end higher than is the current practice,

some of the welding residual stresses can be relieved. While this is a revelation not

previously observed, it may not be an advisable approach. This is because increasing the

amount of plastic deformation could also have the effect of initiating cracks. Until

microscopic effects are also taken into account it would be unwise to recommend this

approach for reducing the chance of HACC. It has been shown however that 'normal' lift

heights (300mm) or even 'extreme' lift heights (600mm) are not going to adversely affect the

residual stress.
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The timing of the lifting of the pipeline front end can also influence the residual stress

induced in the root pass. If the lift occurs early enough to induce additional plastic

deformation, some of the residual súess can be relieved.

From this study it would appear that current practise is overþ conservative and there is still

room to increase efüciency without placing the pipeline at risk.
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Chapter 6

HYDROGEN DIFFUSION MODELLING

6.1 INTRODUCTION

Previous chapters have been concerned with the development of tensile residual stress in the

weld zone, which is the driving force behind HACC. The presence of hydrogen is also an

important consideration. The transient hydrogen concentration is analysed in this chapter.

During welding hydrogen diffiises into the molten weld metal from the cellulose in the

electrodes and moisture in the atmosphere. This hydrogen then diffiises throughout the weld

metal and into the HAZ of the parent material. When the weld metal cools to ambient

temperature the hydrogen diffirses very slowly and some hydrogen becomes trapped in

regions of high stress and dislocations (features termed 'hydrogen traps'). As the material

cools there comes a temperature when the hydrogen diffusion is suffrciently slow such that

very little more escapes the material into the atrnosphere. The time taken for hydrogen to

diftise out of the material is dependant on many factors such as the cooling rate, the

geomeûy of the weld and time between weld passes. In this section, the opportunity for

reduced risk of HACC is investigated with regard to hydrogen diffirsion.
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The procedure used to investigate hydrogen diftision is explained with regard to currenfly

available techniques. Results of the investigation are given which allow a quantitative view

of the diffirsion of hydrogen. The results of the modelling cannot be experimentally verified

however well established numerical techniques are used which allow trends to be

demonstrated.
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6.2 MODELLING TECHNIQUE USED

The modelling of hydrogen diffiision has made many steps forward over the last 30 years.

Models based on Fick's Second Law of diffirsion have been commonly used in the past

however, more advanced models such as that produced by Zhang et al (1991) have been

developed which consider microstructural, plastic strain and trapping effects. There are also

models that have been developed which consider stress assisted diffilsion such as that of

Krom et al (1999). As stated by Boellinghaus et al (1995), these advances in modelling of

hydrogen diffirsion have contributed to a greater qualitative understanding of hydrogen

difüision. However Boellinghaus et al (1995) also stated that for a quantitative analysis of

hydrogen diffiision, simple diffiision models based on Fick's Second Law of diffilsion are

more advisable.

There are still differing opinions on whether stressed regions act as hydrogen traps or

whether sfess assisted hydrogen diffi¡sion occurs, therefore more complex models are

unlikely to give a more accurate result. When considering pipeline construction such issues

do not need to be addressed because HACC is most likely to occur in the first few minutes

after welding (Fletcher and Yurioka, 2000). It is therefore not necessary to model hydrogen

accumulation over several hours.

Past work by Suzuki and Yurioka (1936) developed a cracking parameter to be used for the

determination of the minimum preheating temperature required to prevent HACC. That
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work demonsfated how the hydrogen content increases in critical areas with time and how

the maximum concentration occurs several hours after welding. It was stated in that work

however that, "the formula (for determining critical preheat temperature) has been

developed mostly for low-hydrogen electrodes" (Suzuki and Yurioka, 1986 23-15). The

calculated variation of hydrogen content with time is shown in Figure 6.1. The hydrogen

concenfation reaches a maximum several hours after welding. This is due to the location

being considered (weld root) having a hydrogen trap simulated in that region.

1oz f05
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Figure 6.1: Time dependant change in hydrogen concentration at weld root of single bevel

weld after welding under various preheat conditions calculated by finite difference method.

Suzuki and Yurioka (1986).

In pipeline construction however high hydrogen welding processes are used. It is stated in

the Australian Standard, Pipelines - Gas and liquid petroleum (AS 2885.2,2002 pp.103),
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"cellulosic electrodes are commonly employed, leading to very high levels of hydrogen in the

weldmetal of 30ppm or more."

One ofthe aims ofthis investigation is to highlight the linked effects of üansient temperature,

stress and hydrogen diffirsion immediately after welding. As previously demonstrated it only

requires several minutes after welding for the temperature of the material to reach ambient

and the transient stress to reach a residual level. Therefore the diffirsion of hydrogen during

the first few minutes after welding is of primary interest in this work. As stated by Fletcher

and Yurioka (2000), "Pipeline girth welding is unique in contrast to welding of other steel

structures usually conducted by low hydrogen consumables. HACC occurs some hours after

completion ofwelding in low hydrogenwelding, because it takes timefor hydrogen to dffise

and accumulate at the síte where HACC is initiated. However pipelines are often welded

with cellulosíc electrodes which produce welds completely saturated in hydrogen, and

HACC in a root weld is reported to be initiated several minutes after welding" (Fletcher and

Yurioka, 2000 pp.25)

Due to saturation of the weld metal with hydrogen in pipeline welding, the diffiision of

hydrogen in the first few minutes after weld deposition is assumed to be unaltered by the

existence ofhydrogen traps. Also since HACC is reported to typically occur several minutes

after welding there is no need to model accumulation of hydrogen over several hours. Fick's

second law of diffilsion allows modelling of the diffirsion due to the large chemical potential

that exists immediately after welding with cellulosic electrodes. This chemical potential is
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assumed to be the predominant driving force behind the distribution ofhydrogen throughout

the weld zone when saturated. Hydrogen diffirsion that occurs due to the welding of pipelines

can therefore be modelled using Fick's Second Law of diffrrsion.

The diffiisivity of hydrogen in steel is dependant on the temperature of the steel. For this

reason, within the transient model the material properties are altered depending on the

temperature of the material. The temperature history of the material is predicted via an

axisymmetric thermal model as described in Chapter 3. As the material cools after welding

there is a temperature gradient throughout the material. Since the diffiisivity of the material

is dependant on the temperature of the material every element is assigued a new hydrogen

diffirsivity each time step.

It is stated in Easterling (1992) there is a wide scatter of difrisivity measurements for

hydrogen in ferritic steels below 200oC. Although there is a wide scatter of results, it is

typical to assume two diffi¡sivity coefücients for hydrogen in ferritic steels. The diffiision

coefficient used for temperatures below 200oC is given in Equation 6.1 and the diffi¡sion

coefücient used for temperatures above 200oC is given in Equation 6.2.

d: o.r4exp(-iff) -m2s-1 (Temperature < 200oC) (6.1)

d: r|exp(#) -m2s-1 (Temperature > 200oC) (6.2)

where:
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d : Diffiisivity

.R : Constant used to calculate diffirsivity

T = Temperature

The surfaces exposed to the atrnosphere are assigned a hydrogen concentration equal to zero.

This causes the hydrogen concentration to have a gradient which promotes diffrrsion out of

the material. This is a valid assumption as hydrogen at the surface of the material will diffuse

into the atmosphere. This approach is consistent with past models ofhydrogen diffrrsion. One

such example is Boellinghaus et al (1995).

The material properties in the model were changed continuously between time steps, which

is costþ in terms of computation time. An external computer progrcm was written to reassign

diffirsivity of each element between time steps by determining the temperature ofthe element

from a thermal model that had been run previously. Therefore a new solution had to be run

for each time step. This meant that at each time step the mesh and other model parameters

had to be reread into memory and a new wave front minimisation procedure had to be carried

out. This procedure was necessary however, given that the commercial finite element

package, 'NISA' does not allow material properties to be changed during a solution if the

cause of the change is decoupled from the current solution. A schematic diagram of the

procedure used to model hydrogen diff¡sion is given in Figure 6.2.
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Figure 6.2: Flow diagram of procedure used to model hydrogen diftision.
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6.3 NUMERICAL EXPERIMENT

Using Fick's Second Law of Diffusion and ignoring the existence of hydrogen traps and

stress assisted diffilsion means the reduction in hydrogen diffirsion is only dependant on the

geometry of the weld, the temperature ofthe weld and the time elapsed since welding. It does

however mean that during girth welding with cellulosic electrodes, the predominant methods

for altering the rate of hydrogen diffirsion are via changes to the temperature. This can be

achieved by pre-heating, post-heating or altering the timing of the hot and capping passes.

A numerical experiment was conducted whereby four scenarios \ryere considered.

. In the fnst, the girth weld was allowed to cool to ambient temperature after welding

with no modification to the cooling rate.

. In the second, pre-heating was simulated by assuming an initial temperature of the

near weld region of 300oC before welding.

. In the third, solution the near weld region was allowed to cool for the length of time

the root pass takes to complete. Then the temperature of the near weld region was

raised to 300oC to simulate post-heating and allowed to cool.

. Finally, the effect of the hot pass on the transient hydrogen concentration was exam-

ined. A model was created where a hot pass was laid five minutes after the root pass.

This model was created to simulate the hot pass with a different mesh, which included

elements for the hot pass.
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6.4 RESULTS

The hydrogen concentration 1l minutes after welding, which lvas calculated using a model

based on Fick's Second law of diffiision can be seen in Figure 6.3. When making

comparisons the location considered in this work is shown in Figure 6.4 and the nominal

dimensions are given in Figure 3.2. This is because the root of the weld is exposed to the

atmosphere and therefore has a low hydrogen concentration in that region. The location

shown in Figure 6.4 is typically where hydrogen cracks are initiated when welding high

strength steels such as is used today for pipeline construction (Kufter, 2003).

Figure 6.3: The calculated hydrogen distribution 11 minutes after welding.
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of Calculaæd
Residual Stress

Figure 6.4: Location where the calculations are considered in the present study.

The rate of hydrogen difrision is highly dependant on the temperature cycle of the material.

At elevated temperature the hydrogen diffilses out of the material quickly whereas at ambient

temperature the hydrogen diffirses so slowly it almost becomes trapped in the material. This

phenomena means that the effect of pre-heat or post-heat can greatly increase the rate of

hydrogen diñrsion.

The effect of pre-heating or post-heating the weld on the rate of hydrogen diffirsion was

examined. This can be seen to have a significant and beneficial effect on reducing the

hydrogen concenfation as shown in Figure 6.5. Both pre-heating and post-heating of the

near weld region result in a very similar rate of diffirsion'
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Figure 6.5: Transient hydrogen concentration after welding of root pass

The rate of hydrogen diffrrsion is increased by pre-heating and post-heating of the near weld

region because the material spends longer at at elevated temperature which promotes

diffirsion. This can be seen in Figure 6.6 where the temperature history is shown for the three

scenanos.
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Figure 6.6: Temperature history for a node in the root pass including scenarios where pre-

heating and post-heating are used.

ln order to simulate the hot pass, a thermal model was created to predict the temperature

history using the temperature field from the previous model after five minutes as an initial

temperature boundary condition. A hydrogen diftision model was then created using an

initial concentration of 30ml/100g (which was suggested by Fletcher and Yurioka, 2000) in

the hot pass weld metal.

When the hot pass is laid on top of the root pass typically with a dwell time of five minutes

between passes, the temperature of the root pass is once again elevated, increasing the rate

of hydrogen diffirsion, but more hydrogen is also introduced within the weld metal of the
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second pass. In Figure 6.7 the transient hydrogen concentration is shown for the two

scenarios for a node in the location shown in Figure 6'4.
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Figure 6.7: Transient hydrogen concentration after welding of root pass and hot pass

In Figure 6.8 the temperature history for the node in the location shown in Figure 6.4 which

was considered in Figure 6.7 is shown. It can be seen that when the hot pass is laid on top of

the root pass the temperature of the root pass is elevated and then cools more slowly than it

would have without the hot pass. As the root pass stays at a higher temperature for longer,

hydrogen diffirses out more quickly.
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Figure 6.8: Temperature history of a root pass with and without a hot pass laid on top.

By adding a hot pass shortly after the root pass, increases the concentration ofhydrogen. This

would suggest that by adding a number of passes in short succession would cause a build up

of hydrogen. Also it would make it more difücult for the hydrogen to escape as it would need

to travel further to reach the atrnosphere. The more weld metal deposited in a single pass the

greater the hydrogen content in the near weld region because the hydrogen has to travel

further to escape.
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6.5 CONCLUSION

The investigation into transient hydrogen concentration has highlighted two points. Firstly,

it is generally recognised that in order to move toward using X80 or higher strength materials

factors such as pre-heating or post-heating of the material need to be considered. It is

therefore interesting to see the effectiveness of this approach in rapidly reducing hydrogen

concentration. Pre-heating of the near weld region appears to be the most appropriate and

effective method of reducing hydrogen in the near weld region when using cellulosic

electrodes.

Secondly, the requirement that the hot pass be added within a certain time constraint does not

appear to be related to its influence on the hydrogen concentation. It is most likely that the

benefit in confolling the dwell between root and hot pass welds would be in terms of

reduction in residual stress and material hardness.
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TRANSIENTHACC RISK

Pipeline construction procedures are primarily governed by how the speed of front end

construction can be maximised. However the timing of the various processes involved in

construction also influence the residual stress as demonstrated in Chapter 5. Using a typical

pipeline construction procedure the variation of the risk of HACC with time has been

investigated in this chapter.

It has been reported in AS 2885.2-2002 rhat HACC is most likely to occur several minutes

after welding during pipeline construction which is in contrast to low hydrogen welding

processes in which it is most likely to occur after several hours. An explanation of this

phenomena is offered in this chapter and recommendations are given to avoid HACC based

on the timing of the process.
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7.I EVOLUTION OF STRESS, TEMPERATURE AND
HYDROGEN

In order to understand the transient risk of HACC the evolution of the stress, temperature and

hydrogen concenfation need to be considered in unison. These factors have been calculated

for a typical girth weld using the techniques described in this thesis and are shown in Figure

7 .I. h should be noted that the transient sfess reaches its maximum and final residual stress

when the temperature reaches ambient. It can also be seen that the temperature and stress

reach constant values well before the hydrogen concentration.
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Figure 7 .I:þpicaltransient stress, temperature and hydrogen concentration in the root pass

of a pipeline girth weld.
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7.2 TRANSIENT HACC RISK

In order to gain a general understanding of the transient risk of HACC it was assumed that

the risk was related to stress, temperature and hydrogen concentration in the manner shown

in Equation 7.1, which was developed by the author of this thesis. This allowed a conceptual

understanding to be developed which coincides with past experience with HACC in pipeline

girth welds. A schematic diagram ofthe transient risk of HACC for pipeline welding and for

low hydrogen welding processes based on Equation 7.1 is given in Figure 7.2.

h. , StressxHldrogrnRtslt-- 'I'emperature (7.1)
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Figure 7.2: Schematic diagram showing the transient risk of HACC.
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It is known that in order for HACC to occur the temperature of the material must fall to below

50oC (Kobayashi and Aoshima, l97L).It is also known that the residual stress is also not

developed fully until the temperature falls to ambient. Once the temperature has fallen to

ambient (several minutes after welding) the residual stress stays constant. The hydrogen

however still diffirses out of the material.

Pipeline construction generally uses cellulosic electrodes due to the high productivity and

robust nature of the process. Cellulosic welding is a high hydrogen process and the weld

metal is saturated in hydrogen after welding. Due to this saturation of hydrogen, HACC

generally occurs several minutes after welding as compared with low hydrogen welding

processes where HACC occurs several hours after welding (Fletcher and Yurioka, 2000).

It can be seen in Figure 7.2 that the time when HACC is most likely to occur is when the

material first reaches ambient temperature and the residual stress reaches its maximum and

residual level. After several hours the majority of the hydrogen gas diftrses out of the

material leaving only the residual hydrogen trapped in voids and sfess concentrations. This

leaves the material with a residual HACC risk.

Contrast the previously described fiend with that of low hydrogen electrodes, in which the

hydrogen that is intoduced into the material is in a low concentration. Once again the

material reaches ambient temperature and the residual stress reaches its maximum and final

level several minutes after welding. However the hydrogen difürsing through the material
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collects at 'hydrogen traps' and increases in concentration in localised areas until it reaches

a maximum after several hours. At this time the risk of HACC reaches its maximum. The

residual I{ACC risk for cellulosic electrodes is greater than for low hydrogen electrodes

because the residual hydrogen level is gteater.
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7.3 INFLUENCE OF HOT PASS ON THE RISK OF HACC

It is generally accepted that the application of a hot pass reduces the risk of HACC when

welding pipelines. In the Australian Standard, Pipelines - Gas and liquid petroleum AS

2885.2-2002 it is stated ,"Delays of more than about 6 minutes between the completion of the

root pass and the deposition of the hot pass greatly increase the risk of IIACC occuning."

The reasons given for this reduced risk are that, "the hot pass increases the weld throat

thiclc4ess, reduces the notch effect strain concentration in the wagon track region, refines

and tempers the microstructure, and most importantly raises the temperature of the weld

cooling rate to enhance hydrogen effusion."

The schematic diagram given in Figure 7.2 is modified in Figure 7.3 to demonstrate the

ftansient risk of HACC with the addition of a hot pass with a delay time of less than 6

minutes. By adding a hot pass, immediately the risk of HACC is reduced as the temperature

of the material is raised above 50oC where HACC is reported not to occur (Suzuki and

Yurioka, l936). This reduction in risk of HACC immediately after application of the hot pass

is shown in Figure 7.3.

Once the material cools again however tensile residual stresses increase in the near weld

region. The hot pass weld metal is saturated with hydrogen from the cellulosic electrodes

which diffiises into the sunounding HAZ and root pass weld metal. A peak risk of HACC
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once again occurs several minutes after welding of the hot pass and a residual risk is reached

several hours after welding as shown in Figure 7.3.

However, the level of risk is much lower than it would have been with a root pass only. The

reduced risk is due to the residual stresses in the root of the weld being reduced by the

application of the hot pass. This is supported by Radaj (1992) who states that, "the

longitudinal residual stresses of the layers depositedfirst are relieved, however, by the layers

placed over them" (Radaj, 1992 pp.260).

Hot Pass reaches ambient
te mperalure

Pass ¡eachesambient
te mperatutE

Hot Pass is 4pplied

- 
Root Pass only

----Hot + Root Pass

U
U
l+l
Ér
q-i

l'l
V)

ü

Time

Figure 7.3: Schematic diagram showing the transient risk of HACC when a root pass is laid

and for when a root and hot pass are laid for a high hydrogen welding process.
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7.4 SUMMARY

By understanding the úansient risk of HACC it can be seen that factors such as the timing of

the lifting of the pipeline front end are important. Generally the lift occurs almost

immediately after welding while the material is at an elevated temperature. This is an

appropriate time for lifting to occur but if it was to occur several minutes after the root pass

was completed when it reached room temperature the lifting of the front end would increase

the potential for HACC.

To summarise the methods available for the reduction of HACC risk while using cellulosic

electrodes the following statement can be made:

a Reduce the tensile residual stresses in the material.

Slow the cooling rate to increase the rate of hydrogen diffirsion and reduce the hard-

ness of the material.

Avoid applying loads to the welds during times of high FIACC risk'a
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DISCUSSION AND CONCLUSIONS

8.1 DISCUSSION

The cost of building a pipeline is strongly related to:

. the strength of the pipe material. Using higher strength pipe material with thinner

walls can provide a material saving of up to one third if moving from say X65 to

xl00.

. the forward pace of front end construction, which is a major determinant of construc-

tion cost.

Both of these cost saving measures can potentially increase the likelihood of HACC so a

greater understanding of the influence of various process parameters is needed.

An efficient modelling procedure has been developed in this study, which can simulate the

stress cycle endured by a girth weld during construction. The model has been experimentally

verified using the 'Blind Hole Drilling' method of residual stress measurement. A variety of

different process variables have been investigated. This highlighted the risk factors and

potential areas for greater efficiency.
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The evolution of temperature, stress and hydrogen concentration \ilas calculated for a typical

pipeline construction procedure. This enabled an understanding of the transient risk of

hydrogen assisted cracking to be developed. The importance of the timing of events was

demonstrated, the critical events were revealed and explained with the aid of science rather

than anecdotal evidence.

Cellulosic electrodes are generally used for welding of pipelines in Ausialia. This is due to

the ability to weld at high speeds and the addition of alloying elements in the flux create

desirable running characteristics and material properties. Cellulosic electrodes however

introduce a high concentration of hydrogen into the weld metal. Fick's second law of

diffirsion was used to model the hydrogen diffusion due to the welding process.

8.1.1 PipelineConstructionModelling

The stress cycle in the girth weld during front end pipeline construction has been modelled

in a complete, time dependant manner allowing for the effects of material non-linearity. This

incorporates simulation of both thermal and mechanical effects in 3D, and considers all

elements of construction thought to influence the transient stress in the girth weld.

Calculating the stress induced in a weld due to the welding thermal cycle is a

computationally intensive process. It is not economically feasible to model the effect of the

lifting and lowering process with three pipe lengths (which are required to simulate lifting)
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and include the effect of the welding thermal cycle. To combat this problem a sub-modelling

technique was developed to simulate the affect of lifting and lowering the pipeline front end

on the near weld region.

Goldak's (1985) double ellipsoidal heat source was modelled, passing around the girth in a

transient milrler to calculate the temperature cycle induced due to welding. An extemal

program was written to transfer the temperature history from a fine first order mesh as used

in the heat transfer model to a coarse second order mesh as used in the stress analysis model.

Mesh refinement and grading allowed an efficient model to be set up for analysis of

numerous process parameters as described in Chapter 5. Complex non-linear material

properties including the effect oftransformation plasticity were allowed for in the modelling

procedure.

A preliminary investigation into the effect of lifting ofthe pipeline front end was carried out.

The lifting process appeared to have a detrimental effect on the residual stress induced into

the girth weld when an 'extreme' lift of 600Ítm was carried out, however a lift of 1200mm

appeared to relieve some of the residual stress. This relief is due to additional plastic

deformation induced into the root pass during lifting. This result is dependant on nìrmerous

other parameters however, such as the strength of the material, the electrodes used, the

geomeûry of the pipe and the timing of the lift. These other parameters are considered in

Chapter 5.
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The operation of the line up clamp was also simulated in the construction model developed.

This was achieved by simulating an internal pressure inside the pipe in the region where the

line up clamp is applied. The pressure that was used was estimated using a schematic

diagram of a typical line up clamp and knowledge of the pneumatic pressure used to actuate

it. It was found that provided no weld mismatch occurs during welding, the line up clamp has

no influence on the residual stress induced in the root pass.

8.1,2 ExperimentalVerificationlssues

The 'Blind Hole Drilling' measurement technique and the finite element models have

demonstrated consistent residual sfress results. They gave confidence that the numerical

modelling scheme developed is capable of investigating pipeline construction.

Some measurements indicated that the residual stress exceeded the yield sfength of the

material, which \ryas measured to be 525MPa in tensile tests. It is not likely that the residual

stress will significantly exceed the yield strength of the pipe since the material will deform

plastically. This is a problem with this measurement technique that was outlined by 'Weng

and Lo (1992) and Beghini et al ( 1998). When measuring residual stress which is greater than

50o/o of the yield strength of the material, localised plasticity effects in the material cause

inaccuracies in measurement. Beghini et al (1998) found that when the stress exceeds 50%

of the yield sfength the calibration coeffrcients increase non-linearly. The UM rosette as
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used in this study was found to be more sensitive to the efîects of local plasticity than the RK

rosette used by Weng and Lo (1992).

The experimental results corrected using the technique suggested by Weng and Lo appears

to agree with the numerical results better than those corrected using the technique suggested

by Beghini et al (1998) despite the fact that the effect of biaxiality was not accounted for.

This is also highlighted by the fact that the results produced by the Beghini et al (1998)

technique exceed the yield strength ofthe material. This obvious inaccuracy is most probably

due to the sfain gauge rosette not being aligned with the residual stress field. Without

knowing the direction of the residual sffess prior to measurement inaccuracy of up to 20Yo

should be expected with the Beghini et al(1998) technique.

Each measurement of residual stress was made at varying depths to determine the variation

of residual stress with depth. Ideally the residual stress field would not vary with depth as

inaccuracies are introduced when they do. The measurements made further away from the

weld centre line appeared to vary significantly with depth. This is predominately due to the

fact that there is a constant amount of noise in the measurements and when the measurements

are smaller the amount of error is proportionally greater. Measurements made closer to the

weld centre line appeared to vary with depth to a more acceptable level.

Welding residual stress fields in cylinders are known to vary with depth, typically with a

tensile stress on the inside wall and a compressive stress on the outside wall of the cylinder.
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The results achieved therefore are reasonably accurate considering the limitation of this

method.

The closest measurement to the weld centre line was made at 5mm. It \ryas not possible to

take measurements directly on the weld centre line as the weldment re-enforcement must

firstþ be ground offwhich results in an altered residual stress field. 20mm and further away

from the weld centre line the variation of stress with depth increases. The greater consistency

ofresidual stress with depth gave increased confidence in the results close to the weld centre

line which is the area of interest. Further away from the weld cenffe line the residual stress

approaches zero so accuracy in this region is less important.

8.1.3 Residual Stress

The pipeline construction process has many variables which influence the tendency for

HACC and pipeline construction cost. The important ones were identified and investigated

in relation to their influence on the residual stress produced in the root pass of a girth weld

in Chapter 5. The modelling scheme developed is capable of analysing any given set of

process parameters. Trends were investigated while considering individual process

parameters.

The marurer in which the residual stress develops was observed by consideration of the

ûansient stress. As the transient stress develops into a residual stress the weld metal is
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cooling toward ambient temperature. While at an elevated temperature the material is more

susceptible to mechanical handling loads altering the residual stress.

The predictions of the resulting stress due to the welding thermal cycle cannot be expected

to achieve high levels of accuracy. The level of ageement that can be expected was

demonstrated in Chapter 4 using the 'Blind Hole Drilling' method of residual stress

meas¡rement. The manual metal arc welding process however is far from perfectþ

consistent in terms of welding speed, heat input and other parameters. Due to this variability

it would be pointless to develop a scheme capable of modelling the perfect process as this

would be unachievable in reality. Instead a model capable of observing trends due to process

parameters has been created and used with success by the author of this thesis.

It was found that the resultant residual stress field in a pipeline girth weld is influenced not

only by the process parameters but also their timing. Factors such lifting ofthe pipeline front-

end before welding of the root pass can have a significant effect on the residual stress.

However if the weld is allowed to cool for only a few seconds, the weld develops enough

strength to endure typical lift heights (300-600mm) with only a small increase in tensile

residual stress in the root pass.

It was also shown that the tensile residual sfess in the root pass can be reduced by lifting of

the pipeline front end. This relief of tensile residual stress was achieved by plastically

deforming the material while still at an elevated temperature. However in order to create the
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required circumstances needed to achieve this relief of residual stress, impractical lift heights

were requiïed. As lift heights become greater the force required to lift the pipeline also

becomes gfeater since more and more of the pipeline is lifted off supports. This method

would also require very strict timing of the process to ensure that failure of the weld did not

not occur during the stress reliefprocess.

It is interesting to explore the possibilities for alteration of the construction process as a

number of opportunities have been demonsfiated. Not all opportunities are feasible, however

a number of recommendations are given later in Section 8.3.

8.1.4 HydrogenDiffusion

As higher strength pipe material such as X80 is used factors such as pre-heat and post-heat

will become increasingly important. The use of pre-heat or post-heat will slow the cooling

of the HAZ, reduce hardness, as well as reducing the concentration of hydrogen. Pre-heating

is used during pipeline construction in some countries due to the low ambient temperatures

that exist. In Ausftalia pre-heat is not currentþ required to achieve appropriate HAZ

hardness nor to avoid HACC. As the industry moves toward the use of higher strength pipe

such as X80 the use of pre-heatmay become critical.

In the United Kingdom specialised equipment is used to pre-heat the pipe. It has been shown

in Chapter 6 that post-heat, which could be simply applied using flame torches, also can
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achieve a significant increase in hydrogen diffirsion. The use of pre-heat however has the

added benefit of increasing the Ts75 cooling time (time taken for material to cool fiom 800oC

to 500oC). This will result in a lower hardness and therefore a lower susceptibility to HACC.

Post-heating has the effect of tempering the near weld region however it does not affect the

Ts75 cooling time.

ln most pipeline construction procedures there is a requirement that the hot pass is laid after

the root pass within a certain time constraint. This constraint is designed to reduce the risk

of HACC. The reasons given in the Ausftalian Standard, Pipelines - Gas and liquid

petroleum, for the risk reduction are that, "the hot pass increases the weld throat thickness,

reduces the notch ffict strain concentration in the wagon track region, refines and tempers

the microstructure, and most importantly raises the temperature of the weld cooling rate to

enhance hydrogen effusíon" (AS 2385.2,2002 pp.10a). It was shown in this present work

that by laying a hot pass, the rate of hydrogen diffusion was increased by a small but

insignificant amount, however the hydrogen content was increased. This would suggest that

any reduction in HACC risk obtained by the application of a hot pass is not due to an

enhanced hydrogen effi¡sion.

8.1.5 Transient Risk of HACC

In the past anecdotal evidence was used to avoid times of high risk when performing

operations such as lifting the pipeline front end. Through this present investigation, a good
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understanding ofthe evolution of stess, temperature and hydrogen concentration that occurs

during pipeline construction has been developed. With this understanding a view of the

transient risk of HACC that occurs ùring pipeline construction has also been developed.

This allowed schematic representation of the transient HACC risk'
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8.2 CONCLUSIONS

First Model of Stress Evolution During Pipeline Construction

The first model published capable of simulating the stress evolution experienced in the root

pass of a pipeline girth weld during construction has been created. The root pass is of critical

importance in relation to the likelihood of HACC as it is at the root of the weld where tensile

residual stress is induced due to the welding thermal cycle. This tensile stress is the driving

force behind HACC. Subsequent passes have the effect of reducing some of the residual

stresses and tempering the material.

Experimentally Validated

This research has demonsfated the level of agreement achieved between the numerical

model produced and the 'Blind Hole Drilling' method of residual stress measurement. It has

taken into account the problems experienced in relation to stress varying with depth such as

occurs in welding residual stress fields, which is a source of error when using the 'Blind Hole

Drilling' method. The effect of localised plasticity also had to be allowed for in the situation

where the residual stress exceeded 50% of the yield strength ofthe material. It was found that

the modelling scheme developed was capable of making reasonable predictions of residual

stress.
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Construction Parametens

Construction parameters \ryere analysed using the model developed with respect to their

influence on the transient and residual sffess. This highlighted trends to be expected when

altering construction parameters. It was found that:

. Lifting of the pipeline front end with 'normal' and 'extreme' lifts will result in an

increased tensile residual süess, however the increase is only in the order of 5'l0o/o

when using X70 pipe, 300mm in diameter, 6mm in wall thickness with 12m lengths.

. Lifting of the pipeline front end during construction will increase the residual stress

unless it results in enough plastic deformation to relieve some of the stresses. For the

above pipe only extreme lifts could generate this level of plastic deformation.

. Additional plastic deformation can be produced in the root pass without lifting the

pipeline higher by: using lower strength material; lifting earlier while the material is at

a higher temperature; reducing the proportion of the root pass completed; or altering

the section modulus by changing the welding start and stop positions.

. The lifting of the front end can be conducted immediately after welding of the root

pass without adversely affecting the residual stress.

. Provided no weld mismatch occurs the line-up clamp has no effect on the residual

sfess.

. Completing as little as 25%6 of the root pass before lifting will not adversely affect the

residual stress in the root pass, provided the top and bottom portions of the girth are

welded and no weld mismatch occurs.

. Using greater heat input results in higher residual stress.
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An electrode which has a higher deposition rate for a given heat input will produce a

lower residual stress.

Residual stress approaches the yield strength of the material, so the stronger the mate-

rial being welded the greater the resulting residual stress.

Similarly, higher strength electrodes result in a greater residual stress.

The greater the diameter to wall thickness ratio the lower the resulting residual súess.

Hydrogen Diffusion

. Pre-heating and Post-heating dramatically increase the rate of hydrogen diffirsion.

. The hot pass increases the temperature of the root pass, thereby increasing the rate of

diffirsion. The hot pass however also introduces more hydrogen into the material and

traps the hydrogen in the root pass, preventing it from escaping quickly as the path it

has travel to reach the aûnosphere increases.

. The reduction of HACC risk resulting from adding a hot pass as reported in AS

2885.2-2002 is not related to reduced concentration of hydrogen.

Transient HACC risk

The transient temperature, sfess and hydrogen diffilsion have been calculated for a typical

pipeline construction procedure. By understanding the evolution of these parameters a

transient risk of HACC has been suggested:

a

a
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The highest risk of HACC occurs when the material reaches ambient temperature and

the residual stress is flrlly developed. This occurs several minutes after welding of the

root pass.

A residual HACC risk is reached several hours after welding when the hydrogen con-

cenüation reaches a residual level.
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8.3 RECOMMENDATIONS TO PIPELINE INDUSTRY

Reduce Risk of HACC

Lifting and other mechanical loads to be applied to the pipe during construction should

be canied out before the temperature in the root pass falls to ambient. This is because

the maximum risk of HACC occurs after the near weld region reaches ambient tem-

perature as explained in Chapter 7.

The hot pass should be laid before the temperature of the root pass falls to ambient. By

doing tþis, some of the residual stresses in the root pass will be relieved and it will pre-

vent the maximum level of HACC risk being reached.

The welding should be carried out by two welders working simultaneously. The sec-

tions of the girttr welded should include the 6 o'clock and 12 o'clock positions. This

will reduce the stresses induced in the root pass due to the lifting and lowering pro-

a

a

a

CESS

When welding the root pass a low heat input should be used with an elecftode that pro-

duces a high deposition rate for a given current. This will result in a lower residual

stress in the root pass than would otherwise be achieved.

The root pass should be welded with a lower strength elecüode than the capping

passes. By using a lower strength electrode for the root pass will reduce the residual

s¡.ess at the root of the girttr weld which is typically where the tensile residual stresses

occuf.
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A lift height for the pipeline front end should not exceed lm to prevent adversely

affecting the residual stress. This requirement is based on a typical pipeline and will

obviously vary depending on the pipeline sizes and grades used.

When the use of high strength pipe material increases the risk of HACC to an unac-

ceptable level, pre-heating ofthe root pass should be used.

Increase Forward Pace of Consfruction

. Lifting of the pipeline front end should be carried out shortly after welding of the root

pass. It was shown in Section 5.2.4.3 that after a short period (15 seconds) after weld-

ing the residual stress would not be adversely affected by lifting the pipeline front end.

Therefore to maximise the forward pace of construction lifting should take place

shortly (15 seconds) after welding.

. Only 50% of the root pass should be completed before lifting of the front end. The 6

o'clock and 12 o'clock positions of the root pass should be welded. Welding 50o/o of

the root pass is adequate to prevent any weld mismatch after removal of the line-up

clamp and will not result in an increased residual stress in the root pass as shown in

Section 5.2.4.4.

. The line-up clamp should be removed immediately after welding of the root pass and

placed at the new pipeline front end. This is because the line up clamp is not required

to counter the lifting süesses induced in the pipeline front end.
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8.4 SIGNIFICANCE OF WORK

This research has shown it is possible to develop 3D models of pipeline consfuction using

currently available computer technolory and to use such models to analyse the sfess induced

during the pipeline construction process.

This work has shown that the final state of residual thermal stress is influenced by the lifting

and lowering ofthe pipeline front end. Previously it was assumed that the lifting process only

altered the stress induced in the girth weld during the lifting and lowering process (Higdon

et al, 1980). In contrast to this notion it has been shown that under some circumstances the

lifting process can be used to relieve welding residual stresses.

This work has determined the influence of a large number of process parameters on transient

stress in the weld during construction. While certain parameters have been considered by

researchers in the past, this is the first time a large number of parameters have been tested

using the same model. This indicated trends and the relative importance of the various

parameters.

The hydrogen diffirsion due to pipeline welding was modelled which allowed a transient

view of temperature, stress and hydrogen concentation for a typical pipeline construction

procedure. A discussion on the transient HACC risk based on these factors is provided.
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8.5 FUTURE WORK

In this work, the residual stress and hydrogen concentration in pipeline welds were

considered with a view toward minimisation. Understanding the evolution of residual stress

and hydrogen concentration enabled a transient view ofthe risk of HACC to be constructed.

Future work which would be useful would be the development of a model capable of

predicting when cracking is likely to occur by relating the residual stess, microstructure and

hydrogen concenüation to experiments where cracking has occurred.
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Appendix

APPENDICES

A. SIMULATION OF LINE-UP CLAMP

Shown below in Figure 4.1 is a schematic diagram of the operation of a typical internal line-

up clamp.

StEfr

Hptrrati[ P¡Eñu€

Þcssre

Figure 4.1: Schematic diagram of the operation of the internal line-up clamp.
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In order to model the effect of the internal line-up clamp, the force applied by the line-up

clamp was approximated from the pneumatic pressure of the clamp. The line-up clamp

operates approximately 20mm from the weld centre line, which is also where the intemal

pressure boundary conditions are applied.

The force on the plunger shaft is:

FH: A,XP

: 
f;o2'x 

r
: 25.77 kN

where

r; : Force on line up clamp plunger

A" = Area of line up clamp plunger

P : Pneumatic pressure

D" :Diameter of plunger

The clamping force applied to the inside of the pipe can be calculated by resolving the force

into the direction normal to the pipe wall.
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Fs

FH

Figure 4.2: Vector diagram of forces applied to the inside wall of a pipe by the line-up clamp

Fc: Frxtan(65n)

: 53.95 kN

where

F" : Clamping force

FH : Force on line up clamp plunger

By calculating the area over which the force is applied the internal pressure applied to the

pipe by the line up clamp can be approximated.

Ac: nD,xll

= 0.04I4m
2

PC _Fc
AC

:3,8MPA
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where

A" : Area over which clamp is applied

a, : Inside diameter of pipe

ø : Width over which clamp is applied

r, : Clamping pressure
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B. BLIND HOLE DRILLING EXPERIMENTAL RESULTS
smm from weld centre line

mm ne

m

Rsmax (MPa Anole (raosA ts Rsmin (MPa)E1 È2 E3 e bDepth
o.t3-9.7E-04 213 539-69 t¿.tyl U.Ubö -5.8E-040.001 -5 -18

174 438 0.740.149 -1 .6E-03 -2.5E-03o.002 -1 30 43 -146 o.072
216 502 o.74-241 0.101 0.233 -2.2E-030.003 -212 €6

o.74-3.0E-03 -5.5E-03 229 520-305 -95 -345 0.139 0.3290.004
241 620 0.76o.152 0.3E7 -3.3E-03 4.4E-030.005 409 -1 10 -444

-7.1E-03 304 694 0.76-516 0.159 0.424 -3.4E-030.006 473 -96
787 0.76o.445 -3.4E-03 -7.48-03 3470.007 -83 -576 0.157
865 0.760.457 -3.3E-03 -7.6E-03 3760.008 -575 61 -627 0.1 55

Anole (raos)ts Rsmin (MPa) Rsmax (MPaÈ2 E3 a b ADepth E1
-0.56-9.7E-O4 200 416-24 -40 o.rJzt u.ubö -5.8E-040.001 -64

432 -0.70-1.6E-03 -2.5E-03 1520.002 -149 -s2 -114 o.o72 0.149
-o.70173 446-169 0.101 0.233 -2.2E-03 -3.9E-030.003 -222 4,
-0.71-5.5E-03 182 436€9 -238 0.139 0.329 -3.0E-030.004 -298

498 -0.73o.152 0.387 -3.3E-03 s.4E-03 2140.005 -364 -73 -31(
-o.72-7.1E-O3 242 552-79 -354 0.159 0.424 -3.4E-030.006 -433

633 -0.72-3.4E-03 -7.4E-03 2860.007 496 -80 -402 0.157
689 -o.710.457 -3.3E-03 -7.6E-03 3180.008 -545 -42 -430 0.155

A tsE1 a b
0.48-5.8E-04 -9.7E-04 11 42-1 -7 o.tnt 0.05t0.001 u 0.080.149 -1.6E-03 -2.5E-03 2A0.002 -9 -17 -28 o.o72
-0.18-3.9E-03 52 8047 -56 0.101 o.233 -2.2E-030.003 -2''

98 -0.280.329 -3.0E-03 -5.5E-03 650.004 -49 -85 -93 0.131
-o.4481 128-127 o.152 0.387 -3.3E-03 €.4E-030.005 -71 -131

156 -0.46-3.4E-03 -7.1E-03 103-95 -172 -162 0.159 0.424
193 -0.530.157 o.445 -3.4E-03 -7.4E-03 1190.007 -114 -223 -192

132 211 -0.51-212 0.155 o.457 -3.3E-03 -7.6E-030.006 -121 -241

Eg¡ro@EWEÐElu@EEil

t{smax (MP€þ B nE.1 EZ a
37 -0.760.058 -5.EE-04 -9.7h-04 -310.001 0 -10 1 o.v2

-22 55 -o.74-10 o.o72 0.149 -1.6E-030.002 Ã

-0.75-2.2E-O3 -3.9E-03 -10 69-15 €3 -22 0.101 o.2330.003
-3 71 -o.740.139 0.329 -3.0E-03 -5.5E-030.004 -24 -88 -35

-0.726.4E-03 6 80-109 -49 0j52 0.387 -3.3E-l0.005 -3
93 -0.74o.424 -3.4E-03 -7.18-03 70.006 -41 -"t37 -58 0.151

I 100 -o.750.157 0.445 -3.4E-03 -7.4E-O30.007 -45 -152 -61
6 110 -0.74-67 0.1 55 0.457 -3.3E-03 -7.6E-030.008 -46 -1t'l

Ð

b A BDeptn E1 E2 E3 a
41 -0.670.05E -5.68-04 -9. /L,-U4 -530.001 4 -12 -2 o.o27

-0.65-23 58-36 -16 o.072 0.149 -1.6E-030.002 (

30 0.43-2.2E-O3 -3.9E-03 14-8 -7 -20 0.101 0.2330.003
-18 56 -0.730.139 o.329 -3.0E-03 -5.5E-00.004 -10 75 -23

-0.74s.4E-03 -23 60-94 -24 o152 0.387 -3.3E-030.005 -11
63 -0.75o.424 -3.4E-03 -7.1E-03 -240.006 -13 -1 08 -26 0.159

-28 65 -o.74-27 o.157 0.445 -3.4E-03 -7.4E-O30.007 -9 -1 18
-0.75-/.6E-U3 -30 66_q -124 -26 0.155 o.457 -3.3E-030.008

EE¡ÑEÐ4lu@
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29mm from weld centre l¡ne

m

ne

Benchmark Test

H n Rsmax (MP¿E1 ¿2 E3 la b
0.00-5.8E-04 -9.7E-O4 43 64€ -9 -1210.027 0.051

38 -o.740.149 -1.6E-03 -2.5E-03 220.002 -13 -19 -141 O.O72
2 36 -o.73-31 -141 0j01 0.233 -2.2E-03 -3.9E-030.003 -1(

-0.74-3.0E-03 -5.5E-03 2 280.004 -11 -34 -151 0.139 0.329
30 -0.78-1310.152 0.3E7 -3.3E-03 s.4E-03 40.005 -12 -44

-7.1E-03 -5 29 -o-77-11 -47 -131 0.159 0.424 -3.4E-030.006
34 -0.77-3.4E-03 -7.48-03 -100.007 -11 -59 -131 0.157
36 -0.780.457 -3.3E-03 -7.6E-03 60.008 -14 -60 -151 0.155

Angle (rads)ts Rsmin (MPa) Rsmax (MPaE1 È2 E3 a b ADepth
-0.12-9.7E-O4 -20.9 -507 10 o.o27 0.058 -5.8E-040.001

-35 -0.200.149 -1 .6E-03 -2.5E-03 -13.90.002 4 14 18
-17.7 -31 -0.3910 0.101 0.233 -2.2E-O3 -3.9E-030.003 21 10

-o.25-3.0E-03 -5.5E-03 -18.9 -320.004 31 17 13 0.1 39 0.329
-34 -0.46o.152 0.367 -3.3E-03 6.4E-03 -17.5o.ou5 u 12 15

-o.42-7.1E-O3 -19.0 -333 15 16 0.159 0.424 -3.4E-030.00
-0.60o.445 -3.4E-03 -7.4E-03 -20.2 -410.007 38 o 22 o.157

43 -0.600.15b o.457 -3.3E-03 -7.6E-03 -19.60.008 40 6 21

Deoth E1 È2 E3 la b A ts Rsmin (MPa) Rsmax (MP€ Anole (rads

0.001 6 6 -21 u.rJzl 0.058 -5.8E-04 -9.7E-O4 -32 I 0.39

0.002 11 18 -71o.o72 0.149 -1.6E-03 -2.5E-03 -30 21 0.53
2 13 -61 0.101 0.233 -2.2E-O3 -3-9E-03 -11 16 0.63

0.004 Ã 19 -181 0.13 0.32S -3.0E-03 -5.5E-03 -10 25 0.57

0.005 I 24 -141 0.152 0.387 -3.3E-03 s.4E-03 -12 19 0.59

0.006 13 37 -81 0.159 o.424 -3.4E-03 -7.1E-03 -20 15 0.64

0.007 18 43 -5t 0.157 0.445 -3.4E-03 -7.48-O -24 11 0.63

0.00E 22 51 21 0.155 o.457 -3.3E-03 -7.6E-O3 -31 6 0.66

Depth E1 E2 E3 a þ A B Rsm¡n (MPa) ttsm€u (MP€ Anqle (rads)

0.002 47 3 o.o72 0.149 -1.6E-U3 -2.5E-03 3 95 -0.36

0.003 -63 -26 -5 0.101 0.233 -2.2E-O3 -3.9E-03 27 81 -0.13

0.004 74 -28 0.1 39 0.329 -3.0E-03 -s.5E-03 22 68 -0.1s

0.005 -at -22 10 0.152 0.387 -3.3E-03 s.4E-03 12 64 -0.15

0.006 -80 -12 17 0.15 -3.4E-03 -7.1E-03 6 57 -0.19

0.007 -87 -16 20 o.157 0.445 -3.4E-03 -7.4E-03 8 60 -0.16

0.008 -1 04 -19 20 0.1 55 o.457 -3.3E-03 -7.68-03 13 73 -0.16
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C. STRAIN VERSES DEPTH

Figure C.1: Strain verses depth data for a measurement made 5mm from the weld

centeline, plotted on the ASTM Standard E837 scatterband.
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Figure C.2: Strain verses depth data for a measurement made 6.7mm from the weld

centreline, plotted on the ASTM Standard E837 scatterband.
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Figure C.3: Strain verses depth data for a measurement made llmm from the weld

centreline, plotted on the ASTM Standard E837 scatterband.

Figure C.4: Strain verses depth data for a measurement made 17.5mm from the weld

centreline, plotted on the ASTM Standard E837 scatterband.
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Figure C.5: Strain verses depth data for a measurement made 22.5mm from the weld

centreline, plotted on the ASTM Standard E837 scatterband.

Figure C.6: Strain verses depth data for a measurement made 29mm from the weld

centreline, plotted on the ASTM Standard E837 scatterband.
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Figure C.8: Strain verses depth data for a measurement made 35mm from the weld

centeline, plotted on the ASTM Standard E837 scatterband.
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Figure C.9: Strain verses depth data for a measurement made 64mm from the weld

centreline, plotted on the ASTM Standard E837 scatterband.
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Figure C.10: Strain verses depth data for a measurement made on the benchmark test,

plotted on the ASTM Standard E837 scatterband.
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