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ABSTRACT

During the construction of pipelines, the girth welds, which join pipe sections, are placed
under various stresscs. The stresses are duc to mechanical handling loads such as those that
occur when lifting the front end of the pipelinc 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 causc catastrophic failure of a pipeline
girth weld. By reducing the residual stress and hydrogen concentration expericnced in a
pipeline girth weld, the risk of HACC is also reduced. The method used in this study to
reduce the residual strcss and hydrogen concentration is modification of the construction

procedure.

A numcrical model of the pipeline construction process has been created. After surveying the
literaturc this appears to be the first model capable of modelling the process in a transient
sense. This is cxtremcly useful as the residual stress and hydrogen diffusion is not only

dependant on the application of proccss paramecters but also their timing.

In order to validatc the modelling scheme developed, an experiment was conducted using the
‘Blind Hole Drilling’ strain gauge mcthod of residual stress measurement. There was
sufficient agreement betwcen numerical and experimental results to indicate that the

numerical modclling procedure was capable of conducting a study of pipeline construction,



The use of cellulosic electrodes for the welding of pipclines in Australia is preferred. Such
electrodes posscss certain favourable running characteristics suited to pipeline construction
but unfortunately produce a very large amount of diffusible hydrogen, leading to saturation
of the weld metal. The diffusion of hydrogen has been modelicd using a scheme based on
Iick's Sccond Law of Diffusion. The parameters reported to dominate the rate of diffusion
are the timing of the weldment passes, the joint geometry, pre-heating and post-hcating, all

of which havc been investigated in this thesis.

This study has highlightcd the influence of process parameters on the resulting residual stress
and hydrogen diffusion. By analysing the pipeline construction process in a transient scnse,
an understanding of the transient risk of HACC has been developed. This has enabled

recommendations regarding procedural changes to be made to the pipeline industry.
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NOTATION

a, b, c Gceometric parameters (width, depth and length) of Goldak’s double ellipsoidal

heat source

o Thermal diffusivity

4 X-scctional area of pipe

A Area over which pipe line-up clamp is applied
4, Insidc area of pipe

A, Outside area of pipe

A Residual stress rosette calibration constant
Ap Area of line up clamp plunger

B Residual stress rosette calibration constant
C Concentration of hydrogen

Cp Specific heat

d Diftusivity

D Diametcr of hole drilled

D, Inside diameter of pipe

D, .. Maximum diameter caused by pipe ovality
D,in Minimum diameter caused by pipc ovality
DO Diameter of the gauge circle



AH

1/K,

MF

94e
Dnodal
Qde

Qtota/

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
Pncumatic pressure

Clamping pressure

Hcat gencration

I1eat generation applicd to a node within a double ellipsoidal heat source.
Corrected nodal heat gencration.

Summation of nodal heat generation within a double ellipsoidal heat source.
Total heat gencration determined by welding heat input and arc cfficicncy.

Constant used to calculate diffusivity

Insidc radius of pipe
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Xy Y, 2

Eps €. 8y

Ag ,

Aep

Mean radius of pipe

Outside radius of pipe

Time

Temperature

Voltage

Welding velocity

Width over which clamp is applied
Coordinatcs

Anglc hetween gauge one and principle stress

Strain from gauges number 1, 2 and 3
Total axial strain before drilling at applied load

Total axial strain change after drilling at applied load
Total tangential strain change after drilling at applied load

Arc efficicncy
Thermal conductivity
Poisson’s ratio

Residual stress rosette Poisson’s ratio

Position relative to moving arc

Maximum principal stress
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Minimum principal stress
Stress on nodc

Operator

Spatial distribution
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Chapter 1

INTRODUCTION

A number of factors influencc the tendency toward hydrogen assisted cold cracking (HACC)
in ferrous weldments. It is generally recogniscd that the important factors arc the presence of
hydrogen, a hard susceptible microstructure and an applied stress. HACC is a phecnomenon
that is particularly relevant to the construction of gas pipclines, 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 expericnce it is known
that enormous expense in terms of loss of life, lost revenuc and repair costs can result from
HACC in girth welds during construction of gas pipelines. Onc such example occurred
during the construction of the Moomba to Sydney pipeline in 1974, Today thc occurrence of
weld failure is low, however the potential risk and cost of hydrogen cracking still warrants

further rescarch.
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Second, currently there is a push toward using higher strength pipe material. If X80 or X100
strength pipe can be safcly 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 measures to avoid [TACC. In order to implement these measures further rescarch

on HACC specifically rclated to pipeline construction is needed.

Finally, the speed of pipeline construction is the major determinant of pipeline construction
cost. Methods are being considcred by the pipeline industry to achicve an incrcase in
construction speed; however they have implications with regard to increased risk of HACC
as explained later in Chapter 2. [t is clear that the prevention of HACC, while striving to

reducc costs, requires further research.

The level of applicd and induced stresses and their variation during the post weld period is
particularly relevant to the possibility of HACC during pipelinc construction. This has been
recogniscd 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 simplc task.

A large amount of work has been done in the field of welding residual stress by researchers
in the past. From the litcrature it is clear that while good progress has been made on
numerical prediction and expcrimental measurement techniques, large discrepancies are
often found between them. Experimental measurcment techniques are also difficult to use to

conduct a study over a wide variety of process parameters as they arc very time consuming,.
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This type of study therefore lends itself to numerical prediction. Numerical modelling also
offcrs the advantage that the transient stress field can be considered, which is important when
studying a construction proccdure heavily dependant on time. Numerical prediction can
highlight trends which provide a greater insight into the stress evolution experienced by a

girth weld.

The rate of hydrogen diffusion is also an important factor in the potential for HACC. The
diffusion rate 1s highly dependant on the temperature cycle and geometry of the matcrial.
Numerical models of hydrogen diffusion, while difficult to verity, can highlight trends when

considering various process parameters.

Establishing the transicnt response of the stress evolution, hydrogen diffusion, tempcrature
cycle and the variation with construction variables, will help develop an understanding of the
transicnt risk of HACC. This enables modification of the construction procedure which can
reduce the chance of IACC while not inhibiting the progress of front cnd constraction. Also
restrictions placed on construction procedures such as the time of rclease of the line-up can
be investigated for potential incrcases in the pace of construction (the major determinant of

construction cost).
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1.1 OBJECTIVE

The objectives of this work are 10 study the cvolution of the temperature, stress and hydrogen
concentration that occur in the root pass of a pipeline girth weld during construction.
Furthermore, to investigate the influcnce of various process parameters and relate this

knowledge to the likelihood of ITACC.

1.2 SCOPE

This prescnt study commenccs with the background behind the problem of HACC in pipcline

girth welds. The welding technique used is explaincd and the pipeline construction procedurc

is described. The literature rclating to:

»  stress duc to mechanical handling loads applied to pipelincs,

= thermal modelling of the welding process,

»  analytical, experimental and numerical calculation of residual stress in circumfercntial
welds and

»  hydrogen diffusion modelling of the welding process is reviewed.

The approach taken in this cwrrent study is to develop and expcrimentally verify
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 finitc element method was uscd to calculate the thermal and the stress cycle duc to

thcrmal (weld related) and mcchanical loads which are applied to the girth weld during
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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

of the process.

Numcrical modcls of hydrogen diffusion throughout the weld piece after welding are
developed, based on Fick’s Second [L.aw of Ditfusion. Modelling of hydrogen diffusion
allowed consideration of factors such as pre-heating the ncar weld region and the cffect of
the hot pass. The transient evolution of hydrogen concentration was able to be compared with
that of the tcmperature and stress in a typical girth weld. This facilitated a transient view of

HHACC in pipeline girth welds to be developed.
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HISTORICAL OVERVIEW

2.1 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 esscntial
ingredients; a hard susceptible microstructure, a source of hydrogen and an applicd stress.

All of these ingredients exist in the pipeline construction process.

By developing a thorough understanding of HACC through the investigation of the evolution
of temperature, stress and hydrogen conccntration that occurs in the pipelinc girth weld
during construction, the risk of ITACC can be reduced. These days low alloy high strength
steels are uscd 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 of residual stress and hydrogen content.

It is virtually impossiblc to investigate the rclcvant pipeline construction parameters by

experimental means. For this rcason numcrical models of the construction process will be
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developed. Current pipcline construction procedurcs have mostly becn developed using {ull
scale testing and past expericnce. If new materials such as high strength pipe, high strength
welding consumables arc introduced 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 cxperience 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 madc
using cellulosic electrodes, which introduces a high 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-affccted zone (IIAZ). Applied stresses arc produced

by transicnt thermal stresses in the weld and the lifting and lowering of the pipeline front cnd.

In the latc 1960's the British Gas Corporation had to repair 10% of their girth welds duc to
ITACC in the heat affected zone (Phelps, 1977). The problems expericnced were largely due
to the lack of pre-heating and the rapid cooling of pipes with large wall thicknesses. The rapid
cooling rate had the effcct of not allowing the hydrogen, which was introduced into the stecl

during welding, to diffuse out of the matcrial beforc the HAZ had coolcd.
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1t has been reported by Hart (1999) that in the Middle East in 1970, probably the worst
accident to result from HACC in a pipcline girth weld in terms of human life occurred.
Seventcen men were 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 fatlure
investigation determined the initiating cause of the brittle fracture was an HAZ hydrogen
cracking in the root of a girth weld from an internal back weld repair made with a cellulosic
electrode” (Hart, 1999 pp. 4). It was cxplained that contributing factors wcre the high
hydrogen, low heat input welding proccss 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 Sydncy pipeline in 1974 (Hart, 1999). The cost of the weld failures including
restitution costs but excluding cxternal consequential costs was A$15 million, which in
todays tcrms 1s of the order of A$100 million as reported by Hart (1999). The cause of the
HACC was attributed to the pipc’s “high carbon equivalent and poorer fit up” (Hart, 1999 p

5).

In the UK during the 1990’s problems were cxperienced in thicker walled pipes. [t was stated
that the contributing factors in that case were “the use of a compound bevel (the wall
thickness was 19 and 25mm) and the use of more alloyed consumables, selected 10 meet the

movre stringent Charpy requirements of the heavier wall thickness” (Hart, 1999 p 5). 1t was
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explained that the compound bevel would “fend 1o 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 bydrogen that
can cscape between passes and results in a higher residual concentration of hydrogen in the

ncar weld region.

HACC typically oceurs duc to the root pass that is laid during front end construction. Whilc
there have been many other failures that have occurred due to I{ACC 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 ITACC that occurs during front end pipeline
construction can be avoided by strict proccdural measures. Although many of these problems
are not cxperienccd as frequently nowadays duc to the development of more weldablc steels,
an improved understanding is esscntial to maintain the efficiency of the process. Improved
knowledge of 1IACC in pipcline girth welds also incrcases 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
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= those that are intcrally gencrated from the welding thermal cycle.

The most significant external loads occur during the lifting and lowering-off operations,
which are part of conventional pipcline laying practice. The desire for increascd productivity
often means that lifting takes place before 100% completion of the root pass around the full
pipe circumference. This clearly has implications for the stress levels applied to the welded
joint. The forward pace of pipcline construction is important in terms of pipeline construction
cost. Thereforc after the root pass is completed the linc-up clamps are immediately removed

and are uscd to line up the next length of pipe. T'hc capping passes are completed later.

The stresses induced in the root pass during construction are duc to the lifting and lowcring
of the pipe, ovality in the pipc and thermal stresscs 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 placc skids under it for support. The relevant paramcters influencing the stresses

from lifting are shown in Figure 2.1.

10
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lStress concentrations at weld ends ]

Position of root pass relative
to lifting axis

9% complctetion of root pass
before 1ift

Misalignment ofjoint]

Height of lift

Lifting & Lowering
Stress in a Pipeline
Girth Weld

Mismatch of weld and parcnt

material sirength

Geometry of the pipe
le. thickness, diameter

Timing of lift relative to weld

Elevated Temperature of weld
completetion

during pipe lift

Figure 2.1: Factors influencing the stresscs due to lifting and lowcring 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 produccs 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 stress so ovality can affect the final residual stress ficld.
Alternatively the pipes arc 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 controlling residual stress arc shown in Figure 2.2.

11
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Figure 2.2: Factors influencing the residual stresscs 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 paramecters, is the driving force behind the potential for HACC. By using numcrical
techniques the influcnce of a large number of process parameters can be considered quickly
and cost effectively. Experimental measurcment of transient and residual stresses during
pipeline construction is difficult. In such a context, computer simulation is an extremely
useful tool. It allows the calculation of variables such as the transient strcss which arc almost
immecasurable experimentally and it may be uscd to provide a systematic evaluation of the

influence of process parameters.

12
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In order to completely study pipelinc construction, a 3D moedelling 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 ignorcd 3D eflects in favour of 2D axisymmetric models for the computational

specd they offer despite obvious 3D influences such as incomplcte root welds.

North ct al (1981) carried out a full scale cxperiment where pipcline construction was
simulated whilc altering process parameters to determine what parameters led to HACC.
While this provided insight into the tendency for HACC, it would be uscful to also know the
quantitative evolution of stress and hydrogen concentration, which are the fundamental

drivers of HACC.

Work by IHigdon ct al (1980) related the construction process to residual stress and HHACC.
That work highlightcd the impact of thc construction proccss on the residual stress and
hydrogen cracking. However, they were unable to consider the process in a complete
transicnt manncr due to the computational cost. Many simplifying assumptions were
required duc to the lincar elastic modelling scheme used which prevented consideration of

some of thec most influcntial process parameters.

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

these models, an cxperiment was conducted using the '‘Blind Ilole Drilling' technique of

13
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residual stress mcasurement. This experiment gave confidence in thc numerical results

before embarking on a systematic study of process parameters.

Cellulosic clectrodes have becn traditionally used by the pipeline industry and even today
they arc preferred. This is because they allow robust field application with high productivity
and the cost of building a pipeline is directly related to the speed of construction. Cellulosic
consumables introduce high concentrations of hydrogen into the weld metal so in any study
of HACC it is neccssary to consider the cvolution of hydrogen concentration during pipeline
construction. In this work numerical models of hydrogen cffusion were used to obtain this

information.

After surveying the literature it appears that this investigation has becn the first to analyse
the effect of process parameters on the transient stress and hydrogen concentration with
regard to the complcte construction proccess. Increased knowledge of the cvolution of stress
and hydrogen concentration which resulted from this study has allowed a clearcr

understanding of the transient risk of cracking and hence in its control.

14
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2.2 MECHANICAL HANDLING LOADS

Any fusion weld will generate a residual stress field duc to non-uniform constrained
expansion and contraction. However the resultant stress field expenienced in a pipcline girth
weld is influenced not only by the welding thermal cycle but also by the mechanical handling
loads associated with pipcline construction. For example the application and removal of the
linc-up clamp and lifting and lowering of the front end of the pipcline while support skids
are prepared. Also mismatch of oval pipes can have the effect of increasing the stress induced

in the weld duc to lifting of the pipcline.

2,2.1 Pipeline Construction Process

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 pipelinc can be constructed with
only a root and a hot pass neglccting the capping passes as thesc are complcted later by a
second welding crew. In Figure 2.3 a photograph of front end pipelinc 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.

15
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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’.

16
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Figure 2.4: Manual mctal arc-welding. Karlsson (1986)

‘The ‘Stovepipc welding’ process is favourcd by the pipeline construction industry (Spiller,
1970). ‘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 wclding spceds to be achieved. The joint preparation that is

generally used is a 60° included angle with a 1.6mm root face and a 1.6mm root gap.

In the past rutile type electrodcs were ased for pipeline welding in the vertical up position.
In this position these electrodes produce acceptable welds as the fluid slag is Icft behind the
arc. As explained in (Spiller, 1970), when rutile type elcctrodes arc used in the vertical down
position however the slag runs downward faster than the arc travels, flooding the arc, thereby
making wclding in the vertical down position impossible. High ccllulose clectrodes are

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

17
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vertical down position. These electrodes produce a smal! velume of slag, a powerful arc and
a gascous shicld of carbon-monoxide and hydrogen allowing rapid changes of electrode

angle.

It was stated by Bailey et al (1993) that cellulosic electrodcs 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 moisturc out of the clectrodes makes
little improvement in terms of hydrogen reduction as compared to low hydrogen electrodes.
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 Stovepipc welding a number of differcnt passes arc laid. The first pass is known as
the root pass or thc Stringer bead. This pass is carried out by using no weaving and the
electrodc is pushed into the root of the joint, while holding the electrode at an angle of 60°

in the direction of travel. This ensurcs a small weldment bead and controlled penetration.

A hot pass is laid after the root pass ideally while the root pass is still warm. An angle of 60°
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

of the root pass.

18
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Filler beads are then carried out with the electrode initially 90° relative to the dircction of
travel, however the angle increases to 130° relative to the direction of travel at the 6 o’clock
position. A rapid weavc 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 fillcr beads lcave flat faces and avoid any weld undercut.

Somctimes only Stripper bcads are required rather than Tiller 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

passcs are laid.

Capping passes complete the joint with the elcctrode iitially angled 90° in the direction of
travel, howcver the angle increases to 130 in the direction of travcl at the 6 o’clock position.
The tip of the electrode uses a lifting and flicking action with side to side motion and a
mcdium to long arc length. The capping bead is gencrally limited to a width and depth of

19mm x 1.6mm.

2.2.1.2 Timing of Events

There is a number of activitics associated with pipcline construction. Thesc activities include
preparing a right of way, joining of the pipe scgments, covering the welds with a polymer
coating, digging a trench for the pipeline, lowering the pipeline into the trench, pressure

testing the pipeline and ‘tying in’ the joincd sections. The rate limiting process however 1s

19
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front end welding. A typical front-end construction process was outlined in Smart et al

(1995). The sequence of events are described in Figure 2.5.

Ly ——— The pipeline is supported above the ground on skids

during construction.

S —] The line-up clamp is withdrawn from the pipeline
and clamped to the leading edge.

e a—— Apipe segment is brought from right of way anad
is threaded over the line-up clamp. The gap
between the two pipe segments is adjusted using

o wedges.

1 Aroot pass is welded using cellulosic electrodes
using two welders working in the vertical down

@_ position.

[ e — ——  The pipeline front end is lifted while a support skid

is prepared.
j% [
[

L

m——m——m———  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 possibilitics however to further increase the front
end specd which have been identified by some rcsearchers such as Smart et al (1995) and
Henderson ¢l at (1996). For example, llenderson el at (1996) showed that if the linc-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.

Howecver, possible increascs to the forward pace are dependant on the process paramcters.
For examplc, if high strength pipe such as X80 or X100 were used the likclihood of [HIACC
may be greater and so a more stringent procedurc may be required which could limit the

forward pace.

Ienderson et al (1996) gave a schematic represcntation of the timing of the welding process

for a procedurc using two welders, a 100% compietion of the root pass before lifting and no

removal of the line-up clamp until completion of the root pass as shown in Figurc 2.6.
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Figure 2.6: Schematic representation of welding of the root pass by two welders at 200mm/
min on a DN350 pipe. The clamp is released after 100% root pass completion. (Henderson

et al, 1996)

2.2,2  Stress Due to Lifting Pipeline Front End

Lifting stresses arc produced when the pipeline front end is lifted to place a skid under it for
support. During lifting the number of pipe Icngths that are lifted off the skids depends on the
lift height as well as the terrain over which the pipe linc is being constructed. While the
terrain causes some variability, most studies in the past assume the pipeline 18 being

constructed on tlat ground. Onc such example is Smart and Bilston (1995).

Smart and Bilston (1995) reported that the linc-up clamps which align the two ends of pipe
during the welding of the root pass provide no moment against the lifting stresses 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 effective moment

22



Chapter 2: Historical Overview

connection between the pipes” (Smart and Bilston, 1995 P6-3). They suggested that the line-
up clamps should thereforc 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 the section modulus is plotted
against the percentage of the root pass that is completed for different weld starting positions.
From this graph, the depcndence of the section modulus on the weld starting position can be
seen. It was stated by Smart and Bilston (1995) that if 70% of the girth is welded, the stress
in the root pass will be 25% greater if welding begins 20° after top dead centre rather than if
welding begins at 20° before top dead centre. They thereforc suggested that a partially
completed root pass will not be significantly more stressed than a fully complete root weld

provided that the weld segments are correctly 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 thc 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 clevated temperature. This has the effect of reducing the strength
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 modcl used by Smart and Bilston (1995) to develop the results presented

in Figure 2.7 was unable to account for these effccts.

100
e—\
<
ST
il :y
\\_‘7)

60

=Y
(=]

Percentage of final section modulus
N
[«

e 20 40 60 a0 100
Percentage of root pass completed

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 2.8(a) and Figure 2.8(b) the bending stress has bcen plotted against lift height for
diffcrent joint locations. The local geometry of the root passcs 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 sccond 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 Iligdon 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 usc of support skids would
cause the pipe body stress to be greater than is shown in Figure 2.8 at certain lift heights. This
nceds to be taken into account when considering the influcnce of lift beight on the stress
induced in a pipeline girth wcld. Another factor not taken into account is the variation in
terrain. [For example when constructing a pipeline over a hill the lifting stresses will be

incrcased.

In order to examine the intcraction between lifting and lowering and residual stress, Higdon

et al (1980) took the analytic lifting stresscs and superimposcd these onto a residual stress

field as described later in Section 2.3.1.

25



|00l PIPE OUTSIDE DIA. 122 em
WALL THICKNESS 13.7 mm

80|~

70+

BENDING STRESS (MPol
I
o]
T

JOINT 3

i 1
o} 20 40 60 80

LIFT HEIGHT tem)
(a)

0 I&Jml

BENDING STRESS (MPa)
g &8 3 8

S

JOINT LOCATION (X}

" BENDING STRESS (MPa)

Chapter 2: Historical Overview

oo~ PIPE OUTSIDE DIA. 122 £m

[_ WALL THICKNESS [3.7 mm
90|~ '
80
70
60
50
40
20
20
1D
| 1 1 1
o 20 40 €0 80
LIFY HEIGHT (ecm}
(b)

LOCUS DF MAXIMUM
STRESS

H=T76.2 ¢m

6. 22 18.3

24.4 305 36.6 427
X' (m)

(©

Iigure 2.8: (a) l.ifting stresses for pipe length of 18.3m. (b) LLifting strcsses for pipe length
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13.7mm-wall thickness. (Higdon ct al, 1980)
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2.2.3 Experimental Analysis of Lifting Stress

Whilst no rescarch 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 effcct
of lifting and other process variables on the occurrence of hydrogen cracks has been carried
out. An cxperimental test rig was developed by North et al (1980) in order to carry out full
scale testing of the pipcline construction process. North et al (1980) decided to produce a
full-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, pipc misalighment (high-low at 6 o’clock position) and the cquivalent lift height. The
pre-heat was applied using six external gas burncrs to a region approximately 150mm wide

on cither sidc of the weld region. Typical results are shown in Table 2.1.

27



Chapter 2: Historical Overview

Bupjoeso ou Sh 335 6902 8,09 (537 00} 52 1S 9l
Bunforls au sl £ee 69702 8,09 8L 9l 26 15 St
Bupyoelo ou gl 555 B9°0Z 8,09 8¢'2 76 S. sy ¥l
Buptoess ou Sl CEE 6902 8109 g4 Z0l 7] Sy €l
aun|ie} pram siRjdwioo 90 2% 6902 81709 gee 28 »S Sv Zi
Bunoeso ou s) 099 69'0Z bo'18 8c'Z gLl 6 ve 1
Buptoeso ou Sk 089 69'0Z 0’18 8e'Z 6 10y Ve ol
Bunjoesd ou SL £ee 69702 8209 8T 801 [F48 ve 66
Bupyoeso ou sl ££8 6902 8209 8g'Z yins 00} vE 89
uopisod %00j9,0 g Je Bunjorio papw)| 51 >33 6902 8209 88z 556 SL ve L
uopysod %0j0,0 g 18 Bupjoex payu S £ee 6902 82709 8sT SL 95 ve 99
aunyie) plam adwos £8 s 69'02 809 8cZ (14 auouy Ve (=49
aunjie} pom ajeidwos Sy £t 6902 809 8¢ 89> auou ve 144
a1njie} prw 31R|dwod 62 €19 8542 018 auou = auou ve £¢
Bupeso ou Sl ££E 890z 8209 auou g9> auou ve 22
Bupjoeso ou St 09t vLYL LY auou - auou ve 18
synsailsay (spucoes)  (ww)iublay (edw) (ediy) yiol  (ww) uosod  (smisjeQ) (snispD)  ouadid “ouisa)
peojiepun Y| WajAInbT  3unssald Yoer pEMIESSans 000 6u|peo) Suipram

alug BuipjoH

adid [pieuen g iemolyBIH 18 aumeledula) alojeq IEsyald

PRM

tal results which where obtained from the full-scale weldability

Experimen

Table 2.1

program. (Glover et al, 1981).

28



Chapter 2: ITistorical Overview

A reasonably severe critcrion was uscd to determine whether ITACC would occur. For
example a 15 minute holding timc was used, whereas in recality the pipe is only lifted for a
few scconds. North et al (1980) did howevcr 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 considerabic mismatch existed pre-heats of 75°-100°C
were required to avoid HACC. These days howcever mismatch is rarely a problem duc to the
line-up clamp used. Also the stress induced in the root pass is increascd 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 oatlined in Phelps (1977) is as
follows. Two pipes greater than [0m in length bave a root pass welded around the girth at a
starting tempcrature of 0°C using celluosic electrodes. Then a third and a fourth pipe are also
joined by completing a root pass at a starting temperature of 20°C. Then onc 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 Stcel Pipelines’,
The wclds are microscopically examined at a magnification of 250X in order to detcrmine

the presence of cracking in the HAZ.

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

in the TIAZ. They found two types of cracking occurred; hydrogen-cmbrittlement cracks and

decarburisation cracking. It was found that hydrogen-embrittlement cracks generally occur
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on the inside surface of the pipe wherc the greatest stress concentration occurs. It was
suggested that a typical hydrogen concentration of 90mL per 100g of weld was gencrally

required for hydrogen cracking to occur.

Henderson ct al (1996) also investigated the effect of lifting the pipeline front end. They
measurcd the displacement across the root pass in the 6 o’clock position during the lifting
and Jowering proccss. 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 cffect of altering the final state

of residual stress.

The cxperimental 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 thc final state of residual stress has not been

demonstratcd.

2.2.4  Ovality Stress

Ovality in the pipe can cause stress concentrations, which magnify the effect of the lifting
process. Pipes have a specified allowance of 1% ovality in relation to the total diameter (Pick

et al 1982). Ovality stresses 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 duc to the spring back of the rounded pipes.

Wiekerert et al (1984) uscd finite clement analysis to investigatc the increase in stress that
resulted from lifting ovalised pipcs that have their major axis 90° apart as shown in Figure
2.9. It was found that the incrcase in stress that resulted was less than the stress induced by
the lifting and lowering proccss itself. North et a] (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 bcefore 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 10 be
produced due to ovality, consideration of ovality in studies conducted may have the effcct of
giving an inaccurate view of the stress that exists in a pipeline girth weld. This inaccurate
view 18 because the line-up clamp will generally removc any ovality during welding. Of

greater concern is the timing of the line up clamp releasc.
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Figure 2.9: The maximum pipe ovality occurs when major axes are at right angles.

225 Summary

It has been rccognised by a number of rescarchers that the mechanical handling loads
influence the propensity toward FIACC. This finding has been based on {ull scale testing and
limited numecrical analysis. While experimental studies have demonstrated what
combination of paramcters arc likely to cause HACC, they do not allow a quantified
understanding of thc phenomcna. For cxample it is difficult based on limited experimental
data to estimatc the variation in risk of ITACC that may arise from, say a change in welding

heat input, an increase in pipe yicld strength or a reduction in pipe wall thickness.

Numecrical analyses are also madc on many simplifying assumptions. Many of these

simplifications are duc 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:

e itis assumed the lifting and lowcring process has no cffect on the final statc of residual
stress,

= the residual stress field is assumed to be axisymmoctric,

*  material properties are not temperaturc dependant,

»  theresult of incomplete root passes and stress concentrations at the weld start and stop
position are ignored,

*  the temperaturc of the material is assumed to be ambicnt during lifting.
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2.3 RESIDUAL STRESS

Residual stresses arc 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 thc material and plastic deformation occurs. When the weld metal has completely
solidified, clastic unloading stresscs in the elasto-plastic region Icad to the development of
residual or internal stresses. To simply explain the concept of residual stress, consider the
casc of a bar of elastic-perfectly plastic material shown in Figure 2.10, which is rcstrained at

the weld cends using rigid platens,

When the bar is heatcd in the middle it cxpands producing a compressive stress, and
eventually it reachces the yicld strength of the matcrial (0-1). As the bar is heated further it
continues to cxpand, the stress induced in the bar could reached the yield strength of the
material and plastic deformation occurs (1-2). Then the bar is allowed to cool and contract
relicving the compressive stress. The unrcstrained length of the bar is now shorter than it was
(due to the plastic strain that occurred during (1-2)) causing a tensilc stress in the bar to
develop as it cools (2-3). As the bar continues to cool the tensilc stress in the bar reaches the
yield strength of the material and then plastically deforms until the temperature rcturns to
ambient leaving the bar with a rcsidual tensile stress (3-4). The residual tensilc stress

approaches the yield strength of the material. This samc¢ phenomena occurs during the
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welding process as the material expands and contracts at diffcrent rates duc to temperaturce

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

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

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

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

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

Chandra (1985) conducted a revicw of the work in the field of residual stress in butt-welded

pipes. 'The paper considercd analytical, cxperimental and finite element techniques including

the thermal modelling required for this analysis. His review 1s 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) rclating to the influence of some parameters on
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the residual stress in circumferential welds rather than the modelling techniques themscelves.
This review highlighted the large variability in results mainly due to the different welding
parameters used by different rescarchers. To address this problem this thesis will consider a

large variety of construction parameters whilc using the same model.

2.3.1 Analytical Residual Stress Models

Wells ct al (1953) developed arcsidual stress model for a butt weld in a flat plate. This model
used a heat flow model duc to moving heat sources to predict a tempcrature distribution in
the plate. The equations used to calculate the tempcerature distribution were devcloped by
Roberts (1923) and were first applied to welding problems by Rosenthal (1935), however,

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

The approach that is generally used when producing analytical models of residual stress in
circumfercntial welds was first undertaken by Vaidyanathan et al (1973). The method was
bascd on the previous work by Wells et al (1953) for a residual stress model for a weld in a
flat plate. Vaidyanathan ct al (1973) proposed to consider the pipc as a flat plate, which had
been rollcd into a cylinder. They used thin shell theory to evaluate the stress caused by the

dcformation.

The direction of the principle stresses for the analogy between a weld in a flat platc and a

weld in a cylindrical shcll can be scen in Figurc 2.11. The flat plate model predicts high

36



Chaprer 2: istorical Overview

longitudinal stresses near the weld, low longitudinal stresses away from the weld and
negligible transverse stresscs as can bce seen in Figure 2.12. When thesc stresses arc
transposed into the circumferential direction and the material is allowed to deform the
residual stress pattern changes. This is becanse the cylindrical weld and the region away trom
the weld can displace in the radial direction. This has the effect 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.

LONGITUDINAL
—_——

Figure 2.11: Definitions of stress directions. Vaidyanathan et al (1973)
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Figure 2.12: Typical distribution of the stress parallel to the weld direction in a butt welded

plate. Koichi Masubuchi (1980)
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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 highlighting the residual stress patterns to be expected in a

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

matcrial properties and the effect of phase transformation,

Weickert et al (1984) used the analytical technique developed by Vaidyanathan ct al (1973)
to calculate the residual stress field in a cylinder. The results were superimposed with pipc
body lifting results as described in Section 2.2.2 to calculate the resultant stress due to lifting
and residual stress on the root pass. They looked at the resultant stress for two stress
concentrations in the root pass, which were labcelled, region A and region B. These areas can
arc shown in Figure 2.14(a) and Figure 2.14(b) and the stress duc to lifting the pipelinc front

end, the stresses duc to ovality and the residual welding stress can also be seen.

39



Chapter 2 11storical Overview

aco
mr CAITICAL AMEA *a° T CRIVICAL AREATN
100 TOO-
800
Los o LIFTIHG L_
LIFTIHS -
-~ B0 ury K 800
a
a 2 OUTSDE OVAMETER » 1,22 m
Z 400 Rabal > 400 WALL THMCKMERS =13.72 mm
2 w2y B oo o
E 300~ owLITY E
- 200 LIFTING + RESIUAL
] 20 \ /'* omLITY
Hi OUTHIOL CUNETER = L2 m . i AESIOLAL
g 100 WALL THICKHESS #)3. 72 i 100 &‘
Hi-L0s2. Shomen ovALITY
E OVALITY v 1% o L ee———  _FTHe+
:° e —
oL
~ 00 owLITY 100 - oL
-200 RESIDUAL _
I § 1 1 ] } { ] | L
o 20 40 [ 12} a0 100 o] 2 40 eo 80 100
LIFT HEIOHT tem) LIET HEIGHT lem)
() (b)

[igure 2.14: (a) Residual, ovality and lifting strcsses (Region A). (b) Residual, ovality and

lifting strcsses (Region B). Weickert et al (1984)
In Figure 2.15 the combincd stress in regions A and B are plotted on the same axis. From this

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

where the two lincs meet at an approximate lift height of 30cm.
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Figurc 2.15: Combincd residual, ovality and residual stresses. Weickert et al (1984)

The residual stress field was created by taking a typical two-dimensional residual stress field
in 2 flat plate (which is calculated analytically) and wrapping it into a cylinder. The stresses
due to lifting and ovality were then supcrimposed onto the residual stress field. Clearly this
approach does not account for the transient devclopment of residnal stress. It was assumed
that the final state of residual stress is unaltered by the lifting and lowering process since
simple lincar 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 (s to assess

whether the lifing of the pipeline front end does have an effcct 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 complcte construction
process. Other limitations of the work conducted by Weickert ct al (1984) prevent
consideration of many important process parameters that affect thc welds propensity toward
hydrogen cracking. For example, the timing of the lifting process, the heat input, the welding
speed and pipe and weld metal properties are among thc many process variables not

considered in their work.

2.3.2 Numerical Residual Stress Models

Analytical models have been shown to producc results of a reasonablc accuracy (Easterling,
1992). These modcls however are limited to singlc passes with welds of simple geometrics.
Experimental methods of measurcment are uscful but arc also limited as described later in
Chapter 4. Due to the complexity of the geometry of most welds, the ability to consider
cffcets such as latent heat of vaporisation and temperature dependant material properties,

finite element techniques have proved extremely useful.

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

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

modcls 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 zone are 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 hecat source is modcelled greatly affects the accuracy of the thcrmal model. This is

important {or both closcd-form and numerical solutions.

The majority of work in this area has simplified the calculations by assuming that conduction
is the only mcans of hcat 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 makc modelling the welding process feasible. As stated in Davies
(1995), without these assumptions a completc model of the welding process would have to
include drag, gravity force, surface tension, electromagnetic forces, plasma pressurc 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 applicd to the welding process were first developed by

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

Heat Flux = nvf—l MIm’! 2.1)
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where
n = Arc cfficiency
V = Voltage
I = Current

v = Welding velocity

The differential equation of heat flow is:

= 2A=- 2.2)

where
T = Temperature
x, y, z = Cartesian coordinates
t = Time

¢
A = Thermal conductivity = p_ap_

p = Density
c b= Specific Heat

o = Thermal diffusivity
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As the arc passes over the material being wclded at a constant veclocity, a constant
unchanging temperaturc field in relation to the welding arc develops. This occurrence allows
simplification of the analysis so that a temperature profilc can be developed more
economically by using what is known as the ‘quasi-steady state’ assumption. Fquation 2.2

rclates to a fixed coordinate system. However if x is replaced with & where:

£ =x-vt (2.3)
where

& = Position relative to moving arc

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

as shown in Equation (2.4).

2 2 2,. e
oT_ 8_7_‘+B_Z = —27&\/@% (2.4)
38T 3y* Az g

Its difficult to makc experimental measurcments of welding temperature fields due to the
high tempcratures expcricnced in the fusion zonc. Ilowever in the past, mcasurements of
temperatures in the fusion zonc have been made using cmbedded thermocouples. This
demonstrated that Rosenthal’s (1935) analytic mode]l and point heat source can predict
tcmperature distributions away from the fusion zone with good accuracy, however it is

limited for describing temperature distributions in the fusion zone.
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This inaccuracy in temperature prediction in the fusion zone is primarily duc to the
assumptions made in order to develop an analytical solution. The matcrial property data used
1s assumed to rcmain constant with changing tempcrature and the latent hecat due to phase
transformation is ignored. The heat loss from the surface of the material is also neglected.
More refined heat source models are required to predict temperaturc 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, thc process lends itsclf to numerical methods.
Numerical modelling allows the use of complex heat sources, complex material property
definitions and allows convection and radiation from thc surface of the matcrial to be

accounted for.

2.3.3.2 Heat Sources

The geometrics that have been uscd to model the welding arc vary from point sources to
complicatcd shape functions depending on the application. Much work has been done on

modclling the geometry of heat sources.

Pavelic ct al (1969) first suggestced the idea of a distributed heat source. A disc model was
proposed that had distributed the heat flux (W/m?) with a Gaussian distribution. In Krutz ct
al (1978), Chong (1982), Westhy (1968), Anderson (1978), Palcy et al (1975) and Fricdman

(1975) the disc model was combined with finite element analysis to produce tcmperature

47



Chapter 2: Iiswrical Overview

distributions which werc significantly bettcr than those calculated using thc Rosenthal

(1935) point source analytic solution.

Goldak et al (1984) proposcd 2 mathcmatical 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 of the heat source can be easily altercd. It also has
the capability to model asymmetric hcat sources such as strip clectrodes. The result is

Equation 2.5.

2 2 2
qx,y,2) = g ¢ XTI @5)

whcre
¢ = Heat generation/unit volumc

x, y, z = Coordinates
Constants 4, B8 and C are calculated so the total heat input is 1 V7 and the source decays to

5% of the peak value at the extremitics and x — *a, y ~ +b, z = xc¢. The geometric

paramcters are shown in Figure 2.17 as taken from Goldak et al (1984):

(2.6)

where
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n = Arc efficicney
V = Voltage
I = Current

a, b, ¢ = Goldak’s double ellipsoidal heat source geometric parameters

As it is a double cllipsoidal heat source, Equation (2.6) is uscd for both the front and the rear
sections of the heat source. This model] has the advantage that the gcometry of the heat source
can be easily altered. It has been suggcsted 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. GGoldak ct al (1985)

A closcd form solution of Goldak’s doublc ellipsoidal heat source has been developed by
Nguyen et al (2000). Lhis has allowed increascd accuracy of temperature field prediction
using analytical techniques. It is however still constrainced to conduction only heat transfer

and the effect of latent heat of vaporisation cannot be accountcd for.

Much work since 1985 has been carmied 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 (1986), 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 hcat
source to account for the weaving action used during in-service welding on gas pipclines.
Also Nguyen ct 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 statc’
assumption. This allows efficient predictions to be made by only considering the one time
intcrval. This assumption is possible as thc welding arc generally travels at a constant speed
causing the temperaturc of the material to b¢ constant in rclation to the arc position away

from welding start and stop positions.

Both numcrical 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 gencrally consider the heat transfer as conduction only and do not use

temperature dependant material properties.
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The accuracy of temperature ficld prediction in the region about the arc is highly dependant
on the type of heat source used. Some of the heat sources that have been uscd in the past
include point sources, disks, ellipsoids and double-ellipsoids. Although some researchers
have madc modifications to Goldak’s double cllipsoidal 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 thc thermal and mechanical models the completc temperaturc history
calculated can scrve as input for the mechanical model. As the transient stress is calculated
the material propertics are altered with temperature and effects such as phase trans{formation

necd to be accounted for.

When modelling circumferential welds the approach that has been commonly used is to
assume the welding process is axisymmectric. This allows the use of 2D models which
significantly rcduce the computation time. Although three dimensional models have been
used by some rescarchers, most work conducted to date has focused on the ability to achieve
3D simulations and efficient methods for doing so. Such work has also highlightcd the ability

and deficiencies of 2D axisymmetric simulation.
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2.3.4.1 Transformation Plasticity

Transformation plasticity occurs during the phasc changc between austenite to banite and
martensite. During this change, the crystal structure of the matcrial changes, and there is a
resulting reduction in material strength. This reduction in strength occurs during the
cxpansions and contractions that occur in the ncar weld rcgion after welding, and allows

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

A number of analytical and numcrical models have been devcloped for the calculation of
residual stresses due to welding. The numerical models generally include a thermal model
and a mechanical residual stress model. Fricdman (1975) concluded that when creating such
models there are only estimated welding paramcters so the accuracy of the model will be
limited. For this reason generally only simple finite clement models were used rather than
more complicated elastic-plastic modcls. However more accurate matcrial data and welding

parameters are now available so effects such as transformation plasticity can be considercd.

When creating numerical modecls of residual stress it is often difficult to include the effect of
transformation plasticity. The literature generally agrees that the plasticity produced in the
matcrial during the phasc change from austenite to bainite and martensite docs have an cffect
on the residual stresses left in the heat affected zone (HAZ). Josefson (1983) demonstrated
this by using the simplifying assumption that the yicld strength is reduced at the
transformation tempcerature as shown in Figure 2.18. The dotted lines show the alterations

made to the material strength curve which is used to simulatc transformation plasticity.
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Figure 2.18: Temperature dependence of yield strength for C-Mn stecl and the manner in

which the definition was altered in order to allow for the cffect of transformation plasticity.

Josefson (1985)

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

investigation three transformation effccts were considered. First, the cffect of yicld stress

hystcresis which is wherc the yield stress of the material changes during the phase change of

the material. This effect causes the relationship betwecen 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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Figure 2.19: Yield strength verses temperature for 11Y80 steel, including yield hysteresis.

Qddy et al (1990)

Second, the effect of the volume change that occurs during the phase change from austenite
to bainite or martcnsite was considered. Oddy et al (1990) measurced these volume changes
using dilatometcric measurcments obtained from a Gleeble simulation. These volume
changes can be accounted for in the tempcrature dependant thermal expansion properties

which are specified in the numerical modcl.

Third, the effect of transformation plasticity was accounted for. Transformation plasticity can

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

because as the structurc 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 Josefson (1985).

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 bettcr agreement with expcrimental results was

achieved in the HAZ and the fusion zone when thesc effects were included.

2.3.4.2 Axisymmetric Models

Most analyses of residual stress in circumferential welds to date have used 2-D axisymmetnic
modecls. These models assume that the entire girth is welded simultancously. They have the
advantagce that they are computationally cfficient while still providing a uscful indication of
the residual stress produced. Hlowever it has been found by Rybicki and Stoncsifer (1979)
and Brust et al (1981) that experimental stress measurements often do not agrce with results
calculated with 2D models. This has been attributed to the effcct of start and stop positions
of welding. This effect becomes more pronounced with factors such as incomplete root
passcs, more than one wcld being laid at a time and reversing the welding direction for

capping passcs.

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

thermal model, which served as input to a mechanical mode! and simulated two welding
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passcs. Later Rybicki ct al (1979) also developed models to simulate seven and thirty pass
welds with rcasonable computational cfficiency. These models however were limited by the
use of analytical models to develop a tempcrature history for the welding proccss. However
this mcthod 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 wclds have been produced by Suzuki et al (1986). It was found that inside the
girth weld of a pipeline, there are residual stresscs that ncarly equal the yicld strength of the
pipeline material. The residual stress in a Lchigh 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 suitablc test to determinc the susceptibility of line pipe to hydrogen cracking.

An axisymmctric modcl was producced by Teng et al (1997), which considered a

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

known about rcsidual stress patterns in girth welds, Thesc results arc well established and

demonstrate the ability of axisymmectric modcls to simulate thrce dimensional rcsidual

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

»  On the weld line a high tensilc 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 surtace and a tensile

axial residua) stress occurs on the outer surface.
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= Thicker pipes havc less axial residual stress and a larger tensile region.

= The inncr surfacc of the weld centre line has a tensile hoop stress and the outer surface
has a compressive hoop stress.

*  Thinner walled pipes have highcr tensile residual hoop stress than thicker walled pipcs

and large diameter pipes have a larger zone of tensile stresses.

One of the deficiencics of axisymmetric models has always bcen the inability to simulate
welding end effects, however Dong ct al (1997) and Edwards et al (1998) used axisymmctric
models in order to verify the experimentally measurcd result from a part-circumference weld
repair. It was found that even with only part of the circumfercnce welded, an axisymmetric
mode] could still provide good agreement with experimental results away from the weld start

and stop positions.

Onc other example of an axisymmctric model used to good eflect was in a computational
model produced by Zhang ct al (1998) to predict the residual stresses in a girth weld in a
BRW core shroud. The wcld used a vee preparation on both the inside and outside wall of
the shroud. This left the residual stress on the wall in tension ncar the surfaces and in
compression in the middle of the wall thickness. This demonstrates how uscful results can

be devcloped using 2D models.

It could be said that 2D axisymmetric models are quite capablc 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 cffects and an over cstimation of the rcsidual stress on the weld centre-
line they have been used successfully to rescarch circumferential welds up to the present
time. They offer such vastly faster computation times comparcd with 31D models and for
many types of analyscs, such as multi-pass welding they are still the only practical mcans of

residual stress calculation.

2.3.4.3 3D Models

Some analyses howcver do warrant the use of 3D models despite their long solution times.

Some examplcs of residual stress modelling using 3D models arc given below.

A fully three dimensional transicnt residual stress model was compared with an
axisymmetric residual stress model by Karlsson (1989). This model considered a singlc pass
girth weld. The three dimensional analysis used a thermal model of the welding process to
provide thc temperaturce history for the mechanical model. The calculated hoop stress
however did not agree well with the mcasured data. Karlsson attributed this to the phase
transformation that occurred in the welding process, which was not allowcd for in his model.
Karlsson et al (1990) later produced a model of a single pass girth weld, which did allow for
transformation plasticity by reducing the yield strength at the transformation temperature.
This did help approximatc the residual stress 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 strains accumulated before the final solid-state phase

transformation to a large cxtent 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 ctfects of welding, the results were almost rotationally symmetric in the 3D
modcl. It was also found that using a coarse mesh in thc mechanical model yielded stress

valucs and shapes with reasonable accuracy when compared to finer meshes.

Two dimensional and three dimensional analyses of rcsidual stress were also compared for
welds on flat platcs by Mc Dill (1992). The results were compared with expenimental results
found using X-ray diffraction. It was found that generally the 3D analysis approximated the
measured results, however the 2D models cxaggerated the magnitude of the longitudinal
residoal stress in the HAZ due to the plane strain assumption. The 2D models also failcd to

capture the cffect of the phase transformation on the near weld rcgion.

Li et al (1995) made progress towards the production of a three-dimensional multi-pass
transient model. The temperature fields were assumed to be axisymmetrically distributed
about the girth, which was in good agreement to thc cxperimentally measured results, except
at the start and stop positions. The stress results were found 1o be also axisymmectrically
distributed about the girth, however this was not in good agrecment with the experimentally
determined results found by X-ray diffraction. It was concluded that better cxperimental

results were required to develop this mode! further.

Dong ct al (1997) produced a 3D model using shell clements, which used a transient hcat

sourcc. The purpose of this rescarch was to demonstratc that using shell elements was a
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computationally-effective way to predict global stresses. The analysis was ablc 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 werc addressed

using a shell clement model.

Dong ct al (2001) comparcd the method of using 3D shell elements against a 2D
axisymmetric model and some expcrimental results. It was shown in the 3D model that the
residual stress is not extremely close to axisymmetric. However 31D models arc useful as they
can provide prior knowledge of the rcgion 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 cxperimentally measured results and

axisymmetric models.

A full 3D finite elcment model of a circumferential weld was carried out by Dike et al (1998).
The justification behind using such a computationally intensive analysis was that “three
dimensional analysis are required 1o achieve the correct structural deformations.” (Dike ct
al, 1998 pp. 961) Goldak’s (1984) heat source was uscd in the finite element heat conduction
analysis using linear eight noded tetrahedrat elements. The same mesh was also uscd in the
mechanical analysis. Use of 8 noded tetrahcedral elements is acceptable in thermal analysis,
however, it is generally accepted that parabolic 20 noded tetrahedral elements should be used

when solving non-lincar stress analysis problcms. 8 noded tetrahedral elements were used

61



Chapter 2: Hisworical Overview

however to enable transfer of the temperature history to the mechanical model without
interpolation and to reduce the number of nodes and the solution time. X-ray diffraction was
used to validate the models created. While the results from the modelling fel! within the
experimentally determined results therc was a significant scatter within the X-ray diffraction

results.

From past rcscarch it can be seen that it is now possible to use 3D residual stress models
despitc the computational cost. It is also clear however that while axisymmetric modcls have
somc deficiencics they are still a very uscful and efficient method of residual stress
modelling. In summary if weld end effects are not important or if the analysis is highly
intensive then, axisymmetric models arc still worth considering. Another potential path that
could be takcn is the usc 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 usc of numerical models is the ability to modcl multiple passes.
Generally multiple passcs are modelled using axisymmetric analyses duc to the
computational intensity requircd. A number of studies have simulated multi-pass welding

but they are gencrally concerned with the modelling techniquces themselves.

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

simulating multiple weld passcs. For example some researchers such as Ucda and Nakacho
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(1982) looked at the mesh density rcquirements for multi-pass welding simulation and the

effcct of the number of passes on CPU time.

Morc recently the development of modelling techniques rclating to the simulation of
multiple passes using the concept of lumped passes was described by Hong et al (1998). This
technique involves lumping all passes in cach welding layer in order to rcduce the
computation time. It appears to be a useful way of simulating multi-pass welds efficiently

and with reasonable accuracy.

Zhang ct al (1997) used a 3D analysis with shell clements and assumed that they were
laminated. This allowed the researchers to consider multi-pass welds by adding filler metal
using element birth and death f{acilities provided in the ABAQUS software. The method
proposcd was applicd to a repair weld, which could not be modclled accurately using an

axisymmetric model.

Multi pass welding is generally required in pipelinc construction to fill thc weld groove. In
Radaj (1992) 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 of the root pass. It is stated in Australian Standard,
Pipelines - Gas and liquid petroleam AS 2885.2-2002 that if the hot pass is not laid within

six minutcs of completion of the root pass then the risk of FIACC is greatly increcased.
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Many researchers have crcated simulations of multiple passcs using sophisticated techniques
such as efement birth and death with 2D axisymmetric models. It would appear from the open
literature that 3D simulations of multiple weld passcs 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 rcsidual stress in circumferential welds has been
carried out to date. The pattem of residual stress in a circumferential welds is well
understood, however, a completc compilation of results demonstrating how the stress field is
altcred 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 firstly by Chrenko (1978) and
later by Rybicki et al (1982). Chrenko (1978) compared pipes of varying diamcter with a
constant wall thickness. It was found that the tensile axial residual stress on the inside wall
in the 11AZ was lower in the larger diamcter pipes. Rybicki et al (1982) howcever 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 matcrial and the heat input have
also been cxamined in the past. Burst and Stonesifer (1981) found that increasing the yield
strength resulted in slightly higher values of residual stress. It was also stated after cxamining
the cffect of two differcnt weld heat inputs that there was little difference in the residual

stress. Howcever the higher heat input resulted in a greater residual stress.

A summary of the rcsidual stress in circumferential welds results which are available in the
litcrature up to 1995 was collated by Mohr (1996). The object of this summary was to crcate
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

diffcrent rescarchers caused variability in results.

Latcr Michaleris ct al (1996) created a limited matrix of residual stress results which covered
variation in radius to wall thickncss ratios, single and double V bevcls and residual stresses
beforc and after hydrotest. I'inite element modcls were used to develop these results. From
this work a method of predicting residual strcss 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 nsing
empirical relationships from results of finite elctent models. While this method provides a
less conscrvative way to predict residual stress than the existing guidance provided, it still is

a very conservative way of predicting residual stress. This level of conscrvatism is required
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duc to the many important process paramcters that were ignorced and produccd the variability

of results seen in Mohr (1996).

In a study carried out by Lin and ’ermg (1997) which considered the effect of welding
paramcters 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
tempcratures could have the cffect of increasing the cquilibrium temperaturc and thercfore
thc heat input and cause increascd residual stress. [his highlights the complexity of

considering the effect of welding process parameters on the residual stress.

Because of the complex influence of process parameters trends observed often need to be
qualified. It is this rcason why investigation of process parameters specifically relating to the

pipcline construction process need to be considered.

2.3.6 Methods of Stress Relief

There are many methods available for the relicf 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 rcsidual stress see Radaj (1992). This work is intcrested specifically in the
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reduction of residual stresses in circumferential wclds. Examples of studics into such

techniques arc given below.

Residual stress relicf can improve the structural integrity of welded joints. It also can have
the cffect of reducing the driving force for [IIACC. 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 1leating for Stress Improvement (IHSI)
and backlay welding. Similar methods could be devcloped to rcduce the residual stresscs

cxperienced during pipcline construction.

Backlay welding is carricd 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 serics of welds over the
girth weld in the axial direction. This has becn shown by Brust and Rybicki (1981) to be an
effective way to completely eliminatc 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
duc to the additional time rcquired to carry out such a process. Also it is an incfticient use of

weld metal,

Joscfson (1982) 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 cffects of stress relaxation creep and phase transformation

were included. 1t was found that the optimal PWII1 was when the weld is held at 575-600°C
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for 1-2 hours, which would lcave a residual stress of 80-110 MPa. It was also found that a
longer PWHT did not produce significantly lower stress levels but did cause deterioration in

the matcrial propertics.

A tcchnique 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 mvolves creating a
temperaturc differential across the cylinder wall by using an induction hcating coil around
the girth while cooling the inner surfacc with water. A redistribution of the rcsidual stress
ficld 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 mcthod known as cooling stress 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 tcmperature at the inside of the pipe cool and heating the outside to reducc the residual
stress gradient in the pipe in the through thickness direction. The concept was proposcd as it
is known that the rcsidual stress in girth wclds generally are left with the inside surface in
tension and the outside surface in compression. While this mcthod would bc impractical
during pipeline construction due to the increased time requircd to complcte the joint, it

demonstrates the typc of methods available for residual stress relief.

Another similar method was modelled by Enzinger and Cerjak (1998) called ].ast 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 of the pipe. Cerjak and Enzinger
(1998) used a finite element model of LPIISW to consider its effect on the development of

residual stress.

It can be seen from the above examples of residual stress reduction strategies, that currently
available methods are unlikely to be used in the pipeline construction process. However
modification of the pipcline construction procedure could influence the residual stress
induced in the girth weld. Therc 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 DIFFUSION MODELLING

Numerical analysis has been shown to be the most useful method of calculating hydrogen
concentration due to the rapid rates of hydrogen diffusion and the complex geometries of the
welding process. Numerical analysis is decemed uscful due to its ability to calculate hydrogen
concentrations in crack susceptible regions. Experiments have shown (Bailey et al 1993) that
the diffusion of hydrogen through metals follows Fick's Sccond Law of Diffusion which, is

given below:

i avic 2.7

where

(C = Concentration of hydrogen
vi= Spatial distribution
t = Time

d = Diffusivity

When modclling hydrogen diffusion 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
diffusion using Fick's Second I.aw. Whilc this has allowed a quantitative view of hydrogen

diffusion through weldments it was recognised by McNabb et al (1963) that there arc
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hydrogen-trapping 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 cffect 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 diffusion. More complex models bave been
developed such as that of Anderson (1980), which include the trapping cftects modelled by
McNabb and stress assisted diffusion. There is however a lack of consistent valucs in the
literature rcgarding thc quantity of diffusion retarding traps or the density of diffusion
accelerating dislocations in weld metal. Because of this it has been suggested by
Bocllinghaus ct al (1995) that for a quantitative analysis of hydrogen concentration models

simply bascd 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 devcloped
by Boellinghaus ct al (2000) which considers only the local hydrogen content, local
mechanical load and local microstructure. The scheme developed appears to be a rcasonable
approach to model HACC, however it requires further development to become a useful tool

for prediction purposes.
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2.5 GAPSIN CURRENT KNOWLEDGE

From the literature surveyed it is apparent that there has been a large 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 carricd 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 numcrical 3D circumferential residual welding stress literature has been published
however this has served morc to point out the capabilities and deficiencics of the
axisymmetric models, which have been used in the past. There is now opportunity to apply
these techniques to increase thc knowledge of stress cvolution during the pipeline

construction process.

The cffcct of the lift height has been recogniscd in relation to residual stress by Higdon et al
(1980). They considered it with the usc of a combination of analytical and 2 D-axisymmetric
numerical models. The numerical models that were used howcver were not thermo-elastic
plastic models but a simplificd residual stress model where a 2D longitudinal residual stress
field in a flat platc was wrapped into a cylinder and allowed to dcform. This ignores the 3D
cffects, phasc transformation, elevatcd temperaturc of the matcrial and the transient stress
duning construction. It also makcs the assumption that lifting has no effcct on the final state

of residual stress. There is opportunity to consider thc effect ot a number of process
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paramcters on the residual stress. For example the timing of the lifting process during

construction.

There has now been much rescarch done on modelling of hydrogen diffusion due to the
welding process. This has advanced from models simply bascd on Fick's second Law of
diffusion with an initial hydrogen concentration, to models based on thc mass transfer
cquation coupled with heat transfer models and thermo-elastic-plastic models with hydrogen

traps.

There is an opportunity to now consider thc transient temperature, stress and hydrogen
concentration during pipelinc construction. A fransient view of stress, temperaturc and
hydrogen concentration would allow an understanding of the transient risk of HACC which

until now has been reported but not explaincd.
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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 clement modclling techniques. To rclate the knowledge
gained by modelling pipeline construction to reduce the possibility of IIACC. To simulate
the construction process, the stresses due to lifiing of the front end, the temperature cycle and
the thcrmal welding stresses and the transient 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 stresscs are dependent on the height of lift, the geomctry of the root pass and the
temperature field within the root pass.

¢  Toundertake a transient hcat transfer analysis of the near wcld region which will pro-
duce tempcrature history for thc material during the construction process. This is
important, as thc material properties of stecl (such as strength and thermal conductiv-
ity) are tempcrature dependent.

«  To produce a transicnt thermal stress modc] using the temperaturc history previously
derived in the heat transfer analysis.

»  To cfficiently combine the transient thermal stress and lifting models to simulate the

complete construction process.
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To cxperimentally verify the residual stress modcl developed and to indicate the level
of accuracy that can be cxpected.
To vary the process parameters (such as the timing of the process, welding speed, per-
centage complction of root pass beforc 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.
-incrcase the forward pace of construction which is the limiting factor in
reducing the cost of pipeline construction.
Create a transient hydrogen diffusion mode] of the welding process.
Combinc the knowledge of the evolution of stress, temperaturc and hydrogen concen-
tration to explain the transient risk of HACC which can be used when designing con-

struction procedures.
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2.7 JUSTIFICATION OF WORK

Whilc 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 girth wclds, 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
concentration. For example, if a number of forces arc applied to an object simultaneously it
could result in plastic deformation, while if these forces were applied one at a time the object

would only be elastically deformcd.

Cousider the analogy of a bridge which has a capacity to support ten people. If fifteen people
walk across the bridge simultancously the bridge may collapse. However if they walk across
onc at a timc the bridge will not fail. Thercfore in order to know whether the bridge will
collapse when fiftcen 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 HHACC is of incrcased importance. If it is possible to safely use X80 or
X100 pipe there 15 a significant material reduction in the pipe tonnage required per unit
length of pipeline. The use of higher strength pipe may increasc its susceptibility to HACC

making the pipelinc 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 cfficiency of the process, however these methods generally place the
pipeline at greater risk of HACC. Further investigation is required in order to detcrmine what

improvements can be safely made.

The cost of shutting down a pipelinc which supplics 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 issucs.
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CONSTRUCTION MODELLING

This work seeks to detcrmine the cffect of process variables on the development of residual
stress in the region of a girth weld during pipeline construction. It is intcnded that by
minimising the welding residual stress, the possibility of HACC is reduced. The mcthod
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 arc compared
and verificd against cxpcrimental results in Chapter 4. The cxperimental results described in
Chapter 4 indicate the accuracy that should be expccted from residual stress measurement.
The experimental work conducted as part of this rescarch gave confidence that the numcrical
models have the ability to predict residual stress trends due to certain combinations of

process paramcters.

Whilc studies of thermal stresscs induced in the near weld region of circumferential welds
have been carried out by a number of rescarchers before such as Karlson (1989), the studies
have always been on models of only the near weld region. This has been an acceptablc
approach as it is well known that the residual stresses induccd in the near weld region fall

away to zero only a short distance from the weld centre line. With pipeline construction
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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 thermo-elastic-plastic
modcl to avoid inaccurate assumptions such as made by Weickert (1984) would requirc a
mesh of such proportions that computation would be prohibitive. For cxample Weickert
(1984) assumed that the lifiing and lowcring process had no influence on the final state of
residual stress. In this thesis a sub-modeclling technique has been developed to simulate the
influencc of the lifting process onto a model of only the near weld region. This enabled the
cfticient use of computing resources while avoiding inaccuratc assumptions such as

superposition.

The process uscd 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 cllipsoidal heat source was crcated to calculate the
temperature history of the ncar weld region. This temperature history was uscd to calculate
the transient stress due to the welding thermal cycle. A model of the clamping process was
created to examine the cffect of the internal line-up clamps. The eftect 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 full pipe model. These external
mechanical loads were applied to the thermal stress model of the near weld region to simulate
the complete construction process. A schematic of this calculation scheme is shown in Figure

3.1.
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HEAT TRANSFER BOUNDARY CONDITIONS

FORTRAN program which applies heat generation
boundary conditions to simulate the welding arc

THERMAL MODEL

Heat transfer analysis of
LIFTING MODEL the welding of the root pass LINE-UP CLAMP MODEL

Stress analysis of the
operation of the line-up clamp

Stress analysis of the [ifting
of the pipeline front end

EXTERNAL PROGRAM

FORTRAN program which collects data from
easier models and calculates boundary
conditions for 8 mogde! of the complets
construction procass

1
CONSTRUCTION MODEL

Stress analysis including the effects of
[ifing the pipeline front-end, the line-up
clamp and the welding thermal cycle

Figurc 3.1: Schematic diagram of modelling procedure.
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3.1 LIFTING 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 refined mesh in the region of the root pass werc
produced. While thesc models gave an indication of the stress induced in the root pass duc
to the lifting and lowering process, they ignore the effcct of the thermal cycle on the
evolution of stress in the weld. For this reason a modelling strategy has been devcloped

which allows the efficient and ctfective modelling of the lifting and lowcring process.

Non-lingar stress models were created and results were produced with relative computational
easc considcring 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 temperaturc cycle is assumed not to change as the
lifting and lowering process occurs within a few scconds so the change in temperature during
this time interval is insignificant. The temperature field in the ncar 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 assumcd that the pipelinc 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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In 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 purposc of setting up the modelling proccdure a gencric pipe sizc was selected. The
lengths of the pipe segments werc assumed to be 12m in length, 300mm in diametcr and have
a wall thickness of 6mm. Thc joint preparation that was used for the root pass was a 60°
included angle with a 1.6mun root face and a 1.6mm root gap. The height of the root pass was
taken to be 4mm. These nominal dimensions were uscd to set up the modelling procedure but
dimensions and other process paramcters were varied during the investigation described in

Chapter S.
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. 1.6mm

Figure 3.2: Nominal dimensions used for the joint preparation.

3.1.2  Simulation of Support Skids

In finite elcment methods, when simulating objects which contact or break contact during
deformation, measurcs need to be taken to communicate their positions othcrwise meshed
bodics will effectively glide through onc another. One method is to use spccial elements to
bridge the gap, often known as contact elements. Contact elements cffectively operate as a

non-lincar progressive spring between two nodes on cach 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 betwcen the pipe and the skid
that require bridging are large and this can produce solution convergence problems.

Therefore an altemate methodology was devcloped.
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Initially a model was run which excluded the skids. This allowed the free displacement of
nodes in the Jocation of the skids to be determincd. With 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 crcated, 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 beforc and after the lift. This technique required
that the solution was rc-run as each skid was simulated by the displaccment boundary
condition until all skids werc simulated up to the front end. Thc 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 simulatcd all other skid contact

further away from the pipeline front end.

In Figure 3.3 the deformed shapc 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 sccond where the skid closest to the front end is there to support the

pipelinc when it is lowered.
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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 lifling 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 stress for a given Jift height 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 (1980) 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
specifying a maximum lift height in a construction procedure, the number of support skids

the pipe is lifted off should also be specified.
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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 analysis 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 full

pipe model. The stress results at the nodes in the full pipe model where the forces are to be
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applied werc resolved into the longitudinal direction and the forces were calculated. To test
and validatc this approach it was verificd that these forces produced very similar stress
results on the sub-tnodel as was produced on the near weld region using a full pipe model as

demonstrated Jater 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 external computer program (Fortran program separatc from the FEA software) that was
written to calculate and apply forces to simulate bending duc to the lifting and lowering

process. The program strategy was as follows:

«  The coordinate positions, coordinate identification numbers and componcnt stresses
are read into the program from the output file of the full pipe lifting modcl.

*  The coordinate positions and nodc identification numbcrs are read in to the program
from a {ile containing the mesh geometry data to be used in the sub-model.

»  The nodes in the full pipc model are then scanned through to find which ones sharc the
same coordinate position with those in the sub-model. These nodes are then placed
into an array.

= The stresses on these nedes in the longitudinal dircction are then used to calculate the

forces to be applied in the sub-model.
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+  These forces and their corresponding nodc 1D 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 arc evenly spaced and each node on the inside diameter
represents the same amount of arca as every other node on the inside diamcter. Similarly the
nodes on the outside diameter represent the same amount of area as cvery other nodc on the
outside diamcter. [n the cross-section where the forces were applied the nodes were spaced
regularly around the girth as shown in Figurc 3.6. The nodes on the outside diamcter cover
a greater area than those on the insidc. Thereforc the nodes on the outside requirc
proportionally larger forces to produce the intended pressurc. A multiplication factor was

produced to allow for this dificrence 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.

The multiplication factors used to proportion the forces applied to the nodes on the inside and

outside surfaces of the pipe were calculated using the following equations.

4;
MFin.ride= 2X(A»+A) (3.1)
i

]

A
MFoutside =2x (AA +OA ) 3.2)
i

0

where

MF = Multiplication Factor
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A, = Inside area

A, = Outside Area

The areas were assigned to the inside and outside nodes as follows.

4, = ©(R,,~R) @33)
A, = n(R2-R) (3.4)
where
R, Inside radius of pipe
R, Mean radius of pipc
R, Outside radius of pipe

The force applied to nodes to simulate bending was then calculated using FEquation 3.5.

o, X A]

F, = MF( (3.5
wherc
F, Force on node
c, Stress on node
A Cross-sectional area of pipe
n Number of nodes in cross-section
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3.1.5  Verification of Sub-modelling Technique

In order to verify this sub-modelling technique the calculated bending stresses induced by
lifting on the near weld region from a sub-model and the full pipe model were compared. It
can be seen by comparing the stress fields for the full pipe model in Figure 3.7 and the
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 full pipe lifting mode) during a maxi-

mum lift of 600mm.

92



Chapter 3: Construction Modelling

..

L il
10

| 19ad
— 919

LY

z ROTX
' ¥ 40

“/' KotV
o0

Sax xotvz

€50

Figure 3.8: Von-Mises stress (MPa) field results from a sub-model of the lifting pipe model

during a2 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 Joading 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.
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Figure 3.9: The Von-Mises stress (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 centre line at the 6 o’clock

position on the inside wall is plotted for the small sub-model, the Jarge sub-model! and the

full pipe model. In the region close to the weld centre 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 A

-+ Small Sub-mode)
-=-Large Sub-mode!
-~ Full Pipe Model

OL T T — e F e —

0 50 100 150 200 250 300

Distance from Weld Centre Line (mm)

Von Mises Stress (MPa)

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 larger sub-model did help to move the stress concentrations that occur where the
forces are applied further away from the near weld region. These stress 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 fairly 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 cxactly so long as the shapc of the stress field is reasonably approximated,
which it is. It was concluded therefore that the sub-modclling technique approximates the

lifting and lowcring 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 pipelinc front end were three
dimensional. It is possible to create axisymmetric models of the lifting process by using non-
axisymmetric loads providcd linear elastic analysis is uscd. The FEA solver ‘NISA’ does not
allow non-axisymmetric loads to be applied to axisymmetric models when using a non-linear
solution (as 1s required for thermo-elastic-plastic analysis). For this rcason an attempt was
made to simulate lifting at the bottorn dead centre of the pipe due to the bending of the pipe
by applying a tensile pressure of the order of the pipe body stress 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.

In order to modcl the complctc construction process the mechanical handling loads due to

the lifting and lowering of the pipelinc front end need to be considerced in conjunction with

the thermal loading induced by welding. While it has been demonstrated in the past that
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rcasonable thermal stress prediction is achievable using axisymmetric models, the cffect of
lifting and lowering cannot be accurately simulated with them. This is madc cven more
difficult when combined with incomplcte 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 duc to lifting on the root pass with rcasonable accuracy. This provides great benefits in
terms of computational efficiency, which is essential in order to produce 4 complete 3D

simulation of the construction process.

Previous work done by Higdon et al (1980) produced a 2D axisymmetric linear efastic lifting
modc] 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 liftcd immediately after welding to maximise the pipeline front end speed, so
lifting occurs before the weld is completely cooled and before the residual stress ficld 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 nced to be considered in order to accurately model
the stress cycle of the root pass during construction. To calculate these transient stresses a
temperature history is required. This tcmperature history was developed using a transicnt
heat transfcr analysis. Both three dimensional and axisymmetric modcls were created and
compared. Whilc 2D models are not appropriate for consideration of the lifting process they
arc extremely useful for looking at factors such as welding heat input and varied pipe

geometry due to the computational speed they offer.

3.2.1 Transient Solution

The quasi-steady 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 wcld piece is taken
as an arbitrarily high value so that it is effectively a solid. This means if the weld picce is
infinitely long a steady statc 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 statc hence the
term ‘quasi-steady state’. Thc quasi-steady state assumption in thermal modelling has the

advantage that a solution can be obtained far more quickly than in a transicot model.
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Because the welding arc (the heat source) docs not move rclative 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 rclative to the
mesh so mesh rcfinement is required for the entire Iength 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 modcls can be uscd to provide a temperature history, as the welding
velocity and the location of the nodces relative to the arc are known. There are cascs however
when quasi-steady state models cannot produce adequate results. One such casc is where a

temperature history is required for the weld start and stop positions.

In the modelling of the front-cnd construction of pipclines generally incomplcte root passes
are laid in order to maximise the forward pace. For this reason modelling the welding start

and stop positions is important. Ilence transient thermal models are used.

3.2.2 Boundary Conditions

A transient heat transfer analysis is used where the arc is modclled using a heat source
applied to thc region wherc molten mctal exists. The details of the heat source used arc
discussed later in Scction 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 5.67¢e-14 W/mm?2K*,
The convective heat transfer coefficicnt on all surfaces except in the vicinity of the arc was
assumed to be 1.2e-5 W/mm?K*. The arca below thc arc has no heat losscs, this is
accommodated via a welding arc efficiency of 80% as suggested by Easterling (1992) for the

MMAW process.

3.2.3 Material Properties

Temperature dependant material properties are used in the thcrmal model for density,
thermal conductivity and specific hcat. The effect of latent heat during phase change can be
approximated as a variation in specific heat. Figure 3.11 shows the spccific heat and enthalpy
data used. In such a tecchnique at the melting point there is a sudden spikc in specific hcat,
which creates convergence problems so the spike was broadened over a larger temperature
interval to aid convergence. The thermal conductivity data has a stcp change at the melting
point as can be seen in Figure 3.12. This step changc was broadened over 20 Kelvin, which,
also cnables convcrgence. This is an approximate mcthod of allowing for increased

convective heat exchange within the molten weld pool.

100



Chapter 3. Construction Modelling

-3

-
E-N

-
N

o
1

[~

D
L

N

——Enthalpy —— Speclfic Heat

Enthalpy [J/im®)x10° Specific Heat (JIm* P K)x10°
t

o
‘|
{
|

| = T  E——— T = = — ]
0 500 1600 1800 2000 2500 3000
Toemperature (Kelvin)

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 enthalpy data used to

help approximate phase change.

.
AH(T) = jocp(T)dT 3.6)

where
AH = Change in enthalpy

Co = Specific heat at constant pressure
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Figure 3.12: Temperature dependent thermal conductivity data, which was used in the heat

transfer analysis.

3.2.4 Heat Source

The models used in this present work to simulate pipeline construction follow Goldak et al
(1984) 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
further details on this type of heat source please refer to Chapter 2. A Gaussian distribution
15 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 distri-

bution at thc cdge of the weld pool.

The dimensions uscd 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
cllipsoidal heat source sec (Goldak (1984). The dcfining paramcters for thc double
cllipsoidal hcat source uscd in this study are as follows:

ay~ 2.25mm (length of front portion of the heat source)

a, — 8mm (length of rear portion of the heat source)

b =2.25mum (width of heat sourcc)

¢ = 4mm (depth of heat source)

Jr= 0.6 (proportion of heat allocated to the front section of the heat source)

J» = 1.4 (proportion of heat allocated to the rear section of the heat source)

These paramcters 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 sourccs
ignore the stirring cffect that occurs within the weld pool. In this work the important factor
was considered to be that the sizc of the moltecn zone was close to that of the root pass. While
it was endeavoured to creatc the most accurate temperature field possible, it is known that
the accuracy of the temperaturc in the molten zone has little effect on thermal stress as
rcported by Easterling (1992). The reason for this is that the melting point for steel is 1773K

but steel has virtually zero strength above 1200K.
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The heat source used in the preliminary models was assumcd to have a welding speed of
Smm/s, with a current of 100 amps and a voltage of 25 volts. This gave a beat input of 0.5kJ/
mm and an efficiency of 80% was assumed as taken from Easterling (1992). This heat input
was used to set up the modclling proccdure, 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 exactly as hexagonal
shapcd clements were used. This means that a correction factor needed to be introduced to
prevent a discrepancy between the heat load required and the actual heat load applied to the

nodcs within the double ellipsoid.

The corrcction factor was determined by finding the ratio between the summation of the

heat loads placed on each node within the heat source, Q. , and the rcquired welding heat
load, Q,,,,;- The heat loads applicd to the nodes within thc double ellipsoidal heat source,
q 4. are summed as shown in Equation 3.7.

Qde = quie (3'7)

The required heat load is determined by the welding heat input and arc efficiency as shown

m Equation 3.8.

Qo = MVI 3.8)
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The heat load applied to each nodc within the heat source, g,,,,,, is then corrccted as

shown in Equation 3.9.

_ Qiotal
Dnodal — Ode XQde (39)

3.2.6 Axisymmetric Models

Axisymmetric models assume that the objcct being modclled is axially symmectric in a 2D
revolution about an axis of rotation. As mentioned previously, in the literature there has been
much work published on residual stress in circumferential welds using axisymmetric models.
If the thermal loading is axisymmetric, the weld being modelled is assumed to be welded

360° around thc circumfercnce simultancously.

An axisymmetric model was created for comparison with the 3D model and for use when
factors not concerned with welding start / stop positions or the lifting process are being
considercd. The geometry of the heat source at each time interval was found by considering

a double ellipsoid passing through a 2D plane at the welding speced.

3.2.7 Results of Heat Transfer Analysis

The thermal models assumed symmetry along the weld centre ling. In the 3D model only half
of the pipe is modelled. This is done becausc during pipeline construction generally two

welders weld the girth simultancously. 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 45° before top dead centre (BTDC) and finishes 45° after top
dead centre (ATDC). Figure 3.13 shows a contour plot of the transient temperature field after

24 seconds that resulted from this analysis.
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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 enfire 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 1s not surprising that the results from the two models differ

slightly.
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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 Figurc 3.14 it can be seen that from both models a similar peak temperature is calculated.
In the 3D model results, the tcmperature increased before that of the axisymmetric model and
the cooling rate in the axisymmetric model is faster, primarily due to thc conduction of heat

in front of the arc in the 3D model which does not occur in the axisymmetric mode).
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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 axisymmeiric approximations. The advantage
of this is that it vastly 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 intcrest is not near the start / stop welding positions (Dong et al, 2001). ‘This modeliling
technique is also limited in its use for residual strcss prediction when isolated repair welds
are being considered such as in pressure vessels used in the nuclcar power industry or in
partial welds uscd in the construction of pipelines. [n 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 nodcs in the axisymmetric model is far Icss than in the 3D model and so it is

far more efficicnt. Although obviously a great burden it was decided that 31D models were

required for the following reasons:

»  The lifting and lowering of the pipeline front-end can only be simulated using a 3D
model,

«  Theroot 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-

sidercd by a 3D model, and
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»  The root pass is not symmetric in the planc 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
Ilenderson et al (1996). A full circumfercntial girth weld was meshed and the unwelded
portion was assigned a low clastic modulus so it would have little effect on the results. The
benefit of having the elements therc is that in the complete construction models produced
later therc 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 closc. Another bencfit is that it allows

variation of the amount and location of thc root pass to be done using the samc mesh.

The approach that is generally taken when producing residual stress models is to usc the
samc mesh geomctry 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 stress modgls in order to mode! the gcometry
of the heat input accurately and due to the high temperature gradients that occur in the
thermal model. If the same mesh is uscd in the two models either the stress model will be too
computationally intensive or therc will be errors introduced into the thermal model, as the

mesh is too coarse.
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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 wriften 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 first 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 1mm x 2mum 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
density 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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This is beneficial as the NISA softwarc has a fundamental limit on the number of boundary
conditions that can usc a ‘time-amplitude’ condition, which would be exceeded using nodal
heat generation. The ‘time-amplitude’ function in the NISA softwarc is used to vary the
amplitude of a boundary condition with timc as specified within a tablc. To achicve further
mcsh refinement linear elements werc used which is an acceptablc approach in thermal

models.

Tt is generally considered that in order to produce stress analysis results of a rcasonable
accuracy, sccond order clements 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 accuratc material property data. The
sofiwarc used in this present work has the ability to alter material propertics depending on
temperaturc but not tcmperature history. Becausc of this software restriction limited

approximations of transformation plasticity werc included within the numerical procedurc.

The commercial finite element analysis software used (NISA) requires that the tempcrature

dependant material property data is defined using only five data points. Although this does
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restrict how accuratcly the material properties can be defined, thc pertinent material

propertics for steel can still be described reasonably well as shown in Figure 3.16.

In the modcls created in this study the effect of yield stress hysteresis is ignored following
the finding by Oddy et al (1990). The ctfect of volume change is allowed for in the definition
of the thermal expansion propertics and transformation plasticity is approximatcd with a
reduction in matcrial strength at the transformation temperature as described in Josefson
(1985). An clastic-perfectly plastic, yicld criterion was used as it is assumed that during the

phasc transformation there would be little strain hardening.
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Figure 3.16: Temperature dependant material property data and the manner in which it was

approximated with five data points as required in the NISA software.
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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 a view of the stress intensity in

the matcrial independent of stress direction,

In Figure 3.18 the residual Von-Mises Stress in the girth weld after the material has cooled
to ambicnt temperature is shown. Only the half the girth weld was modelled as two welders
usually weld simultaneously, so symmctry was assumed. An incomplete root pass was made
90° around the girth so that the weld start and stop positions could be obscrved. It can be seen
(Figure 3.18) that there arc stress raiscrs at the weld start and stop positions but that away
from thesc positions the residual stress field appears to be uniform around the girth. By
observing this phcnomena demonstrates how the use of axisymmetric models have been

found to producce 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 stress 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 stress 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 pattern of residual stress that occurs in a typical girth weld. The accuracy of the 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 difficult 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 axial residual stress results along the inside surface of the pipe

which were 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 axial
stress verses transverse distance from the weld centre Jine 1s 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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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 Validation

When using numerical models it is always advisable to verify 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 stress 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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restrictions. The numerical results achieved here appear to agrec with observations made in
the literature (Teng et al, 1997), however in order to gain enough confidence in thcse models
to conduct a study of pipeline construction some experimental verification is required. This
has been carried out using the ‘Blind Hole Drilling’ technique of residual stress measurcment

and is described in Chapter 4.
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3.4 CONSTRUCTION MODELS

The construction process is simulated with the use of a thermo-elastic-plastic model to
account for the non-linearity of thc material properties. o 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 linc-up clamp. The development and application of

the lifting and lowering boundary conditions are outlincd in Section 3.1.3.

Previous rcscarch undertaken by Higdon ct al (1980) on the residual stress due to the
construction process used an axisymmetric lifting modcls and superimposed the results onto
a residual stress ficld 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
onc model. The reason for this is due to thc plastic deformation that occurs during
construction, which is dircctly related to the timing of the lifting and lowering process. A
thermo-clastic-plastic analysis is required to detcrmine whether the mechanical handling
loads alter the final state of residual stress. This has been numcrically 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 extremc lift of 600mm and an even higher 1200mm lift was

simulated. The lifting and lowering had the effcct of altering the residual stress in the root
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pass. In order to demonstrate the effect of lifting and lowering on the residual stress in the
root pass, the transient 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.
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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
aresult 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 of the 1200mm Lift. It can be seen that the resultant

stress due to the addition of Jifting had some unexpected results that could not have been

predicted using superposition.
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This is because the lifting and lowering process influcnces the plastic deformation that
occurs as the residual stress develops. Therefore placing the root pass under a tensile stress
thereby producing plastic dcformation, can have the effect of relieving some of the tensile

residual stresses.

A residual stress ficld is a balancc of tensile and compressive stresses all in equilibrium,
Therefore by plastically deforming some arcas 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 analogics
such as uscd in Chapter 2 for the explanation of the concept of residual stress. It is for this
rcason that the usc of finite element models are so uscful 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 pressurc approximately 20mm from the weld
centre linc during welding. The intemal line-up clamp that is uscd during the construction
process, rounds the cnds of two pipc scgments during welding and prevents any weld
nmismatch. The stress that is induced in the pipe segment ends may havc an effect on the
residual stress in the root pass. In Figure 3.23 a photograph of a typical line-up clamp is

shown.
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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 internal pressure is given in Appendix A. The line up clamp was assumed
to be actuated during the welding of the root pass and then released. As can be seen in Figure
3.24 the line up clamp had virtua]ly no effect on the transient and residual stress. While this
investigation was only undertaken for only one pipe diameter and wall thickness the effect 1s
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 particularly 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 linc up clamp has no influence on HACC.
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EXPERIMENTAL VERIFICATION

Whilst numerical methods for calculating transient stress obviously avoid the difficulties of
expcrimental detcrmination, it is necessary to verify the accuracy of such numecrical
procedures. By making experimental measurcments of residual stress, confidence in the
numerical modelling scheme developed can be gained and an indication of the level of
accuracy that can bc expected when using the numerical models can be established. In this
work the expcrimental measurement of residual stress in a test circumferential girth weld is

dircetly compared with the results of a numerical model.
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41 METHODS AVAILABLE FOR EXPERIMENTAL
VERIFICATION

Mcasurement of transient or residual stress formed during welding is difficult as strain
gauges or extensiometers cannot be used to mcasure the stress history endured by a material
in the ncar weld region. There are howcver a number of ways in which measurements of
welding residual stress can be undertaken. Most methods are destructive, whereby a change
in strain is measurcd whilst rclicving some of the residual stresses 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. Therc arc also non-destructive methods of residual strcss measurement such as X-ray
diffraction, neutron diffraction, ultrasonic and electromagnetic strain measurement which
broadly seek the current statc of stress by mcasuring the elastic distortion within the

structure.

4.1.1 Non-Destructive Methods

Examplcs ot non-destructive methods include X-ray diffraction, neutron diffraction and
ultrasonic techniques. Neutron diffraction and ultrasonic techniques are limited by bulky and
complex cquipment whercas X-ray diffraction equipment is portable and commercially
available. X-ray diffraction is only capable of considering stresses at the surface however it

18 the most commonly used non-destructive method currently available.
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X-ray diffraction and ncutron diffraction ar¢ 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 firstly be measured for comparison
with the stressed crystal lattice spacing. When the weld metal is different to the parent metal
the unstresscd lattice spacing is also diffcrent. As long as the unstressed lattice spacing at a
given locations is always known satisfactory results can be obtaincd. 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
matcrial in different locations differs. Therefore the unstressed lattice spacing once again is

difficult to ascertain.

4.1.2 Destructive Methods

Destructive methods of residual stress measurement include hole drilling, sectioning and saw
cutting. These mcthods are also known to producc 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 strain measuremcnts are recorded. In
another method, strains are recorded on the inside and outside pipc wall as the pipc is cut

perpendicular to the longitudinal axis. This mcthod however limits the measurements to
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axisymmctric ones. Figure 4.1 shows how the pipe segment is sectioned whilc 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
displacemcnt measurcments were made at different locations around the girth as layers
parallel to the longitudinal axis were parted away. This cxperimental procedurc was

undertaken to verify the numecrical results obtained by Rybicki et al (1977).

STRAIN-GAUGE
LQCATION

(a)

t=15mm

(b)

Figure 4.1; Layer removal technique for bulk residual stress mcasurements. (a) Isometric
sketch of a typical scction to be instrumented and removed; (b) division of the removed scc-

tion into two picces 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
‘compliancc method'. This method involves rccording strains on the outside wall of a
circumferential wcld as a slit around the complete girth is cut to increasing depths. The
expcrimental results achieved reasonable agreement with the predicted results, however this

mcthod is somewhat unguantified and is used little these days.

The most common mecthod of residual stress measurcment is the ‘Blind Hole Drilling’
mcthod. This method involves drilling a hole in the centre of a three strain gauge rosctte
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’ method has achieved wide
acceptance as a standardised test method. This method however is limited to depths of only

one third the wall thickness. This techniquc is illustrated in Figure 4.2.
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strain duc to drilling a hole is measurcd by the strain gauge roscttc. Fasterling (1992)

The maximum and minimum residual strcsses can be calculated from the strain rclief

measurcd by the rosctte. This is donc using the relation given in Fquation 4. 1.
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wherc

E = Young’s modulus

O gy = Maximum principal stress

G iy ~ Minimum principal stress

£, €y, €5 = Strain gauge numbers 1, 2 and 3

v = Poisson’s ratio

Variables K| and K, are calibration constants which arc dependant on the dimensions of the
rosette and the diamecter of the hole drilled. For cach available rosctte, a range of calibration
cocflicients are given for a range of hole sizcs. The direction of the principal stress directions

can be calculatcd using Equation 4.2.

£, —2¢, +s3)

B = O.Satan( (42)

€ —&
where

B = Angle betwecen 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
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significant differences from finite difference solutions developed. A more successful result
was achieved in an cxperimental study undertaken by Vaidyanathan et al (1973). In that study
two hemispherical shells 0.080 inchcs thick with a radius of 4 inches of 5083-0 Aluminium
were joined using electron beam welding. It was dccided that spherical shells would be used
as the residual stress in a cylinder sharply declines a short distance away from the weld centre
linc making measurcment difficult. After thc welding was completed, strain gauges werc
placed in the axial and hoop directions in the region of the weld and the ‘Hole Drilling
Method’ of residual stress measurement was carricd out. In order to validate this method of
residual stress mcasurement, the same technique was applicd to a butt-welded flat plate of
the same matcrial and the rcsults were compared against an approximate analytic solution for
residual stress. Although it was only possiblc to obtain a few data points using the
cxperimental technique, there appeared to be reasonable agreement between the two scts of

results.

While the ‘Blind Ilole Drilling’ technique has been shown to be a very practical and useful

technique it does have the following potential deficiencics when uscd in welding

applications.

=« When stress exceeds 50% of the yield strength of the material, localised plasticity
effects cause measurcments to be cxaggerated.

= Welds are expected to gencrate residual stress fields that vary through the thickness

whereas ‘Blind Hole Drilling” is best suited to stress fields that do not vary with depth.
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It was demonstrated by Weng and .o (1992) that this method only produces accurate results
where the residual stress is less than 50% of the yield strength of the material. If the residual
stress is greater than 50% of the yicld strength localised plasticity occurs around the hole
introduced into the material causing the residual stress to be overestimated. ‘This has been
recognised by a number of rescarchers and methods to correct for localised plasticity have

been suggested.

Weng and Lo (1992) carried out calibration tests and calculatcd ncw calibration cocfficients
that could be used in rcgions of high residual stress such as occurs in the vicinity of
wcldments. These calibration coeflicicnts are not made available in ASTM E837, (Standard

Test Method for Determining Residual Stresses by the 1Hole Drilling Strain-Gauge Mcthod).

Beghini et al (1994) recogniscd that the calibration coefficients were dependant on the
biaxiality ratio (the ratio between the maximum and minimum residual stress), the
orientation of the rosette, the yicld strength and strain hardening parameters, when the
residual stress cxceeded 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
localiscd plasticity was given. This procedurc is limited in its accuracy if the principal stress

dircctions are not known prior to mcasurcment.
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Zhao et al (1996) proposcd a far simpler method for correcting the effect of localised
plasticity. Their method is based on a distortion encrgy paramcter. The technique is relatively
simple and is practical for usc in cngineering applications, however this method also required

that the principal stress dircetions be known prior to drilling to avoid inaccuracics.

Later Vangi and F:rmini (2000) also demonstrated that when the residual stress exceeded 50%
of the yield stress the calibration cocfficients werc dependant on the biaxiality ratio (ratio of
maximum and minimum residual stress) and the anglc of the principle stress in rclation to the
position of the rosette. This work however does not appear to offer anything not previously

known or provide altcrnate methods of plasticity correction.

Another problem, which is recogniscd in the ‘Mcasurements Group Tech Note TN-503-3”,
is that the ‘Blind Hole Drilling’ technique of residual stress measurement is best applied to
strcss fields that are uniform with depth or inaccuracies arc introduced. This can be
problematic when studying weldment stress as it is well known to vary with depth. However
there are calibration coefficicnts available that vary with depth so this critcria can be

considered.

4.1.3 Summary

When using numerical modelling, validation of the numerical scheme developed is required.

One method of validation availablc is by experiment. The validation experiment proposed is
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to comparc the calculated residual stress 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 of measurements are not required
for model verification and the residual stress through the pipe wall is not needed as the area
of intercst is the insidc surface of the pipe. There are some limitations with this tcchnique and
they are gencrally 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 I1ole Drilling” method in a residual stress field that does not
vary with depth and to determine whether incrcased accuracy can be acquired by developing

new calibration constants.
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42 BENCHMARK TEST

A mild steel bar was loaded to a known uniaxia! stress to simulate a residual stress and then
the ‘Blind Hole Drilling’ method was applicd. 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 creatcd 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 stecl bar with a cross sectional area of 32.43mm x 5.06mm.

* A Hounsfield Tensomcter was uscd to load the mild steel bar to simulatc a residual
strcss.

* A 20kN\ load cell was used to measure the load applicd to simulate residual stress in
the test piece.

«  Strain gauge roscttes 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 stresses by the
‘Blind Hole Drilling’ technique.

«  Strain gauge bridges were used to measure changes in resistance of the strain gauges

during operation.

139



Chapter 4: Experimental Verification

Figure 4.3: Experimental set up used for benchmark test.
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Figure 4.4: The tensile sample used in the benchmark test is held in a Hounsfield Tensome-

ter which is connected to a load cell.

4.2.1.1 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-XX-062RK rosette has an identical geometry to that of the EA-XX-
062RE-120 but offers an encapsulated design with heavy copper solder terminals for ease of
soldering. The CEA-XX-062UM-120 also offers an encapsulated design with heavy copper

solder terminals for ease of soldering but has a different grid geometry. This grid geometry
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enables measurements to be taken more closely to welds or other irregularities. For this

reason the CEA-XX-062UM-120 rosette was chosen.

% 51

EA-XX-062RE-120 TEA-XX-062RK-120 CEA-XX-062UM-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 firstly stress relieved to remove any pre-existing
residual stresses in the bar. The bar was heated to 600°C and held at that temperature for two
hours before allowing it to cool to 300°C and removing it from the furnace. This procedure

for stress relief was taken from the Materials Handbook (Brady et al, 2002).

The steel composition was determined and is given in Table 4.1. The microstructure after
heat treatment was compared with the non-heat-treated steel to ensure no significant change
in material properties occurred as a result of the heat treatment. 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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o " b
o -

Stress Relieved

Figure 4.6: Microstructure of material used in benchmark test, before and after stress reliev-

ing.

Element C Si Mn P S Cr Mo Ni
% 0,035 0.009 0.297 0.018 0.009 0.015 | <0.002 0.02

Element Ni Al Co Cu Nb A\ w Pb
% 0.02 0.039 0.003 0.012 0.001 0.002 0.011 | <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 | <0.00]

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-129, ‘Surface Preparation for Strain 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 was loaded in the Hounsfield 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 was calibratcd and zeroed. ‘“Thc 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 werc a maximum stress of 70MPa, a minimum stress of
OMPa and the maximum stress aligned zero degrees from strain gauge 1. As shown in Table

4.2 the agreement between measured stress and the applied value was very good.

Tablc 4.2: Benchmark test results

Residual Residual o
€ €y €4 | StressMax. | Stress Min. )
(MPa) (MPa) (Radians)
Experimental -17 -65 -26 65 4 -0.05

It can be scen from this result that a reasonable calculation of residual stress was made since
this mcasurement techoique is only expected to yicld results within £10 %. However one
possible source of error that is not related to the experimental technique is inaccuracy of the
data rcduction coefficients. In order to test the accuracy of the data reduction coefficients 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 thc material. A numerical
modcl is best technique for this test as the data reduction coefficients 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 modcls were created all with varying hole
depths. This was donc to simulatc the hole being drilled incrementally and allowed
calculation of data rcduction coefticients for varying hole depths as explained later in Section

42.5.

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 inchcs. Imperial units were used as this made calculations simpler.
The maximum mesh density used was around the hole. Tirst order eight noded hexagonal
elements were used, which typically provide good results when only clastic deformation is
simulated. The smallest of thcse elements were approximatcly 0.243mm x 1.146mm x
0.257mm. A pressure of 70MPa was applicd to one end of the specimen and the other cnd

was restrained to simulate the induced stress.

The differcnce in strain between the modcls with and without a hole was assumed to be the
amount of strain relieved by drilling the hole. Figurc 4.7 shows the calculated Von-Mises
stress for the modce] of the specimen with a hole drilled into the material to a depth of 0.0808

inches.
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Figure 4.7: The Von-Mises stress (MPa) field calculated using finite elerment 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. It can 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.

Residual Residual
€ | €& | €y | StressMax. | Stress Min, o
(NIP&) (MPa) (RadlﬂlIS)
Experimental -17 -65 26 65 4 -0.05
Numerical -120 =33 44 69.2 -1.5 0.02
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4.2.5 Calibration of Data Reduction Coefficients

The experimental and numerical results show good agrcement 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 morc accurately calculate the
residual stress. Data reduction coctticients are uscd with the ‘Blind IHole 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 coefficients vary with the depth of hole drilled and
cannot be found analytically as in ‘“Through Holc’ analysis. Instead in the past thcy have been
calculated using experimental measurements such as was done by Pang (1989) or by

numerical simulation such as by Schajcr (1981).

The strain gauge rosettes that were used arc of the CEA-XX-062UM- 120 varicty which, duc
to their gcometry, allow measurements to be taken closer to welds than other varieties pcrmit,
There was no data reduction coefficient information availablc which varied with depth for
the 062UM strain gauge rosettes which were used. The only data reduction coefficient

information available was for full depth holes.

The finite element model of thc benchmark test that was described previously was used to

determine data reduction coefficients 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 modcl was used to
derive this data rather than experimental techniques due to the increased accuracy that can

be achieved.

The three clement 45° rectangular rosctte equations gencrally used to calculate residual

stress and principal direction are given below.

E €1 TE, Z
== + =

Omax, min 2< 1-v 1 +V> (4.3)

where
2

Z= ,\/(el—e3) +(252‘€1_E3)2 (4.4)

and
1 (282_—81‘_8)
B 5 atan Pa— (4.5)

Beancy and Procter (1974) modified these equations in order consider a sensitivity

calibration factor, //K; and a residual stress rosettc Poison’s constant, vKy/K ;.

_ 1 Ef_ Ei7E z
Smax,min = ¥ °® _( _ * (4.6)
K, 2\1-(vK,)/K; 1+ (vK,)/K
For uniaxial stress calibration, the rosette constants are given by:

1 Ey

—_= A4 4.7
K, Aey (4.72)
VK, Aeg,

RS — 4.7b
K, Ae, (4.70)
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where,
E 4 = Total axial strain before drilling at applied load
Ae , = Total axial strain change afier drilling at applied load

Ae, = Total tangential strain change after drilling at applied load

In the AS'TM Standard E837 the rosette equation uses calibration constants, A and B which
were derived from a finitc clement study by Schajer (1981). @ and b are data reduction

coeflicients used to account for the drilled hole dimensions. The stress is given by:

e tEy N2 2 3
cmax, min 7 t ﬁ«/(el - E2) + (82 - 53) (4.8)
where,
i=Y13 (4.98)
21 ’
B=2=L.5 (4.9b)
2F

As stated in Pang (1989) the relationship between Equation (4.6) and (4.8) is given by:

1 1
—_—= 4.10
K, EA+B) (3.10%)
VK, (B-A)

=22 4.10b
K, (B+4) (@105
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By cquating relations (4.7a), (4.7b) with (4.10a), (4.10b), 4 and B could be calculated from

the strain results in the finite clement models used in this study for varying hole depths.

B = lﬁﬂz (4.11)
2F

4= M (4.12)
2K

In turn the data reduction cocfficients 4 and B could be calculated for varying hole depths
using the rclations (4.92) and (4.9b) given in the ASTM Standard £837 and rearranging them

to make & and b the subject of the formula.

_ —2AE
a=Sr (4.13)
b = 2BE (4.14)

The results are prescnted in Figurc 4.8.
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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 girth weld was performed on a segment of X70 pipe, and the ‘Blind Hole Drilling’
technique of residual stress mcasurement was carried out on the weld. The pipe segments
used had a vee-preparation machined onto the ends using a lathe. Once a vee-preparation had
been placed on the pipe cnds the pipe segments were ‘tack welded’ together in four locations

around the girth. The specimen was then stress relieved in a furnace prior to welding.

Line pipc generally has Jocked-in siresses 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 stresses. Stress relieving was used to
recmove these locked-in stresses to ensure what is being modclled is as close to reality as
possible. The experiment conducted was for the purpose of validating the modelling
procedurc used rather than to determine the stress experienced in a pipeline girth weld. Once
the modclling proccdure has been verified it can be used to highlight trends despite a small

variation in results that may occur due to fabrication strcsses that would occur in the ficld.

The specimen was heat treated by heating it to 600°C holding it at that tempcrature for two
hours and allowing it to cool overnight to 300°C before removing it from the furnace. This
procedure for stress relict of ferritic stecl was taken from the Material Handbook (Brady et

al (2002).
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The pipe used was X70 pipe with an internal diamcter of 350mm and a wall thickness of
5.4mm. The material was measurcd in tensilc tests to have a proof stress of $25MPa. The
weld preparation used was a 60° included angle with a 1mm root gap and a lmm root face.
The electrodes used were F26010 (Lincoln 5P) with a diameter of 3.2mm. A typical pipeline
construction procedurc was used with a 50% weld completion of the root pass with 90° of
the girth welded on opposite sides of the pipe. The two weld scgments carried out on opposite

sides of the pipe consumed two clectrodes 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 average voltage of 25 volts and an avcerage
current of 111 amperes. The length of a weld was mcasured and the time taken to produce
the weld was gathered from the welding monitor. This information was uscd to calculate the
welding speed, which was 4mm/s. From this information the heat input was calculated to be

0.69k)/mm, which is not unusual for a root pass carricd out in the field.

Using the ‘Blind Ilole Drilling’ technique residual strcss measurements were taken on the
inside wall of the pipc in varying positions away from the weld centreline as shown in Figurc
4.9. The gauges were placed on the inside wall of the pipc with gauge 2 opposite the weld.
The strain gauges used were the CEA-XX-0621UM-120 type as previously described in
Section 4.2.1.1. The holcs were introduced using an air powcred drilf 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

For Soldering Drilled Hole
onto Weldment
Strain Gauge 3
—_ g ._1% O
D = O ™ C
Strain Gauge 2 Strain Gauge lA

N

Figure 4.9: CEA-XX-062UM-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

Incremental 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. In Appendix C, plots of
strain verses depth are given for each strain gauge used and the incremental strain results,

residual stresses and their directions are tabulated.

The strain results were plotted on the same axis as the strain scatter band used in ASTM
E837. The scatterband gives a range of results inside which normalised strain results will fall
if the residual stress 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 yicld results with an accaracy better than 10% strain readings must fall within
the scatterband. The residual stress results mcasured at the eight incremental depths were

averaged for comparison with numerical results,

Measurcments 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 expcrienced in the strain gauge bridge and other parts of the equipment which for
higher readings become lcss significant. 1f residual stresscs which approach zero arc
mcasured, this noise will produce proportionally more error in the results than regions of
higher rcsidual stress. This can be seen in the plots of strain verses depth for the

measurements made further than 20mm from the weld centrelinc (see Appendix C).

[deally the ‘Blind Hole Drilling’ technique should be carricd out on a residual stress that does
not exceed 50% of the yicld strength of the matcrial. Typically the residual stress associated
with wclding approaches the yield strength causing localised plasticity effects which
introduce error in the results. This can be scen in Figurc 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 bcen recognised by a number of researchers such as Beghini and Bertini (1998)

and solutions have been proposcd.
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Figure 4.11; Residual stress results determined using the ‘Blind Hole Drilling” technique

with some results indicating a residual stress above the yield strength.

4.3.2  Localised Plasticity

The phenomena of localised plasticity was recognized by Weng and Lo (1992). They
conducted & series of calibration tests from which they developed new calibration
coefficients for when residual stress exceeds 70% 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.

Stress <70 % of oy then 4 = -0.363

B =-0.799
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Stress>70% of 6, then A = —0.363 +0.150X - 0.753X"

B =—0799+0328X—1465X

where X = ((6/6y)-70)/30
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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 coefficients are also dependant on the biaxiality ratio (ratio

of maximum and minimum residual stress) and the alignment of the 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 cffect of localised plasticity. However the procedurc required that the direction
of the principal stress be known prior to drilling and that the number ] strain gauge (see
Figurc 4.5) to be aligned with it. The typical residual stress field of a circumferential weld is
known however magnitude and direction rapidly change further away from the weld
centreline. 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 thc 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 (s stated that by not having prior knowledge of the principal stress directions
accuracy can only be expected to be within 20%. For further information on the proccdure

plcase 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 corrected for the effect of localised plasticity using the technique pro-

posed by Beghini (1998).
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44 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 welding 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 and Figure 4.15.

-u—-Experimental (Corrected using Beghini et 2l (1998))
——Experimental (Correcied using Weng and Lo (1992))
—= 20 Numerical

——30 Numerical

Axlal Stress (MPa)

T s ;] ¥ -1 i 1
P o 50 60 70

Distance from Weld Centra Line (mm)

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 centre Jine are shown.
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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 Jocations away

from the weld centre line are shown.
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45 SUMMARY

At best the ‘Blind Hole Drilling’ technique can be expected to achieve an accuracy within
10% provided the residual stress does not vary with depth. Welding residual stress fields are
known to vary with depth so achieving accurate experimental results is difficult. Also further
error is introduced when the effect of localised plasticity nceds to be accounted for. With this
in mind it can be scen that both the trend in the experimental and numerical results show
excellent agreement. ‘This also highlights the fact that finite clement models are extremely
useful to highlight trends despite the fact that there will always be an amount of error in the

predictions made.

Finite clement modelling offers the opportunity to efficiently and cconomically study

pipeline construction. In this study, finitc clement modcls will be used therefore to

investigate the effect of process parameters on the residual and transicnt stress.
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CONSTRUCTION PARAMETERS

5.1 INTRODUCTION

Both 2D axisymmetric and 3D models of the pipeline construction process have becn 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
trends which are useful when designing a construction procedure. Numerical modelling also
has thc advantage that a large number of process paramcters can be considered quickly and
cost effectively. In this chapter the cffect of varied construction parametcrs will be

considered in relation to their effect on the transicnt and residual stresses in the weld zone,

Other researchers such as Higdon et al (1980) havc considercd the effect of lifting on the
residual stress, however they considered it in terms of applying a force to a pre-cxisting stress
field. This ignores the transient nature of thc stress field and that the wcld metal is at an
clevated temperature during lifting. Therc 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 cffect of welding heat input such
as that conducted by Lin and Perng (1997). While process variables associated with
construction have been considered in the past, fow have been considered in relation to the
complete construction process. In this study modcls have been developed which are capable

of considering thc transient sircss due to both thermal and mechanical effects.

S.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 iy the axial residual strcss on the inside pipe wall versus transverse
distance from the weld centre line at the 6 0’clock and 12 o’clock positions that occurs during
a typical pipeline construction proccdure. Due to the lifting and lowering processcs, the area
which suffers the highest levcl of tensile residual stress is on the weld centre line at the 6
o’clock position. Thereforc, when considering the influcnce of process parameters on the

transicut stress, the weld centre linc at the 6 o’clock position will be used.
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Figure 5.1: The residnal axial stress verses the transverse distance from the weld centre 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 trends that occur when process parameters are
altered. The process parameters that have becn considered include:

*  the height of lift during construction

= the timing of the lift

= the heat input

* the electrode used

*  the parent material used

»  the volume of the wcld bead

. the wall thickness

«  the proportion of the root run complcted before lifting

+  the diameter of the pipe

As previously demonstrated in Chapter 4, away from wcld start and stop positions,
axisymmetric models produce results which agree closcly with thosec produced by 3D
modcls. Thereforc in some cascs axisymmetric models have been used in this thesis because
of the computational efticiency they offer. Howcver axisymmetric modcls are not
appropriatc when investigating the cffect of weld end effects, the effect of lifting and
lowering the pipcline front cnd or incomplcte root passcs. When investigating the cffect of

heat input, pipc diameter, wall thickness, materials used and volume of the weld bead it is
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advisable to model thesc cffects in 2D due to the time saving it offers. When considering

these parameters 2D models can be used without dctriment to the results.

5.2.1 Heat Input Comparison

The heat input used during welding is an important factor to consider. It influcnces the
welding speed that can be achicved, the bead height, the cooling rate of the material and the
residual stress. Generally the heat inputs uscd when welding the root pass are fairly low when
compared to those of the capping passes. This is becausc the welding speed used for the root
pass is much greater than that of the capping passcs. 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 gencrally acceptcd that greatcr heat inputs result in greater residual
stresses (Lim et al, 1998). Thercfore using low heat inputs has the beneficial effect of
kecping 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 current and voltage used, whilc the welding speed

was kept constant. 'The size and shapc of the bead was also altcred depending on the heat

input uscd. The greater the heat input the greater deposition rate and therefore bead volume.
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Information was found from Lincoln Electric (1995) which rclated the deposition rate to the
welding current used as shown Figure 5.2. This information was used to calculatc a bead
height, which was related to the heat input whilst maintaining a constant voltage, welding
spced and joint preparation. Pipe segments are gencrally welded using a 60° vee-preparation
with a gap between the two pipe segments of 1.6mm and a 1.6mm root facc. So using this
basic geometry the height of the weld bead was varied while keeping other boundary
conditions constant. The height of the weld bead was varicd from 2mm, which is Icss 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 betwcen the welding current and the weld mctal deposition rate for

E6010 clectrodes. 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 however 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 dif-

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 2lone a reduction in residual stress occurs.
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Figure 5.4: Transient axial stress at the root of the weld at the 6 0’clock position for varying

bead heights for a constant heat input of 500J/mm.

While it has been previously reported by some researchers that increased heat input mcreases

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 thc required wall thickness of a pipe is inversely
proportional to the yicld strength. Therefore using higher strength pipe has the benefit of
allowing a matcrial saving of up to one third if moving 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 itsclf. This requircment 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 greater the strength of the parent material uscd the greater the residual welding stresscs
that arc induced in the root pass. Axisymmectric models were created using differcnt material
properties from X42 to X80 using [:9010 electrodes. As the strength of the parent material

increases so to does the residual stress as can be secn in Figure 5.5,
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Translent Stress at root of ES010 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 js more
dependant on the strength 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 & 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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Figure 5.6: Transient axial stress at root of weld for E6010 and E9010 electrodes.

5.23

Pipe Wall Thickness to Diameter Ratio

The ratio between the pipe wall thickness and the diameter has a significant effect on the

residual stress. In circumferential welds the stress 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 geometry

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 current move toward using thinner walled pipe will have the

beneficial effect of reducing the residual stress.
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Figure 5.7: Transient stress at the root of weld for different wall thicknesses for the same

weld bead geometry.
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Figure 5.8: Transient axial stress 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 stress. 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
axia) stress 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 stress is

compared at the weld centre line in this present work.
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Figure 5.9: Transient stress at the root of weld for various lift heights. Parent materia} is

X80 and the electrodes used are E9010.
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In Figurc 5.9, X80 grade material was used with a 50% complction of the root pass and
E6010 clectrodes. 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 cnough and the root pass is stressed cnough to produce enough plastic
deformation in the root pass some of the 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 vscd or the front ¢nd can be lifted carlier whilc the

material is at a more clevated tempcrature.

5.2.4.2 Strength of Material

In the scenario used above a lift height greater than used in practice was required to producc
cnough plastic deformation in the root pass to relieve some of the residual stress. However
if the strength of the pipe and clectrodes were lower, the lift height of the pipe could be lower

while still resulting in enough plastic deformation to relicve some of the residual stress.

This can be seen in Figure 5.10 where X42 pipe grade was uscd. 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 nwmerical experiment has highlighted a trend that
occurs when lifting the pipeline front end, the hecight of the lifts considered here are extremc

and are unlikcly 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 stress 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 oceur it would be advisable to keep lift heights to 2 minimum and allow the
weld metal to cool sufficiently before lifting. However lift heights that are currently used
cause only a small increase in the residual stress of the order of 5-10%, which suggests

current practice 1s overly 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 requircd can be specified for a given material
grade and gcometry using the modclling schemc developed. It would appear that current
procedures are conservative and rccommendations could bc made to incrcase 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 pipcline front
end would be increased forward pace of construction (one of the objectives of this research).
An important improvement made to the pipcline construction proccss was suggested by
Henderson et al (1996), which was that only a 50% completion of the root was required
before lifting. This cnabled the pace of front-cnd construction to increasc from 4km per day

to 8km per day, as demonstratcd on the Carpenteria Pipcline (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 cxample
if the portions of the top and bottom pipc are welded, it will rcsult in a greater section
modulus than if portions of the two sides arc welded. This suggested that less than 100%

complction 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 20° 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 stress at the root of the weld at bottom dead centre for different

root pass completions.

It can be seen from Figure 5.12 that provided the root pass start and stop locations are 20°
before the top and bottom dead centre, then as little as 25% 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 complcted before lifting did not result in
enough plastic deformation to relieve some of the rcsidual stresses for a 600mm lift height.
If a greater lift height was used in combination with reduced root pass complction, stress
relicf would occur. This demonstrates how little root pass is required provided the

appropriatc parts of the girth are welded.

While this appears to suggest that only 25% of'the root pass nceds to be welded before lifting
of the pipeline front end, it is assumed in these models that no weld mismatch occurs. In order
for no weld mismatch to occur when only 25% of the root pass is completed before lifting,
the line-up clamp may be rcquired after the lifting proccss 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 girth is welded influcnces the section modulus of the girth weld. If
the top and bottom portions of the pipc arc welded the girth will have a greater section

modulus than if the sides are welded. A numerical expcriment was conducted where 50% of
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the root pass was 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 45° after bottom dead centre (ABDC). In the second case, the reot pass
was welded 20° ABDC. In the third the root pass was welded until it reached bottom dead

centre. The results are shown in Figure 5.13.
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Figure 5.13: The transient stress at the root of the weld at bottom dead centre for a root pass

of 50% 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 of the residual stress can be relicved. In this casc 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 increascd.
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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 adverscly affect the residual stress. This js not unexpectcd 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 ctfect of heat input however is also related to thc weld deposition. It was found
that the greater weld mctal deposition for a given heat input, the lower the rcsidual stress. An
increase of 50% in deposition rate produced a reduction of axial stress of approximately

10%.

The strength of the electrode has 4 very strong influence on the resulting magnitude of the
residual stress in the root pass. It was demonstrated that reducing the strength of the electrode
by one third, had a corresponding cffect 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 axjal residual stress

when moving from say X42 to X80 strength pipe matcrial is approximately 20%.
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It has been confirmed in this present study, 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 reduccd by approximately 15%.

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
weclded evenly covcr the top and bottom dead centre of the girth, as little as 25% of the girth
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 rccommend that

only 25% of the girth needs to bc welded before lifting.

It has been found that by lifiing the pipeline front end higher than is the current practice,
some of thc wclding residual stresses can be rclieved. 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’ 1ift
heights (300mm) or even ‘extreme’ lift heights (600mm) are not going to adverscly affect the

residual stress.
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The timing of thc lifting of thc pipeline front cnd 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 strcss can be relicved.

From this study it would appear that current practise is overly conservative and there is still

room to increase efficiency without placing the pipeline at risk.
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HYDROGEN DIFFUSION MODELLING

6.1 INTRODUCTION

Previous chaptcrs have becn concerned with the development of tensile residual stress in the
weld zone, which is the driving force behind 1HIACC. The presence of hydrogen is also an

important consideration. The transient hydrogen concentration is analysed in this chapter.

During welding hydrogen diffuses into the molten weld metal from the cellulose in the
electrodes and moisture in thc atmosphere. This hydrogen then diffuses throughout the weld
meta! and into the HAZ of the parcnt material. When the weld mctal cools to ambicnt
temperature the hydrogen diffuscs very slowly and some hydrogen becomes trapped in
regions of high stress and dislocations (fcaturcs termed ‘hydrogen traps’). As the material
cools there comes a temperature when the hydrogen diffusion 1s sufficiently slow such that
very little more escapes the matceria) into the atmosphere. The time taken for hydrogen to
diffuse out of the material is dependant on many factors such as the cooling rate, the
geomelry of the weld and time between wecld passes. In this section, the opportunity for

reduced risk of HACC is investigated with regard to hydrogen diffusion.
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The procedure used to investigate hydrogen diffusion is explained with rcgard to currently
available techniques. Results of the investigation arc given which allow a quantitative view
of the diffusion of hydrogen. The results of the modelling cannot be experimentally verified
however well established numerical techniques are used which allow trends to be

demonstrated.

190



Chapter 6: [vdrogen Diffusion Modelling

6.2 MODELLING TECHNIQUE USED

The modelling of hydrogen diffusion has made many steps forward over the last 30 ycars.
Models based on Tick’s Second [.aw of diffusion have been commonly used in the past
however, morc advanced models such as that produced by Zhang et al (1991) have been
developed which consider microstructural, plastic strain and trapping eflccts. There are also
modcls that have becn dcveloped which consider stress assisted diffusion such as that of
Krom et al (1999). As stated by Boellinghaus ct al (1995), thesc advances in modclling of
hydrogen diffusion have contributed to a greater qualitative understanding of hydrogen
diffuosion. However Bocllinghaus et al (1995) also stated that for a quantitative analysis of
hydrogen diffusion, simple diffusion models bascd on Fick’s Second Law of diffusion are

more advisable.

Therc arc still differing opinions on whether stressed rcgions act as hydrogen traps or
whether stress assistcd hydrogen diffusion occurs, therefore more complex models are
unlikely to give a more accurate result. When considering pipcline construction such issues
do not nced to be addressed because HACC is most likely to occur in the first few minutes
aftcr welding (Fletcher and Yurioka, 2000). It is therefore not necessary to model hydrogen

accumulation over several hours.

Past work by Suzuki and Yurioka (1986) developed a cracking parameter to be used for the

determination of thc minimum prcheating temperature required to prevent HACC. That
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work demonstrated how the hydrogen content incrcases in critical arcas 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
concentration reachcs a maximum several hours after welding. This is due to the location

being considered (weld root) having a hydrogen trap simulatcd in that region.
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Figure 6.1: Time dcpendant 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 howcver high hydrogen welding processes are used. Tt is stated in

the Australian Standard, Pipelines - Gas and liquid petrolcum (AS 2885.2, 2002 pp.103),
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“cellulosic electrodes ure commonly employed, leading 10 very high levels of hydrogen in the

weld metal of 30ppm or more.”’

One of the aims of this investigation is to highlight the linked effects of transient temperature,
stress and hydrogen diffusion 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 diftusion of hydrogen during
the first few minutes after welding is of primary intcrest in this work. As stated by Fletcher
and Yurioka (2000), “Pipeline girth welding is unique in contrast 1o welding of other steel
structures usually conducted by low hydrogen consumables. HACC occurs some hours after
completion of welding in low hydrogen welding, because it takes time for hydrogen to diffuse
and accumulate at the site where HACC is initiated. However, pipelines are often welded
with cellulosic electrodes which produce welds completely saturated in hydrogen, and
HTACC in a root weld is reported to be initiated several minutes afier welding”’ (¥Fletcher and

Yurioka, 2000 pp.25)

Duc to saturation of the weld mctal with hydrogen in pipeline welding, the diffusion of
hydrogen in the first few minutes after weld deposition is assumed to be unaltcred by the
existence of hydrogen traps. Also since HACC is reported to typically occur scveral minutes
aftcr welding there is no need to model accumulation of hydrogen over several hours. Fick’s
second law of diffusion allows modelling of the diffusion due to the large chemical potential

that cxists immediately after welding with cellulosic electrodes. This chemical potential is
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assumed to be the predominant driving {orce behind the distribution of hydrogen throughout
the weld zone when saturated. Hydrogen diffusion that occurs due to the welding of pipelines

can thercfore be modelled using Fick’s Second Law of diffusion.

The diffusivity of hydrogen in steel is depcndant on the tempcrature of the steel. For this
reason, within the transient model thc material properties arc altered depending on the
temperature of thc material. The temperature history of the material is prcdicted via an
axisymmectric thermal model as described in Chapter 3. As the matcrial cools after welding
there is a temperaturc gradient throughout the material. Since the diffusivity of the material
is dependant on the temperature of the material every clement is assigned a new hydrogen

diffusivity each time step.

It is statcd in Fasterling (1992) there is a wide scatter of diffusivity mcasurements for
hydrogen in ferritic stecls below 200°C. Although there is a wide scatter of results, it is
typical to assumc two diffusivity coefficients for hydrogen in ferritic stecls. The diffusion
coefficient used for temperatures below 200°C is given in Equation 6.1 and the diffusion

cocflicient used for temperatures above 200°C is given in Equation 6.2.

d = O.l4cxp(“ 113;;00) mm?s’! (Temperaturc < 200°C)  (6.1)
d= 12exp("31227190) mm?s™) (Temperaturc > 200°C)  (6.2)

where:

194



Chupter 6: Hydrogen Diffusion Modelling

d = Diftusivity
R = Constant used to calculate diffusivity

T = Temperaturc

The surfaces exposed to the atmospherc are assigned a hydrogen concentration cqual to zero.
This causes the hydrogen concentration to have a gradicnt which promotes diffusion 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 of hydrogen diffusion. Onc

such cxample is Bocllinghaus et al (1995).

The material propertics in the model were changed continuously between time steps, which
is costly in tcrms of computation time. An external computer program was written to reassign
diffusivity of each element between time steps by determining the temperature of the element
from a thermal model that had been run previously. Thercforc a new solution had to be run
for each timc step. This mcant that at each time step the mesh and other model parameters
had to be reread into memory and a new wavce front minimisation procedure had to be carried
out. This procedurc was necessary however, given that thc 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

proccdure used to model hydrogen diffusion is given in Figure 6.2.
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Figure 6.2: Flow diagram of procedure used to model hydrogen diffusion.
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6.3 NUMERICAL EXPERIMENT

Using Fick's Sccond Law of Diffusion and ignoring the cxistence of hydrogen traps and
stress assisted diffusion means the reduction in hydrogen diffusion is only dependant on the
geometry of the weld, the temperaturc of the weld and the time elapsed since welding. It does
however mean that during girth welding with cellulosic electrodes, the predominant methods
for altering the ratc of hydrogen diffusion are via changes to the temperaturc. This can be

achieved by pre-heating, post-heating or altering the timing of the hot and capping passes.

A numerical experiment was conducted whercby four scenarios were considered.
* In the first, the girth weld was allowed to cool to ambient tempcrature after welding
with no modification to the cooling rate.

. In the second, prc-heating was simulated by assuming an initial temperature of the

near weld region of 300°C before welding.
»  In the third, solution the near wcld 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 300°C to simulate post-heating and allowed to cool.

. Finally, the effect of the hot pass on the transient hydrogen concentration was cxam-
incd. A model was created where a hot pass was laid five minutcs after the roof pass.
This modecl 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 11 minutes after welding, which was calculated using a model
based on Fick’s Second law of diffusion 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 (Kufner, 2003).
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Figure 6.3: The calculated hydrogen distribution 11 minutes after welding.
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...............
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Figure 6.4: Location where the calculations are considered in the present study.

The rate of hydrogen diffusion is highly dependant on the temperature cycle of the material.
At elevated temperature the hydrogen diffuses out of the material quickly whereas at ambient
temperature the hydrogen diffuses 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 diffusion.

The effect of pre-heating or post-heating the weld on the rate of hydrogen diffusion was
examined. This can be seen to have a significant and beneficial effect on reducing the
hydrogen concentration as shown in Figure 6.5. Both pre-heating and post-heating of the

near weld region result in a very similar rate of diffusion.
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Figure 6.5: Transient hydrogen concentration after welding of root pass.

The rate of hydrogen diffusion is increased by pre-heating and post-heating of the near weld
region because the material spends longer at an elevated temperature which promotes
diffusion. This can be seen in Figure 6.6 where the temperature history is shown for the three

scenarios.
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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.

In 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 diffusion model was then created using an
initia] 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 diffusion, 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.

~— Root Pass Only
——Root Pass + Hot Pass
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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 1s shown. It can be seen that when the hot pass is ]aid 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 diffuses out more quickly.
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Figure 6.8: Temperature history of a root pass with and without a hot pass 1aid on top.

By adding a hot pass shortly after the root pass, increases the concentration of hydrogen. 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 difficult for the hydrogen to escape as it would need

to travel further to reach the atmosphere. 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.S 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 matcrial need to be considered. It is
therefore interesting to sce the effectiveness of this approach in rapidly rcducing hydrogen
concentration, Pre-hcating of the ncar weld region appears to be the most appropriate and
effective mcthod of reducing hydrogen in the near wcld region when using cellulosic

electrodcs.

Secondly, the requirement that the hot pass bc added within a certain time constraint does not
appear to be related to its influence on the hydrogen concentration. It is most likely that the
benefit in controlling the dwell between root and hot pass welds would be in terms of

reduction in residual stress and material hardness.
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TRANSIENT HACC RISK

Pipeline construction procedurcs are primarily govemed by how the speed of front end
construction can bc maximised. However the timing of the various processes involved in
construction also influence the residual stress as demonstrated in Chapter 5. Using a typical
pipelinc construction proccdure the variation of the risk of IIACC with time has been

investigated in this chapter.

[t has been reported in AS 2885.2-2002 that HACC is most likely to occur several minutes
after welding during pipeline construction which is in contrast to low hydrogen wclding
processcs in which it is most likely to occur after several hours. An explanation of this
phenomena is offered in this chapter and rccommendations are given to avoid HACC bascd

on the timing of the process.
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7.1 EVOLUTION OF STRESS, TEMPERATURE AND
HYDROGEN

In order to understand the transient risk of HHACC the evolution of the stress, temperaturc and
hydrogen concentration need to be considered in unison. These factors have been calculated
for a typical girth weld asing the techniques described in this thesis and arc shown in Figure
7.1. It should be noted that the transient stress reaches its maximum and final residual stress
when the temperature reaches ambicent. [t can also be seen that the temperature and stress

rcach constant values well before the hydrogen concentration.
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Figure 7.1: Typical transient stress, temperaturc and hydrogen concentration in the root pass

of a pipcline girth weld.
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7.2 TRANSIENT HACC RISK

In order to gain a gencral understanding of the transicnt risk of HACC it was assumed that

the risk was related to stress, temperature and hydrogen concentration in the manncr shown

in Equation 7.1, which was dcvcloped 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 of the transient risk of HACC for pipelinc welding and for

low hydrogen wclding processes based on Equation 7.1 is given in Figure 7.2.

Risk of HACC

Risk Stress X Hydrogen
' Temperature
— High Hydrogen Welding Process
Temperature reaches (Cellulosic Electrodes)
ambient
7 ---- Low Hydrogen Welding Process

Hydrogen coneentration

( approaches residual level

i Hydrogen concenuates
I
|

at trapping siles g _---""
’:r """" T Hydrogen concenteation reaches \

a maximmum sfler several hours

14

Time

Figure 7.2: Schematic diagram showing the transient risk of I1TACC.
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It is known that in order for HACC to occur the temperature of the material must fall to bclow
50°C (Kobayashi and Aoshima, 1971). Tt is also known that the residual stress is also not
developed fully until the tempcrature falls to ambicnt. Once the temperature has fallen to
ambient (scveral minutes after welding) the residual stress stays constant. The hydrogen

however still diffuses out of the material.

Pipcline construction generally uses cellulosic electrodes due to the high productivity and
robust nature of the proccss. Cellulosic welding is a high hydrogen process and the weld
mctal 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

processcs where IACC 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 ambicnt temperature and the residual stress rcaches its maximum and
residual level. After several hours the majority of the hydrogen gas diffuses out of the
material lcaving only the residual hydrogen trapped in voids and strcss concentrations. This

{eaves the material with a residual HACC risk.

Contrast the previously described trend with that of low hydrogen electrodes, in which the
hydrogen that is introduced into the material is in a low concentration. Once again the
material reaches ambicnt temperaturc and the residual stress reaches its maximum and final

level several minutes after welding. Ilowever the hydrogen diffusing through the material
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collects at ‘hydrogen traps’ and increases in concentration in localised areas until it reaches
a maximum after scveral hours. At this time the risk of HACC reaches its maximum. The
residual HACC risk for ccllulosic electrodes is greater than for low hydrogen electrodes

because the residual hydrogen level is greater.
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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, Pipclines - 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 HACC occurring.”
'The rcasons given for this reduced risk are that, “the hot pass increases the weld throat
thickness, 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 dcmonstrate the
transient risk of IHACC with the addition of a hot pass with a dclay time of lcss than 6
minutcs. By adding a hot pass, immediately the risk of HACC is reduced as the temperature
of the material is raised above 50°C where HACC is reported not to occur (Suzuki and
Yurioka, 1986). This reduction in risk of HACC immediately aficr application of the hot pass

is shown in Figure 7.3.

Once the material cools again however tensile residual stresses increase in the ncar weld

region. The hot pass wcld metal is saturated with hydrogen from the cellulosic electrodes

which diffuses into the surrounding HAZ and root pass weld metal. A peak risk of HACC
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once again occurs several minutes aftcr welding of the hot pass and a residual risk is recached

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 deposited first are relieved, however, by the layers

placed over them” (Radaj, 1992 pp. 260).

Risk of HACC

Hot Pass reaches ambient
teraperaiure

Rool Pass raches ambient
y temperature

— Hot Pass is applied

— Root Pass only
----Hot + Root Pass

—r e~ et m e —

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 arc laid for a high hydrogen welding process.
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7.4 SUMMARY

By understanding the transient risk of HACC it can be secn that factors such as the timing of
the lifting of the pipeline front end arc important. Generally thc lift occurs almost
immediately after welding while thc material is at an e¢levated tcmperature. 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 IIACC.

To summarise the methods available for the reduction of HACC risk while using cellulosic

clectrodes the following statcment can bc made:

*  Reduce the tensile residual stresses in the material.
»  Slow the cooling rate to increasc the rate of hydrogen diffusion and reducc the hard-
ness of the material.

*  Avoid applying loads to the welds during times of high HACC risk.
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DISCUSSION AND CONCLUSIONS

8.1 DISCUSSION

The cost of building a pipelinc is strongly rclated to:

»  the strength of the pipe material. Using higher strength pipc material with thinner
walls can provide a material saving of up to one third if moving from say X65 to
X100.

»  the forward pace of front end construction, which is a major dcterminant of construc-

tion cost.

Both of these cost saving measurcs can potentially increase the likelihood of HACC so a

greater understanding of the influence of various process parameters is nceded.

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 varicty of
different process variablcs have been investigated. This highlightcd the risk factors and

potential areas for greater efficiency.
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The evolution of tcmperature, stress and hydrogen concentration was calculated for a typical
pipcline construction procedure. This cnabled 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 anccdotal evidence.

Ccllulosic electrodes are generally used for welding of pipelincs in Australia. This is duc to
the ability to weld at high spceds and the addition of alloying elemcents 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

diffusion was used to model the hydrogen diffusion due to the welding process.

8.1.1  Pipeline Construction Modelling

The stress cycle in the girth weld during front end pipeline construction has been modelled
in a complcte, time dependant manncer allowing for the effects of material non-linearity. This
incorporates simulation of both thermal and mechanical effects in 3D, and considers all

clements of construction thought to influence the transient stress in the girth weld.

Calculating the stress induced in a weld due to thc welding thermal cycle is a

computationally intensive proccss. It 1s not economically feasible to model the cffcct of the

lifting and lowering process with three pipe lengths (which are required to simulate lifting)
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and include the cffect 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 ncar weld region.

Goldak’s (1985) double ellipsoidal heat sourcc was modelled, passing around the girth in a
transient manncr to calculatc the temperaturc cycle induced due to welding. An extcrnal
program was written to transfer the tempcrature 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 cfficient model to be set up for analysis of
numerous process parameters as described in Chapter 5. Complex non-linear material
properties including the effect of transformation plasticity were allowed for in the modelling

procedure.

A preliminary investigation into the effect of lifting of the pipcline front end was carried out.
The lifting process appcared to have a detrimental effect on the residual stress induced into
the girth weld when an ‘extreme’ lift of 600mm was carried out, however a lift of 1200mm
appeared to rclicve some of the residual stress. This relicf is due to additional plastic
deformation induced into thc root pass during lifting. 'This result is dependant on numerous
other parameters howevcr, such as the strength of the material, the clectrodes used, the
geometry of the pipe and the timing of the lift. These other parameters arc 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 achicved by simulating an internal pressure inside the pipe in the region where the
linc up clamp is applied. The pressurc that was uscd 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 residua!l stress induced in the root pass.

8.1.2  Experimental Verification [ssues

The ‘Blind [ole Drilling’ measurement tcchnique and the finite element models have
demonstrated consistent residual stress results. They gave confidence that the numerical

modclling scheme devcloped is capable of investigating pipeline construction,

Some measurcments indicatcd that the residual stress exceeded the yield strength of the
material, which was mcasured to be 525MPa in tensile tests. It is not likely that the residual
stress will significantly exceed the yicld strength of the pipe since the matcrial will deform
plastically. This is a problem with this mcasurement technique that was outlined by Weng
and .o (1992) and Beghini et al (1998). When measuring residual stress which is greater than
50% of the yield strength of the material, localised plasticity effects in thc material cause
inaccuracics in measurement. Beghini et al (1998) found that when the stress excecds 50%

of the yield strength the calibration coeflicicnts increase non-linearly. The UM rosette as
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used in this study was found to be more sensitive to the effects of local plasticity than the RK

rosettc uscd by Weng and Lo (1992).

The experimental results corrected using the technique suggestcd by Weng and Lo appears
to agree with the numerical results better than those corrected using the technique suggested
by Beghini ct al (1998) despite the fact that the cffect of biaxiality was not accounted for.
This is also highlighted by thc fact that the results produced by the Beghini et al (1998)
technique cxceed the yicld strength of the material. This obvious inaccuracy is most probably
due to the strain gauge rosettc not being aligned with the residual stress field. Without
knowing the direction of the residual stress prior to measurement inaccuracy of up to 20%

should be cxpccted with the Beghini ct al (1998) technique.

Tach 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 arc introduced when they do. The measurcments made further away from the
weld centre line appeared to vary significantly with depth. This is predominatcly 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. Mcasurements made closer to the

weld centre line appeared to vary with depth to 2 more acceptable levcel.

Welding residual stress fields in cylinders arc 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 thercfore are reasonably accurate considering the limitation of this

method.

The closest measurement to the weld centre linc was made at Smm. It was not possible to
take measurements directly on the weld centre line as the weldment re-enforccment must
firstly be ground off which results in an altercd residual stress field. 20mm and further away
from thc weld centre linc the variation of stress with depth increases. The greater consistency
of residual 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 centre linc the residual stress

approaches zero so accuracy in this region is less important.

8.1.3 Residual Stress

The pipelinc construction process has many variables which influence the tendency for
HACC and pipeline construction cost. The important oncs were identified and investigated
in rclation to their influence on the residual stress produced in the root pass of a girth weld
in Chapter 5. The modelling scheme devcloped is capable of analysing any given set of
proccss parameters. Trends were investigated while considering individual process

parameters.

The manner in which the residual stress develops was obscrved by consideration of the

transicnt stress. As the transient stress develops into a rcsidual stress the weld metal is
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cooling toward ambicnt temperaturc. While at an elevated tempcerature the material is more

susceptible to mechanical handling loads altering the residual stress.

The predictions of the resulting stress duc to the welding thermal cycle cannot be expected
to achicve high levels of accuracy. The level of agreement that can be expectcd was
demonstrated in Chapter 4 using the ‘Blind Hole Drilling’ method of residual stress
mcasurement. The manual mctal arc welding process howcever is far from perfectly
consistent in terms of welding speed, heat input and other parameters. Duc to this variability
it would be pointless to develop a scheme capablc of modelling the perfect process as this
would be unachicvable in reality. Instead a model capable of observing trends due to process

paramcters has been created and used with success by the author of this thesis.

It was found that the resultant residual stress ficld in a pipeline girth weld is influenced not
only by the process parameters but also their timing. Factors such lifting of the pipeline front-
end before welding of the root pass can have a significant cffect on the residual stress.
However if the weld is allowed to cool for only a few scconds, the weld develops enough
strength to endure typical lift heights (300-600mm) with only a small increase in tensite

residual stress in the root pass.

It was also shown that the tensile residual stress in the root pass can be reduced by lifting of

the pipeline front end. This rclicf of tensile residual stress was achieved by plastically

deforming thc material whilc still at an elevatcd temperaturc. Ilowever in order to create the
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required circumstances needed to achieve this relief of residual stress, impractical lift heights
were required. As lift heights become greater the force required to lift the pipeline also
becomes greater since more and more of the pipeline is lifted off supports. This method
would also rcquire very strict timing of the proccss to ensure that failure of the weld did not

not occur during the stress relief process.

It is intcresting to cxplore the possibilitics for alteration of thc construction process as a
number of opportunitics have been demonstrated. Not all opportunitics are feasible, however

a number of recommendations are given latcr in Section 8.3.

8.1.4 Hydrogen Diffusion

As higher strength pipe material such as X80 is uscd factors such as pre-hcat and post-hcat
will become increasingly important. The use of pre-heat or post-heat will slow the cooling
of the HAZ, reducc hardness, as well as reducing the concentration of hydrogen. Pre-heating
is uscd during pipeline construction in some countrics due to the low ambient temperaturcs
that exist. In Australia pre-heat is not currcntly required to achieve appropriate 11AZ
hardncss nor to avoid HACC. As the industry moves toward the use of higher strength pipc

such as X80 the use of pre-hecat may become critical.

In the United Kingdom specialiscd 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 diffusion. The use of pre-heat howcver has the
added benefit of increasing the Tgs cooling time (time taken for material to cool from 800°C
to 500°C). This will result in a lower hardncss and therefore a lower susceptibility to HACC.
Post-heating has the effcct of tempering the near weld region however it does not affect the

Tg/s cooling time.

In most pipeline construction procedures therc is a requirement that the hot pass is laid after
the root pass within a certain time constraint. This constraint is designed to reducc the risk
of HACC. The rcasons given in the Australian Standard, Pipclines - Gas and liquid
petroleum, for the risk reduction are that, “the ot pass increases the weld throat thickness,
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” (AS 2885.2, 2002 pp.104). It was shown in this present work
that by laying a hot pass, the rate of hydrogen diffusion was incrcased by a small but
insignificant amount, however the hydrogen content was incrcased. This would suggest that
any reduction in [JACC risk obtained by the application of a hot pass is not due to an

enhanced hydrogen effusion.

8.1.§ Transient Risk of HACC

In thc past anecdotal evidence was uscd to avoid times of high risk when performing

opcrations such as lifting the pipcline front end. Through this present investigation, a good
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understanding of the evolution of stress, temperature and hydrogen concentration that occurs
during pipcline construction has been developed. With this understanding a view of the
transient risk of HACC that occurs during 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 likelthood of IIACC as it is at the root of the weld where tensite
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 demonstrated the level of agreement achieved between the numerical
model produced and the ‘Blind Ilole Drilling’ method of rcsidual stress mcasurement. [t has
taken into account the problems expericnced in relation to stress varying with depth such as
occurs in welding residual stress ficlds, which is a source of error when using the ‘Blind Hole
Drilling” method. The effect of Jocalised plasticity also had to be allowed for in the situation
where the residual stress exceeded 50% of the yield strength of the material. It was found that
the modelling scheme developed was capable of making reasonable predictions of residual

stress.
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Construction Parameters

Construction parametcrs were analysed using thc model developed with respect to their

influence on the transient and residual stress. This highlighted trends to be expected when

altering construction parametcrs. It was found that:

Lifting of the pipcline front end with ‘normal’ and ‘extremc’ lifts will result in an
incrcased tensile residual stress, however the increase is only in the order of 5-10%
when using X70 pipe, 300mm in diametcr, 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 stresscs. For the
above pipc only extreme lifts could gencrate this level of plastic deformation.
Additional plastic deformation can be produced in the root pass without lifiing the
pipcline higher by: using lower strength matcrial; lifting carlicr while the material is at
a highcr 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 adverscly affecting the residual stress.

Provided no weld mismatch occurs the Iine-up clamp has no cffect on the residual
stress.

Completing as little as 25% 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 greatcr heat input results in higher residual stress.
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An elcctrode which has a higher deposition rate for a given heat input wili produce a
lowcr 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 electrodces result in a greater residual stress.

The greater the diameter to wall thickness ratio the lower the resulting residual stress.

Hydrogen Diffusion

Prc-heating and Post-heating dramatically increase the ratc of hydrogen diffusion.

The hot pass increases thc temperature of the root pass, thereby increasing the ratc of
diffusion. 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 atmosphere incrcascs.

The reduction of HACC risk resulting from adding & hot pass as reported in AS

2885.2-2002 is not related to reduced concentration of hydrogen.

Transient HACC risk

The transient temperature, stress and hydrogen diffusion have been calculated for a typical

pipeline construction procedure. By undcerstanding the evolution of these paramcters a

transient risk of HACC has been suggested:
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The highest risk of HACC occurs when the material rcaches ambient temperature and
the residual stress is fully developed. This occurs several minutes after welding of the
1oot pass.

A residual HACC risk is reached several hours after welding when the hydrogen con-

centration rcaches a residual level.
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8.3 RECOMMENDATIONS TO PIPELINE INDUSTRY

Reduce Risk of HACC

Lifting and other mcchanical loads to be applied to the pipe during construction should
be carried out before the temperature in the root pass falls to ambient. This is because
the maximum risk of HACC occurs after the ncar weld region reaches ambient tem-
pcrature as cxplained in Chapter 7.

The hot pass should be laid before the temperature of the root pass falls to ambient. By
doing this, somc of the residual stresses in the root pass will be relieved and it will pre-
vent the maximum lcvel of HACC risk being reached.

The wclding should be carricd out by two welders working simultaneously. The sec-
tions of the girth welded should include the 6 o’clock and 12 o’clock positions. This
will rcduce the stresses induced in the root pass due to the lifting and lowering pro-
cess.

When welding the root pass a low heat input should be uscd with an elcctrode that pro-
duces a high deposition rate for a given current. This will result in a lower rcsidual
stress in the root pass than would otherwise be achicved.

The root pass should be welded with a lower strength clectrode than the capping
passes. By using a lower strength electrode for the root pass will reduce the residual
stress at the root of the girth weld which is typically where the tensile residual stresses

occur.
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= A lift height for the pipcline front end should not excced 1m to prevent adversely
affecting the residual stress. This requirement is based on a typical pipcline and will
obviously vary depending on the pipeline sizcs and grades used.

. When the use of high strength pipe material increases the risk of HACC to an unac-

ceptable level, pre-heating of the root pass should be used.

Increase Forward Pace of Construction

= 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 aftccted by lifting the pipeline front end.
Therefore to maximise thc forward pace of construction lifting should take place
shortly (15 seconds) after welding.

*  Only 50% of the root pass should be complcted before lifting of the front end. The 6
o’clock and 12 o’clock positions of the root pass should be welded. Welding 50% of
the root pass is adequate to prevent any weld mismatch after removal of the line-up
clamp and will not result in an increascd rcsidual stress in the root pass as shown in
Section 5.2.4 4.

«  The line-up clamp should be removed immediatcly after welding of the root pass and
placed at the ncw pipeline front end. This is bccause the linc up clamp is not required

to counter the lifting stresses induced in the pipeline front end.
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Chapter 8. Discussion and Conclusions

8.4 SIGNIFICANCE OF WORK

This research has shown it is possible to develop 3D models of pipeline construction using
currently available computer tcchnology and to use such modcls to analyse the stress induced

during the pipeline construction process.

'This work has shown that the final statc of residual thermal stress is influenced by the lifting
and lowering of the pipelinc front end. Previously it was assumed that the lifiing process only
altercd 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 undcr some circumstances the

lifting process can be used to relieve welding residual stresscs.

This work has dctermined the influence of a large number of process parametcrs on transient
stress in the weld during construction. While certain parameters have been considered by
rescarchers in the past, this is the first time a large number of paramcters have been tested
using the samc model. This indicated trends and the relative importance of the various

paramcters.

The hydrogen diffusion duc to pipeline welding was modclled which allowed a transient

view of tcmperature, stress and hydrogen concentration for a typical pipeline construction

proccdure. A discussion on the transicnt HACC risk bascd on these factors is provided.
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Chapter 8: Discussion and Conclusions

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 rcsidual stress
and hydrogen concentration enabled a transient view of the risk of HACC to be constructed.
Future work which would be uscful would be the development of a model capable of
predicting when cracking is likely to oceur by rclating the residual stress, microstructure and

hydrogen concentration to experiments where cracking has occurred.
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Appendix

APPENDICES

A. SIMULATION OF LINE-UP CLAMP

Shown below in Figure A.1 is a schematic diagram of the operation of a typical internal line-

up clamp.

AsbAAAAsALALA

&

Figure A.1: Schematic diagram of the operation of the internal line-up clamp.
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Appendix

In order to model the effect of the internal linc-up clamp, the force applied by the linc-up
clamp was approximated from the pneumatic pressure of thc clamp. The linc-up clamp
opcrates approximatcly 20mm from the weld centre line, which is also where the internal

pressure boundary conditions arc applied.

The force on the plunger shaft is:
Fyp=ApxP

D;xP

&~1a

= 25.77 kN
where
F5 = Force on linc up clamp plunger
A, = Area of linc up clamp plunger

P = Pneumatic pressure

n, = Diamcter of plunger

The clamping force applied to the inside of the pipe can be calculated by resolving the force

into the dircction normal to the pipc wall.
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Figurc A.2: Vector diagram of forces applied to the inside wall of a pipe by the line-up clamp.

F. = Fyxtan(65%)
= 53.95 kN
where
F = Clamping force

F,, =Force on line up clamp plunger

By calculating the area over which the force is applied the internal pressurc applied to the

pipe by the line up clamp can be approximated.

Ay =D, x W
= 0.0414m"
F,
P,‘ = —
¢ A(,‘
= 3.8MPa
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where
A = Area over which clamp is applied
»,; = Inside diamcter of pipe
w = Width over which clamp is applied

p,. = Clamping prcssure
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B. BLIND HOLE DRILLING EXPERIMENTAL RESULTS

5mm from weld centre line

Depth [E1 [E2 [E3 Ja b A 8 Rsmin (MPa) |Rsmax (MPa)|Angle (rads)
0.001| -58] -18] -68| 0.027] 0.058{ -5.8E-04] -8.7E-04 213 539 0.73
0.002] -130| -43| -146| 0.072| 0.149] -1.6E-03| -2.5E-03 174 438 0.74
0.003| -212| -66| -241| 0.101| 0.233| -2.2E-03| -3.96-03 216 502 0.74
0.004] -305] -95| -345| 0.139| 0.329] -3.0E-03| -5.5E-03 229 520 0.74
0.005| 400! -110] -444| 0.152]| 0.387| -3.3E-03| -6.4E-03 281 620 0.78
0.006| 473| -96| -516| 0.158] 0.424| -3.4E-03] -7.1E-03 304 694 0.76
0.007| -535| -83[ -576{ 0.157| 0.445| -3.4E-03| -7.4E-03 347 787 0.76
0.008| -575| -61| -627| 0.155] 0.457| -3.3E-03| -7.6E-03 376 865 0.76
6.7mm from weld ¢antre line

iOepthJET [E2 [E3 |a b A B__ Rsmin (MPa) |[Rsmax (MPa)|Angle (rads)
0.001| -84| -24{ -40| 0.027| 0.058| -5.8E-04| -9.7E-04 200 416 -0.58
0.002] -149] -32{ -114]| 0.072| 0.149| -1.8E-03] -2.5E-03 152 432 -0.70
0.003] -222| -44] -169| 0.101] 0.233| -2.2E-03] -3.9E-03 173 446 -0.70
0.004| -298] -69] -238| 0.139] 0.329| -3.0E-03] -5.5E-03 182 436 -0.71
0.005] -364] -73| -310{ 0.152] 0.387| -3.3E-D3| -6.4E-03 214 498 -0.73
0.008] 433| -79| -354| 0.159| 0.424] -3.4E-03| -7.1E-03 242 552 0.72
0.007| 498| -80| -402| 0.157| 0.445] -3.4E-03| -7.4E-03 288 633 .72
0.008] -545| -82| -430| 0.155| 0.457| -3.3E-03] -7.6E-03 318 689 -0.71
11mm from weld centre line

Depth |[E1 |E2 [E3 |a __lb A B Rsmin (MPa) |Rsmax (MPa)|Angle (rads)
0.001 -2 -1 7] 0.027] 0.058| -5.8£-04] -9.7E-04 11 42 0.48
0.002] -9| -17| -28| 0.072| 0.149! -1.6E-03| -2.5E-03 28 54 0.08
0.003| -27| -47] -56] 0.101] 0.233| -2.2E-03] -3.9E-03 52 80 -0.18
0.004] -49| -85| -93| 0.139] 0.329] -3.0E-03| -5.5E-03 85 98 -0.28
0.005| -71| -133| -127] 0.152| 0.387]| -3.3E-03| -6.4E-03 81 128 0,44
0.006| -95| -172| -162| 0.159]| 0.424| -3.4E-03| -7.1E-03 103 156 -0.46
0.007] -114] -223] -182| 0.157| 0.445] -3.4E-03] -7.4E-03 119 193 -0.53
0.008| -121] 241| -212]| 0.155| 0.457| -3.3E-03| -7.6E-03 132 211 -0.51
17.5mm from weld centre line

Depth |E1 |E2 [|E3 |a b A B_____[Rsmin (MPa) [Rsmax (MPa)[Angle (rads)
0.001] 0] -10] -1] 0.027] 0.058] -5.8E-04) -9.7E-04 31 37 -0.76
0.002] -5 -35] -10| 0.072| 0.149] -1.8E-03| -2.5E-03 -22 55 -0.74
0.003| -15| -83| -22| 0.101| 0.233| -2.2E-03| -3.9E-03 =10 69 0.75
0.004] -24| -88| -35| 0.138| 0.329] -3.0E-03| -5.5E-03 -3 71 -0.74
0.005] -32| -1098] -49| 0.152| 0.387] -3.3E-03] -6.4E-03 8 80 -0.72
0.006] -41| -137| -58] 0.159| 0.424| -3.4E-03| -7.1E-03 7 93 -0.74
0.007| -45| -152| -61| 0.157| 0.445| -3.4E-03| -7.4E-03 8 100 -0.75
0.008| -48| -171] -67| 0.155| 0.457]| -3.3E-03| -7.6E-03 6 110 -0.74
22.5mm from weld centre line

Depth [E1 |E2 |E3 Ja b A B Rsmin (MPa) [Rsmax (MPa)|Angle (rads)
0.001 4] -12 2| 0.027] 0.058| -5.8£-04] -9.7E-04 -53 41 -0.67
0.002 0| -36] -16] 0.072| 0.148| -1.6E-03| -2.5E-03 -23 58 -0.65
0.003] -8 -7] -20] 0.101| 0.233] -2.2E-03| -3.8£-03 14 30 0.43
0.004] -10] -75| -23| 0.139] 0.329| -3.0E-03| -5.5E-03 -18 56 -0.73
0.005| -11| -94| -24| 0.152] 0.387| -3.3E-03| -6.4E-03 -23 60 -0.74
0.006] -13] -108] -26| 0.159] 0.424| -3.4E-03] -7.1E-03 -24 63 -0.76
0.007| -8} -118] -27| 0.157| 0.445| -3.4E-03| -7.4E-03 -28 65 -0.74
0.008] -9| -124| -26| 0.1585| 0.457| -3.3E-03| -7.6E-03 -30 68 -0.75

254



29mm from weld centre line

Appendix

[Depth[ET_[E2 JE3 [a__ b A B____ |Rsmin (MPa) |[Rsmax (MPa)|Angle (rads)
0.001] 8] -9] -12| 0.027] 0.058] -5.8£-04] -9.7/E-04 43 64 0.00
0.002] -13] 19| -14| 0.072 0.149] -1.6E-03| -2.5E-03 22 38 -0.74
0.003] 10| -31| -14| 0.101] 0.233] -2.2E-03| -3.9E-03 2 36 -0.73
0.004] -11] -34] -15| 0.138] 0.326] -3.0E-03] -5.5E-03 2 28 0.74
0.005| -12| -44| -13| 0.152| 0.387| -3.3E-03] -6.4E-03 4 30 -0.78
0.008] -11] -47] -13| 0.159| 0.424] -3.4E-03| -7.1E-03 5 29 0.77
0.007] 11| -58] -13| 0.157| 0.445] -3.4E-03| -7.4E-03 -10 34 -0.77
0.008| -14| -60] -15| 0.155| 0.457| -3.3E-03| -7.6E-03 5 36 20.78
35mm from weld centre line r

[Deptn [E7 E2 JE3 Ta__ b A B____ [Rsmin (MPa) |Rsmax (MPa)|Angie (rads)
0.001] 2| 7] 10| 0.027] 0.058| -5.8E-04] -9.7E-04] _ -20.8 -50 -0.12
0,002] 4] 14| 18| 0.072] 0.149] -1.6E-03| 2.56-03] -13.9 35 -0.20
0.003] 21| 10| 10| 0.101] 0.233] 2.2E-03| -3.96-03] -17.7 -31 -0.39
0.004] 31| 17| 13]/ 0.139( 0.320] -3.0E-03[ -5.5E-03  -18.9 -32 -0.25
0.005| 34| 12| 15| 0.152] 0.387| -3.3E-03| B8.4E-03| -17.5 34 -0.46
0.006] 36| 15| 16| 0.159] 0.424] -3.4E-03| -7.1E-03] _ -19.0 -33 042
0.007] a8] 9| 22| 0.157| 0.445] -3.4E-03] -7.4E-03] -20.2 41 -0.60
0.008| 40| 6| 21| 0.155| 0.457| -3.3E-03| -7.6E-03| -19.6 43 -0.60
64mm from weld centre line =
[Depth[ET_[E2 [E3 [2__ b A B Rsmin (MPa) [Rsmax (MPa)|Angle (rads)
0.001] 6] 6| -2| 0.027] 0.058] -5.8E-04] -9.7E-04 32 8 0.39
0,002] 11| 18] -7] 0.072| 0.149] -1.6E-03] -2.5E-03 -30 21 0.53
0,003] 3] 13| -8| 0.101] 0.233] -2.2E-03| -3.9E-03 i 16 0.63
0.004] 5| 19] -18] 0.139] 0.329] -3.0E-03| -5.5E-03 10 25 0.57
0.005] 8| 24| -14| 0.152] 0.387] -3.3E-03| 6.4E-03 12 19 0.59
0.008] 13| 37| -8] 0.159] 0.424] -3.4E-03|-7.1E-03 20 15 064
0.007] 18] 43| 5| 0.157| 0.445| -3.4E-03|-7.4E-03 24 11 0.63
0.008] 22| 51| 2| 0.155] 0.457] -3.3£-03|-7.6E-03 31 6 0.66
Benchmark Test _

Depth [E1 |E2 [E3 ja  |b A B |Rsmin (MPa) [Rsmax (MPa)lAngle (rads)
0.002] 47| 0] 3] 0.072] 0.149] 1.6£-03] -2.5E-03 3 95 -0.36
0.003| -63] -28| -5 0.101] 0.233] -2.2E-03( -3.9E-03 27 81 013
0.004| -74| -28] -4| 0.139] 0.329| -3.0E-03| -5.5E-03 22 68 -0.15
0.005| -82] -22| 10| 0.152 0.387| -3.3£-03| 6.4E-03 12 64 -0.15
0.008] -80] -12| 17| 0.159| 0.424| -3.4E-03| -7.1E-03 6 57 -0.19
0.007] 87| -16] 20| 0.157| 0.445| -3.4E-03| -7.4E-03 8 60 ~0.16
0.008[ -104] -19] 20| 0.155[ 0.457| -3,3E-03] -7.6E-03 13 73 -0.18
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C. STRAIN VERSES DEPTH

5mm From Weld Centreline
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Figure C.1: Strain verscs depth data for 2 mcasurement madc Smm from the weld

centreline, plotted on the ASTM Standard F837 scatterband.

6.7mm From Weld Centreline
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Figurc C.2: Strain verses depth data for a measurcment made 6.7mm from the weld

centreline, ploited on thc ASTM Standard F:837 scatterband.
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11mm From Weld Centreline
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Figure C.3: Strain vcrses depth data for a mcasurement made l1lmm from the weld

centreline, plottcd on the ASTM Standard ER37 scatterband.

17.8mm From Weld Centreline
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Figurc C.4: Strain verses depth data for a measurement made 17.5mm from the weld

centreline, plotted on thc ASTM Standard E837 scattcrband.
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22.5mm From Weld Centreline
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Figure C.5: Strain verses depth data for a measurcment made 22.5mm from the weld

centreline, plotted on thc ASTM Standard E837 scatterband.
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Figure C.6: Strain verses depth data for a measurement made 29mm from thc weld

centreline, plotted on the ASTM Standard E837 scatterband.
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35mm From Weld Gentreline
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Figurc C.8: Strain verscs depth data for a measurement made 35mm from the weld

centreline, plotted on the ASTM Standard E837 scattcrband.

64mm From Weld Centreline
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Figure C.9: Strain verses dept

h data for a measurcment made 64mm from the weld

centrcline, plotted on the ASTM Standard E837 scatterband.
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Benchmark test
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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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