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ABSTRACT  

The work reported in this paper investigates the complex 
manufacture and through-life operation of a pipework joint in a 
UK AGR boiler.  Residual stresses resulting from the 
fabrication process can be a key driver for creep and creep-
fatigue damage. The calculation of creep-fatigue damage for 
assessment purposes is typically undertaken within the 
framework of an appropriate assessment code (such as British 
Energy s R5).   The standard assessment approach usually 
requires the undertaking of elastic finite element analysis 
followed by Neuber construction to convert elastic stress 
ranges into elastic-plastic stress and strain ranges prior to the 
calculation of creep-fatigue damage.  

A combination of explicit and implicit finite element methods 
are employed in order to simulate a range of manufacturing 
processes which influence the material state for a branched 
pipework joint. The solution is effectively obtained within one 
finite element model, with re-meshing performed where 
necessary. This solution then feeds into a finite element based 
structural integrity assessment.  The methods utilise the 
principles outlined in the British Energy R5 assessment code 
but utilise the inelastic strains calculated directly from analysis.  
The methods are based around the general purpose finite-
element code Abaqus enhanced by the use of user-defined 
subroutines CREEP and UVARM. 

This paper describes analyses performed to simulate the 
complex manufacturing history of a branched pipework 

component, and to estimate its subsequent in service creep-
fatigue damage using finite element based methods.   

INTRODUCTION  

Residual stresses resulting from the fabrication process can be a 
key driver for creep and creep-fatigue damage. Welded 
components can develop significant locked-in stresses before 
they enter service, thus it is necessary to categorise these before 
a structural integrity assessment can be performed. Cold 
forming processes will harden the parent material prior to 
welding, and hence can influence the welding residual stresses 
developed. Post-weld heat treatment can significantly reduce 
these stresses, but also introduce creep damage into the 
component. 

Finite element simulations of cold forming processes are 
performed in order to predict the plastic pre-strain and material 
state associated with these manufacturing processes. The 
processes include pipe bending, pipe flaring/swaging and 
cutting of weld excavations along a complex weld path with a 
varying cross-section. A two pass moving heat source welding 
simulation is performed for the component weld, with the 
geometry of the component determined directly by the cold 
forming processes and the material in the cold formed state, in 
order to predict the welding residual stresses. A finite element 
simulation of the subsequent PWHT is performed in order to 
predict the relaxation of stresses and accumulated creep 
damage throughout the component. 
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In-service creep-fatigue damage is predicted by further finite 
element analysis.  As well as the consideration of service loads, 
the remnant residual stresses and hardened material state from 
the manufacturing history have been included as an input to the 
stress state within the component.  The methods utilise the 
principles outlined in the British Energy R5 assessment code 
but utilise the inelastic strains calculated directly from analyses. 

The key overall objectives of this work was to simulate the 
complex manufacturing history of a branched pipework 
component and to estimate in-service creep-fatigue damage by 
modelling service load cycles and creep dwells.   

DESCRIPTION OF COMPONENT  

The component is a pipework joint which combines the flow of 
superheated steam from two inlet tubes into a single outlet tube.  

The pipework joint is made by bending a length of tube through 
an angle of 150º and cutting off the extrados of the bend to 
leave an oval opening (Figure 1).  A transition stub made from 
type 316H stainless steel is swaged at one end to match this 
opening and the two parts are joined by welding. The bent 
tubing is 1.5 (38.1mm) outside diameter and 8G (4.06mm) 
wall thickness and the swaged tube is 2 (50.8mm) outside 
diameter and 5G (5.38mm) wall thickness.  

Post weld heat treatment was applied. The weld caps were not 
dressed.    

SIMULATION METHODOLOGY  

The basic steps in modelling the manufacturing history and    
in-service operation of the pipework component are as follows:  

 

Cold bending of the 1.5  pipe;  

 

Cold swaging of the 2  pipe;  

 

Cutting the extrados of the bent pipe and machining of the 
weld excavation;  

 

Welding;  

 

Post-Weld Heat Treatment;  

 

Pressure Proof Testing;  

 

In-Service Creep-Fatigue Damage.  

Finite element simulations are performed using Abaqus/Explicit 
(Reference 1) to simulate the cold bending of the 1.5

 

pipe and 
cold swaging of the 2

 

pipe.  The solutions are then imported 

into Abaqus/Standard for subsequent simulation of the 
springback, machining, welding, heat treatment and service 
operation.   

FINITE ELEMENT MODELS  

This section describes the finite element models that have been 
developed to carry out the simulations described.  In total four 
models were used to predict respectively the bent 1.5

 

pipe 
plastic pre-strain, swaged 2

 

pipe plastic pre-strain, welding 
residual stresses and subsequent damage accumulation. The 
models were constructed using Abaqus/CAE (Reference 1).     

COLD FORMING MODELS  

The finite element meshes of the cold forming models are 
constructed from eight node three-dimensional brick elements.  
Linear reduced integration elements are used (Abaqus type 
C3D8R).  Forming dies were represented with rigid shell 
elements (Abaqus type R3D4).  The 1.5

 

bent pipe model 
contains 19,425 nodes and 15,844 elements (Figure 2).  The 2

 

swaged pipe model contains 9,924 nodes and 7,762 elements 
(Figure 3).  

A structured mesh was generated for both pipe models.  The 
1.5

 

bent pipe model is more refined within the bend region, 
with larger elements towards the ends of the pipe.  The 
simulation models the action of the Hilger bending machine, 
which uses a bend die, a pressure die, a clamp and a boost die 
in order to force the pipe into a bend.   

The 2

 

pipe swaging simulation models a male and female ram 
forming process.  Simultaneously a male tool flares the pipe in 
one direction, whilst a female tool swages the pipe in the other.  
The shapes of the tools are chosen such that they force the 
cross-section of the 2

 

pipe to match the shape of the cut in the 
extrados of the bent 1.5  pipe.   

WELDING & IN-SERVICE MODELS  

The finite element mesh of the pipework joint is constructed 
from twenty node three-dimensional brick elements.  The 
elements used are reduced integration hybrid elements (Abaqus 
type C3D20RH).  The hybrid formulation prevents the element 
becoming over constrained (element locking ) in regions of 
high plastic strain.   

The mesh is biased towards the weld both across the surface 
and through the thickness.  It has been designed to become 
coarser moving away from the weld as much as possible with 
minimal discontinuities in the size or aspect ratio of adjacent 
elements, and with no warped elements. The service simulation 
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mesh is refined from the welding mesh, since creep-fatigue 
damage prediction requires a finer mesh to avoid significant 
discontinuities.  

The weld consists of a root pass and a filler pass (Figure 4). 
Both passes consist of two beads each, where each bead starts 
and stops at the crotch locations and spans 180º around the 
weld excavation.  

The welding model (Figure 5 and 6) contains 151,878 nodes 
and 33,190 elements.  The root pass has 4 elements through the 
bead height whilst the filler pass has 2 elements through the 
bead height (i.e. 6 elements though-thickness in total).  There 
are 4 elements across the weld and 176 elements around the 
length of the weld.  

The service simulation model (Figure 7) contains 302,531 
nodes and 67,070 elements.  The root pass has 5 elements 
through the bead height whilst the filler pass has 3 elements 
through the bead height (i.e. 8 elements though-thickness in 
total).  There are 6 elements across the weld and 200 elements 
around the length of the weld.   

PHYSICAL PROPERTIES  

The pipework joint was manufactured using Type 316H 
Stainless Steel tube material and 316L Stainless Steel weld 
metal.  Young s modulus and Poisson s ratio for 316H parent 
and 316L weld material were taken from Reference 2.    

The behavior of the material under thermal loading is described 
by the specific heat capacity, conductivity and thermal 
expansion.  These properties were assumed to be identical for 
parent and weld metal and were taken from Reference 3.   

HARDENING MODEL  

The analyses presented here used a constitutive material 
hardening law based upon the Lemaitre-Chaboche formulation 
provided within Abaqus.  The Lemaitre-Chaboche formulation 
is described here; however the following points should be 
noted:  

 

Reference 4 provides generic recommendations for the 
application of material hardening laws in welding 
simulations. The hardening parameters for both parent 
and weld metal were supplied by British Energy.  For 
information the hardening model is referred to as the 
mixed-ff  Type 316 model in Reference 4;  

 

The hardening parameters were based upon monotonic 
and isothermal cyclic tensile test programmes on Type 
316H parent metal and Type 316L weld metal;  

 
The parent hardening model follows the generic 
recommendations (Reference 4) apart from the fitting 

of the isotropic parameter, Q , which was adjusted 

according to the magnitude of the specific 1.0% proof 
strength of the material at 20°C (364.5MPa best 
estimate);  

 

The weld hardening model is based upon a model 
derived for Type 316L SS weld metal (Reference 4);  

 

Plastic strain annealing was accounted for using a two 
stage annealing process.  

The Lemaitre-Chaboche hardening model implemented within 
Abaqus is divided into kinematic and isotropic hardening 
components.  The kinematic portion is defined using the 
relationship:   

plpl
0

1
C

 

(1) 

where:   

 

= Rate of change in kinematic backstress 
0

 

= Size of the yield surface (MPa) 

pl

 

= Equivalent plastic strain rate 

,C = Fitting coefficients (MPa and dimensionless 
respectively)  

C is the initial kinematic hardening modulus, and  determines 
the rate at which the hardening modulus decreases with 
increasing plastic deformation.  C varies with temperature, but  

was defined as constant over the entire temperature range.  

The isotropic portion (i.e. the size of the yield surface) was 
defined via a simple exponential law:     

plb

0

0 e1Q

 

(2)  

Where Q and b are material parameters, pl

 

is the 

equivalent plastic strain and 
0

 

is the size of the yield surface 

at zero plastic strain (MPa).  

Note that the assignment of parent and weld material properties 
was determined based on the maximum temperature that an 
element would reach during the entire analysis.  All elements 
which exceed a temperature of 1400ºC are assigned weld metal 
properties.  The remaining elements are assigned parent metal 
properties.   



 

4 Copyright © 2010 by ASME. 

PLASTIC STRAIN ANNEALING  

The temperature transient loadings associated with simulating 
the welding process introduce large non-linear strains into the 
welded structure.  These strains are treated as plastic strain in 
present simulation methods.  However, in real stainless steel 
materials, creep deformation begins to become important above 
450ºC and dominates behaviour above around 850ºC.  In 
addition, above 800ºC historically accumulated plastic strains 
start to be annealed (annihilated) as recovery and re-
crystallisation temperatures are approached and when 
temperatures reach the material melting point (1400ºC), all 
historically accumulated strains are lost.  

The default annealing functionality incorporated into Abaqus is 
both simple and relatively crude.  This was replaced by a two 
stage functionality implemented in a user subroutine using the 
UHARD facility within Abaqus (Reference 1).  Using this 
method, the material ceases to harden isotropically above a 
lower annealing temperature T1, but does not lose any prior 
isotropic hardening unless the upper annealing temperature, T2, 
is exceeded.  The lower annealing temperature was set at 950°C 
and the upper annealing temperature at 1300°C for both parent 
and weld.   

CREEP PROPERTIES  

Creep deformation is modelled by the RCC-MR empirical law 
for primary and secondary creep of AISI Type 316 austenitic 
stainless steel.  In order to incorporate tertiary creep, the creep 
damage level has been incorporated into the creep deformation 
law in such a way as to increase the strain rate asymptotically 
to infinity as the creep damage level reaches unity.  This is 
achieved by factoring the creep rate by the ratio 1/(1-d3), where 
d is the creep damage.  In practice the result is a doubling in the 
creep rate once a damage of 0.8 has been achieved with the 
creep rate tending to infinity when d tends towards unity.  

The PWHT is carried out at a temperature of 1050°C.  
Guidance on RCC-MR creep deformation parameters is only 
provided as far as 700°C within the British-Energy R66 Code 
(Reference 5).  Therefore this work task required the 
extrapolation of creep deformation parameters up to 1050°C, 
making use of test data up to 900°C.  

The uniaxial ductility of the Type 316 SS parent material and 
HAZ is assumed to be strain rate and temperature dependent as 
described in Reference 6. The properties exhibit an increase in 
lower shelf ductility at temperatures above 550ºC.  A constant 
uniaxial creep ductility of 3.5% has been assumed for the weld 
material (Reference 7), which is independent of both 
temperature and strain rate.   

COLD BENDING OF THE 1.5  PIPE  

The plastic pre-strain of the 1.5 pipe due to its bending needs 
to be accounted for prior to welding.  A finite element 
simulation is performed using Abaqus/Explicit (Reference 1) to 
simulate the bending of the 1.5 pipe according to the method 
of the Hilger bending machine.   

The 1.5

 

pipe was bent through 150º and cut at its extrados 
near the apex of the bend, providing the dual inlets to the 
pipework joint.  The bending was performed using the Hilger 
bending machine.  The operation of the Hilger bending 
machine is as follows (Figure 2):  

 

The clamp is affixed to an arm which rotates about the 
centre of curvature of the bend.  It is used to pull the 1.5

 

pipe around the bend die;  

 

The bend die is circular and remains at a fixed position.  It 
contains a circumferential groove for the 1.5  pipe to reside 
in.  The intrados of the pipe is pulled around the bend die 
by the clamp, and pushed around the bend die by the boost 
die;  

 

The pressure die also contains a groove for the 1.5

 

pipe to 
reside in.  The pressure die remains fixed in position as the 
extrados of the 1.5

 

pipe moves past it at the point of the 
bend.  It provides the counter pressure to the bend die that 
forces the pipe to form a bend.  

Ovalisation of the cross-section is observed due to flattening of 
the extrados during bending.  Wall thinning is also observed as 
less material is forced through the extrados than the intrados.  

Contact between the 1.5

 

pipe and forming dies in Abaqus is 
modelled as surface-to-surface contact interactions using the 
penalty contact method with finite sliding.  For the clamp, a 
rough friction formulation is employed that allows no 
tangential slip.  Other surfaces are modelled as above with a 
friction co-efficient of 0.06 representative of lubricated steel on 
steel (Reference 8).   

COLD SWAGING OF THE 2  PIPE  

The plastic pre-strain of the 2 pipe due to its swaging needs to 
be accounted for prior to welding. A finite element simulation 
is performed using Abaqus/Explicit (Reference 1) to simulate 
the swaging of the 2 pipe.   

The end of the 2

 

pipe was swaged, or flared, so that its cross-
section matched the shape of the cut in the extrados of the bent 
1.5

 

pipe.  This then provides the outlet from the pipework 
joint. Simultaneously a male tool flared the pipe in one 
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direction, whilst a female tool swaged the pipe in the other 
(Figure 3).  

Wall thinning is observed within the swaged region due to the 
forced increase in pipe circumference.  

Note that the plastic strains due to both cold forming processes 
(i.e. swaging and bending) harden the parent material prior to 
welding, and hence can influence the welding residual stresses 
developed.  Both cold forming models are exported from 
Abaqus/Explicit into Abaqus/Standard in order to perform a 
static springback analysis. Forming dies are removed and the 
pipes are effectively unrestrained as an equilibrium step is 
performed.   

CUTTING OF THE EXTRADOS AND WELD 
EXCAVATION  

The bent 1.5

 

pipe and 2

 

pipe are brought together to form the 
pipework joint. This involves cutting a section from the 
extrados of the bent 1.5

 

pipe in order to allow an outlet to the 
2

 

pipe (Figure 4).  The pipes are welded together at their 
interface, which involves the cutting of a weld excavation 
profile on both the 1.5

 

and 2

 

pipes.  The angle of the 
excavation side wall varies around the weld path on either side 
as shown in Figure 4.  

The cuts of both the extrados and the weld excavation are 
simulated by mapping the results of the cold forming analyses 
to a new finite element model.  In order to facilitate this 
mapping process the geometry of the new model is identical to 
that of the deformed shape from the swaging and bending 
models.  The key features of the new model are that the 2  pipe 
and 1.5

 

pipe are brought together, and material is removed 
from the regions that are cut.  

The material state (plastic pre-strain, hardening and residual 
stress) from the cold forming is mapped onto the new model.  
The mapping procedure makes use of three Abaqus/Standard 
(Reference 1) user subroutines (HARDINI, SIGINI and 
SDVINI).  Results are not mapped into the regions where 
material is removed as the cut portion is not modelled. The 
remaining results equilibrate in order to capture any stress 
redistribution in a non-linear analysis step.  This has the same 
effect of removing elements in order to simulate a cut.  It is 
assumed that the free ends of the pipework joint have been 
restrained in preparation for welding when the cut is made.    

WELDING  

The 1.5

 

pipe and 2

 

pipe are welded together at their interface 
in order to create the pipework joint.  The weld consists of one 

root pass followed by a capping pass, both laid down using a 
manual Tungsten Inert Gas (TIG) process.  Each of the passes 
consists of two 180º weld beads with start and stop positions 
located at the crotches. The weld is not dressed.  

A sequentially coupled thermal-mechanical analysis using 
Abaqus/Standard (Reference 1) is performed to simulate the 
welding. An appropriate thermal analysis method must be 
selected.  In reality stress raisers are observed at weld bead start 
and stop locations which are not modelled when using a 
traditional simultaneous bead deposition welding technique.  
For the analysis presented in this paper each of the weld passes 
has been modelled using a moving heat source technique with 
each pass made up of two 180° weld beads.  The initial thermal 
modelling is carried out using the Heat Source Modelling Tool 
(HSMT) (References 9 & 10), which is used to calibrate a 
thermal solution at cross-sections along the weld path.  The full 
moving heat source analysis is carried out using 
Abaqus/Standard.  The model (Section 4.2) is allowed to cool 
to an inter-pass temperature of 150°C between each bead. It is 
then allowed to cool to ambient temperature on completion of 
the last pass.   

HEAT INPUTS  

The cross-sectional area, normal to the advance direction, of 
weld metal deposited by Manual TIG welding is assumed 
directly proportional to the electrical heat input per unit length.  

The weld pass areas were calculated by measuring the total 
area of weld metal deposited from macrographs of ex-service 
and mock-up components.  On average these were found to be 
40mm2. The total weld area was divided between the root and 
filler passes in proportion with their assumed electrical heat 
inputs.   

The welding process, filler wire diameters and input currents 
were obtained from the welding specification.  The filler wire 
diameters and input currents were chosen to be the minimum 
values of their respective ranges from the weld specification for 
the root pass, and the maximum values in the range for the 
filler pass.  This was consistent with a representative increase 
in weld area from the root to the filler pass.  

The weld excavation varies in its chamfer angle around the 
excavation cut (Figure 4), from 0° to 30° for the 1.5

 

pipe side, 
and from 45° to 60° on the 2

 

pipe side. This causes the 
excavation to open and close up around the weld. As it does so, 
the weld cap varies in it s height in order to maintain the 
constant 40mm2 cross-sectional area.  
MOVING HEAT SOURCE  

The size of the volumetric heat source modelled within both the 
HSMT and Abaqus was linked directly to the assumed size of 
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the electrode used.  For example if a 2.4mm diameter electrode 
was assumed then the heat source was nominally defined as 
spherical with a 2.4mm diameter.  The path of the moving heat 
source followed the geometric centre of the instantaneous weld 
pass cross-section in the torch travel direction.  Due to the high 
aspect ratio of the bead, weaving was represented in the filler 
pass.  Weaving was accounted for by stretching the shape of the 
heat source into an ellipsoid of increased lateral diameter.  This 
diameter was consistently 125% of the bead width (at mid-
height) along the weld path.  The variation with time of bead 
width, torch position, torch travel direction and lateral stretch 
angle was accounted for in the analysis.  Welding efficiencies 
of 65% and 60% were used for the root and filler pass 
respectively.  

The volumetric heat source is defined within the Abaqus user-
defined DFLUX subroutine.  This subroutine is provided so 
that Abaqus users can define complex heat fluxes, in this case 
dependent on spatial position and time.  The heat input for the 
moving heat source is represented by an ellipsoidal distribution 
defined by the non-dimensional effective torch radius, re (that is 
the distance from the torch centre, which is non-
dimensionalised with respect to the heat source dimensions):    

r

z 2

r

y 2

r

 x 2
r e

zyx

 

(3)  

where (x, y, z) is a dynamic Cartesian co-ordinate system 
centred on the weld torch that translates and rotates with the 
torch. x follows the torch advance direction, y is the 
instantaneous through-thickness direction and z is the 
instantaneous transverse direction. rx, rv and rz are the 
instantaneous radii of the elliptical heat source in the x, y and z 
directions respectively, which can vary with time in the 
transverse direction to simulate weaving.    

The volumetric heat input, q, is assigned to reduce from the 
torch position by a Gaussian function based on the effective 
torch radius:   

2
er

q eKq

 

(4)  

where Kq is defined so that the total heat flux deposited upon 
integration in the finite element model equals the effective 
power from the torch.  

Thermal isolation ahead of the torch was achieved in Abaqus 
using material properties with a field variable dependence.  
Ahead of the torch the weld bead was defined as inactive with a 
field variable of 2.  For all material points with a field variable 
of 2 the conductivity was reduced by 2 orders of magnitude to 
ensure adequate isolation of the inactive weld bead.  For all 
weld material points with a field variable of 1 the material 

properties were not adjusted and depend solely on temperature.  
Where the field variable was between 2 and 1 (i.e. just ahead of 
the torch in the Gaussian scaling region) the properties are 
linearly interpolated to ensure a smooth variation. Note that 
when the two root beads were being deposited, the two filler 
beads were isolated by being entirely removed from the model, 
using the *MODEL CHANGE option in Abaqus (Reference 1).  
Following the deposition of the second root bead and on 
reaching the interpass temperature, the filler beads were added 
into the model solution.  

Field variables were calculated within the Abaqus user-defined 
UFIELD subroutine and updated at each nodal position.  This 
subroutine is provided so that Abaqus users can define complex 
field variable distributions, in this case dependent on the torch 
position and updated as the torch moves through the model.   

MECHANICAL RESPONSE  

The mechanical analysis is a continuation of the cutting 
simulation, using the same finite element model.  Elements are 
activated sequentially in order to represent each weld bead.  
Thermal expansion is driven by the transient temperature 
distribution calculated in the thermal analysis.  The mechanical 
analysis was carried out using Abaqus/Standard.   

The inlet ends, remote from the weld and influence of any high 
temperatures, were fully fixed to model the mechanical 
restraint in place at these ends. During fabrication the inlet ends 
were temporarily welded to each other with a small plate.   

POST WELD HEAT TREATMENT  

The welded component is joined to the plant pipework, at 
which stage the assembly undergoes a solution heat treatment.  
Measurement of ex-service component delta ferrite levels are 
consistent with a PWHT conforming to the fabrication 
specification as follows:  

1. Heat at 250ºC /hour to 1050ºC;  

2. Hold at 1050ºC for 15 minutes;   

3. Cool at 3000ºC /hour to ambient.  

The PWHT was carried out in nitrogen and a rapid cool-down 
was achieved by quenching in cold nitrogen gas.  Free air 
cooling was applied once 300ºC was reached.  

A finite element simulation is carried out using 
Abaqus/Standard to predict the relaxation of welding stresses 
and accumulation of creep damage during PWHT.  The finite 
element mesh is refined (and the material state is mapped) from 
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the weld simulation. This is due to damage predictions 
requiring a finer mesh to avoid significant result 
discontinuities.  

The transient temperatures are applied isothermally to the 
model using the heating and cooling rates defined above.  The 
free air-cooling below 300ºC was neglected since it is below 
the creep regime.  

Creep damage is calculated during PWHT and subsequent in-
service simulation using a dedicated Abaqus user subroutine 
applicable for 316 stainless steels.   

PRESSURE PROOF TESTING  

Whilst the component is connected to the plant pipework, the 
assembly is subjected to an in-shop 3,924psig hydraulic 
pressure proof test following heat treatment.  

A further pressure test is performed before the component 
enters service. With closure welds made, the boiler as a whole 
is subjected to a 3,300psig pressure test on-site.  

These pressure tests are simulated as step changes in pressure 
applied to the inside surface of the pipework joint model. These 
finite element analysis steps are a continuation of the PWHT 
simulation.   

IN SERVICE CREEP-FATIGUE DAMAGE  

The pipework component has been subjected to a variety of 
load cycles through the first thirty years of operation. A finite 
element simulation is carried out using Abaqus/Standard to 
predict the through life accumulation of creep damage during 
operating periods and fatigue damage during hot standby and 
cold shutdown cycles over the first 30 years of operation.    

The finite element analysis is a continuation of the pressure 
proof test analyses, and so contains the material state (plastic 
pre-strain, hardening and residual stress) resulting from the 
manufacturing history.  

Service loadings due to the boiler expansion and rotation are 
applied to the pipework joint model.  The calculation of creep-
fatigue damage to R5 (Reference 11) procedures is integrated 
into the damage prediction subroutines of the finite element 
analysis.    

OPERATING CONDITIONS  

A representative service history is required to simulate the      
in-service operating conditions experienced by the pipework 
joint from commissioning, to date, and in the future to 45 years 
operation.  

Component Life Assessment (CLA) reports for the operating 
plant detail the number of past and predicted future plant 
operating events.  Some operating events are considered more 
onerous than others with the following deemed critical to the 
assessment of the pipework joint:  

 

Normal Operation;  

 

Cold Shutdown (CSD);  

 

Hot Standby (HSB);  

 

Quadrant or Reactor Trip.  

A pragmatic approach was decided upon in that the correct 
number of CSD cycles would be applied, from the CLA 
reports, plus an equivalent number of HSB cycles.    

The classification of a CSD and a HSB cycle is as follows:  

COLD SHUTDOWN 
CYCLE

 

HOT STANDBY CYCLE

 

100% normal operation 100% normal operation 
Dwell period Dwell period 
Quadrant or Reactor trip / 
Overpressure 

Quadrant or Reactor trip / 
Overpressure 

Interim hot shutdown Hot shutdown 
Cold shutdown   

Representing the number of HSB and full (CSD) cycles as the 
ratio of 10:1; assuming the correct number of CSD cycles is 
modeled, gives 35 full and 350 HSB cycles over the 30 years of 
operation.  This evaluates a dwell period of approximately 545 
hrs.   

SYSTEM LOADINGS  

Normal operation system loadings due to boiler expansion and 
rotation are applied as components of forces and moments at 
the two component inlet ends.  During operation the system 
loadings relax as the boiler pipework creeps.  This relaxation is 
accounted for by scaling the forces and moments applied to the 
pipework joint over time in proportion with the relaxation of 
the dominant moment acting on the pipework from Reference 
12.  

During a cold shutdown, the system loadings are reduced by a 
constant amount equal to the initial elastic load range.  The 
elastic loads are subtracted from whatever the current operating 
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loads are, meaning that the system loads are of reversed sign 
when shutdown, due to creep relaxation during normal 
operation.  For the hot standby condition, the system loads are 
62% of the way from the cold shutdown loads to the normal 
operation loads.   

The pipework joint is fully restrained at the outlet end, 
providing reaction forces that balance the system loads applied 
at the two inlet ends.   

CALCULATION OF CREEP-FATIGUE DAMAGE 
BASED UPON R5 PRINCIPLES  

The calculation of creep-fatigue damage for assessment 
purposes is typically undertaken within the framework of the 
R5 assessment code (Reference 11).  The standard assessment 
approach is to undertake elastic FE followed by Neuber 
construction to convert elastic stress ranges into elastic-plastic 
stress and strain ranges prior to the calculation of creep-fatigue 
damage.  

The intention of this work was to perform non-linear finite 
element analyses accounting for elastic-plastic and creep 
deformation to determine the magnitudes of the inelastic strains 
directly.  The methods utilise the principles outlined in R5 
(Reference 11) but utilise the in-elastic strains calculated 
directly from FEA.  The methods are based around the use of 
the user-defined subroutines CREEP and UVARM.  

The creep damage increment at any point is defined as the time 
integral of the ratio of the accumulated equivalent creep strain 
to the material creep ductility, so that crack initiation would be 
predicted when the ductility is exhausted and the damage level 
reaches unity.  

The creep damage per cycle, dc, is defined as   

dt
)(

d
ht

0 cf

c
c

 

(5) 

where th is the duration of the creep dwell, c

 

is the 

instantaneous creep strain rate during the dwell and )( cf

 

is 

the appropriate creep ductility, taking account of the effects of 
stress state and creep strain rate.   

The following key points should be noted with regard to the 
calculation of fatigue damage:  

 

The calculation of the total strain range is based upon the 

components of elastic, el

 

, plastic, pl

 

, and creep 

strain, cr

 

,  which are summated to give the total range, 

t  . A volumetric strain enhancement is not applied since 

this is implicitly accounted for within the finite element 
approach;  

 
A Fatigue Strength Reduction Factors (FSRF) was not 
included on the basis that its effects were predominantly 
accounted for within the finite element approach.  The 
dominant effect of the FSRF is in regard to a Weld Strain 
Enhancement Factor (WSEF) and resulting enhancement to 
fatigue damage, which is indeed covered within the finite 
element approach.  However a FSRF can be considered to 
be the combined effect of a WSEF and also a Weldment 
Endurance Reduction (WER).  The WER should still be 
applied in this instance since it relates to fatigue damage.  
The WER was not applied in this simulation. However, 
fatigue damage in this work is generally negligible and so 
the absence of a WER, which is a relatively modest 
correction, was considered acceptable;  

 

The fatigue endurance data is adjusted for size effects 
based upon the thickness of the thinnest section, which in 
this case is the wall of the 1.5  pipe (4mm).   

RESULTS AND DISCUSSION  

COLD FORMING  

The following observations are made with respect to the 
geometric details and predicted equivalent plastic strains after 
cold forming:  

 

Figure 8 compares the predicted cross-section within 
the bent portion of the 1.5

 

pipe with that observed 
from a cut-up ex-service component.  Equivalent 
plastic strains throughout the 1.5

 

pipe are also shown.  
The region of highest plastic strain at the intrados is of 
magnitude greater than 40%;  

 

Equivalent plastic strains throughout the swaged 2

 

pipe are presented in Figure 9. They are shown to peak 
at regions either side of the two crotches.  Due to the 
extent by which the swaged 2 pipe is deformed, 
extremely high plastic strains were observed of 
magnitude greater than 70%;  

 

The swaged 2

 

pipe wall thicknesses was predicted to 
be 4.96mm at the 0º crotch and 5.22mm at the flank 
positions.  These compare with measured values of 
4.90mm and 5.36mm respectively;  

 

The 1.5

 

pipe wall thicknesses was predicted to be 
3.70mm at the 0º crotch and 4.12mm at the flank 
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positions. These compare with measured values of 
3.79mm and 4.28mm respectively;  

 
The 1.5

 
pipe ovality is predicted to be 8.6%. This 

compares with measured ovalities of up to 10%.  

In summary, the fabrication models produce a good 
representation of the deformation of the components when 
compared to measurements made on real components.   

WELDING ANALYSIS  

The initial hardened state of the component prior to welding, as 
a result of the cold forming operations, is shown in Figure 10.  

The predicted fusion boundaries for pass 1 and pass 2 are 
shown in Figures 11 and 12 respectively.  A blind comparison 
with macrographs is shown in Figure 13.  It is shown that 
representative fusion boundaries have been predicted in each 
case.  

Tensile weld transverse stresses are predicted beneath the 
capping pass of magnitude 150 to 250 MPa (Figure 14). Tensile 
weld longitudinal stresses are predicted beneath the capping 
pass towards the inner surface up to a magnitude of 
approximately 450 MPa (Figure 15).  

Equivalent plastic strains (Figure 16) are annealed within the 
fusion boundary of the capping pass. Equivalent plastic strains 
of up to 20% are observed underneath the capping pass due to 
welding.  

The purpose of the residual stress simulation is to predict the 
stress and material state within the component prior to PWHT.   

PWHT  

Figure 17 presents a banded contour plot of creep damage 
accumulated during PWHT.  Mid-wall damage is shown in both 
the upper and lower HAZ of the two crotch positions, of 
magnitude up to approximately 0.20.   

The welding residual stresses were predicted to significantly 
decrease as a result of the PWHT.  For all stress components the 
residual stresses have been significantly reduced, the final von 
Mises stresses being typically less than 20 MPa and not 
exceeding 40 MPa.  

The purpose of the PWHT simulation is to predict the stress, 
material and damage states within the component at start of life, 
for a subsequent structural integrity assessment of the 
component by consideration of it s through life creep-fatigue 
damage accumulation.   

CREEP-FATIGUE DAMAGE ANALYSIS  

Most of the in-service damage accumulation is predicted to 
occur at the flanks, with a large region of damage observed at 
the upper HAZ on both sides.  This is mostly driven by the 
pressure loading.  Figure 18 presents a quilt contour plot of 
creep-fatigue damage fraction accumulated during service. 
After 30 years (385 service cycles), peak damage is predicted at 
the flank upper HAZ on the outside surface, of magnitude up to 
0.35.  

Figure 19 shows the time history of creep-fatigue damage 
accumulation over the first 55 service cycles at the flank.  It can 
be seen that the creep damage per cycle diminishes over time, 
but does not reach a steady state, suggesting that the flank 
remains in primary creep for at least 55 service cycles.  The 
fatigue damage per cycle is shown to be negligible at the flank 
due to a low strain range throughout each cycle.  

Crack initiation by creep-fatigue is not predicted to occur by 
modelling service cycles to 30 years  

CONCLUSIONS  

The main conclusions that can be drawn for this study are 
summarised below:  

 

Cold forming operations on the 2  pipe and 1.5  pipes were 
undertaken which successfully represented the actual 
forming process as demonstrated by comparisons with test 
data;  

 

A moving heat source welding simulation was undertaken.  
It is shown that fusion boundaries representative of 
available macrographs have been predicted in each case;  

 

Tensile weld transverse stresses are predicted on the outer 
surface at the 270º flank in the as-welded condition, as high 
as 200MPa;  

 

Tensile weld transverse stresses are predicted on the outer 
surface at the 0º crotch in the as-welded condition, as high 
as 100MPa;  

 

PWHT has a dramatic effect on the residual stresses 
present following the manufacture of the component.  For 
all stress components the residual stresses have been 
significantly reduced, the final von Mises stresses being 
typically 10 to 40 MPa.  This creep relaxation potentially 
results in the generation of creep damage, which has been 
modelled;  
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Most of the PWHT creep damage is accumulated mid-wall 
at the crotch lower and upper HAZ.  These regions of 
damage are of magnitude approximately 0.25;  

 
Most of the in-service damage accumulation occurs at the 
flanks, with a large region of damage observed at the upper 
HAZ on both sides.  This is mostly driven by the pressure 
loading;  

 

The accumulation of fatigue damage is found to be 
insignificant in comparison to the accumulation of creep 
damage;  

 

The maximum creep-fatigue damage after 30 years (385 
cycles) is predicted to be approximately 0.35 at the flank 
upper HAZ;  

 

Crack initiation by creep-fatigue is not predicted to occur 
by modelling service cycles to 30 years.     
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FIGURES  

 

Fig. 1: Pipework Joint      

                 

    

Fig. 2: 1.5  Pipe Cold Forming (Bending) Finite Element Model     
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Fig. 3: 2  Pipe Cold Forming (Swaging) Finite Element Model                          

Fig. 4:  Finite Element Parent and Weld Geometry          
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Fig. 5:  Welding Mesh                      

Fig. 6:  Welding Mesh Detail   
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Fig. 7:  Service Simulation Mesh Detail                            

Fig. 8:  Bent 1.5 Pipe Cross-Section Comparison (180º)     

 


