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Abstract

During the process of welding high residual stresses and deformations can occur. This is a
problem in nuclear power plant components and in many other engineering applications as well,
especially where there is a risk of inter granular stress corrosion cracking (IGSCC). Finite
element calculations can be used to predict these residual stresses, and in the long run also to
find welding procedures that diminishes the residual stress at sensitive areas. The present report
describes finite element calculations with the object to predict and compare the residual stress
fields for two different welding methods.

Stainless steel pipes of two different thicknesses have been studied, and each thickness has
been welded by two different welding procedures, U-seam and OPTI-GAP. For these pipes the
residual stress fields has been computed using the finite element program SiMPle, which is an
in-house code at the division of Computer Aided Design, Luleå University of Technology. The
simulations shows that the OPTI-GAP method results in a stress field that is preferable over the
stress field from the U-seam in the aspect of avoiding IGSCC. This effect is most visible in the
case with the thinner pipes.
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1 Introduction

Welding is a very common method for joining metals. It is easy to apply but residual
stresses and deformations may greatly impair the function of the component. This is especially
crucial in applications such as the aircraft industry or, as in this case, nuclear power plants.
Nuclear power plant components are often made of low-carbon stainless steel such as AISI
316L or AISI 304L, which are used in the present experiments. These steels are susceptible to
inter granular stress corrosion cracking (IGSCC), which is promoted by tensile residual stresses.

In this report the effect of different welding procedures on the residual stress is investigated.
The purpose of this is to be able to reduce the risk of IGSCC. Four pipes were welded in real
life and then simulated with the finite element method. The pipes were of two different
thicknesses, and two different welding procedures, U-seam and OPTI-GAP, were used for each
thickness. The OPTI-GAP procedure is developed and trademarked by Uddcomb Engineering.
The two different welding procedures are then compared both by measurements and the
simulations.

2 Experimental configuration

Eight pipes of two different dimensions were welded together into four pipes by two
different welding methods, U-seam and OPTI-GAP. To be able to compare the U-seam and the
OPTI-GAP methods the eight pipes were welded two by two, resulting in two pipes with
different dimensions welded by each of the two welding methods. The material in the thicker
pipes is AISI 304L and in the thinner pipes it is AISI 316L. Details about the materials can be
found in [1]. The dimensions, materials and welding methods of the welded pipes are
summarized in table 1. The length shown in the table is the nominal length of the pipe pairs put
together, excluding the axial shrinkage that occurs due to the welding, and the diameter is the
outer diameter of the pipes.

The U-seams and the OPTI-GAP seams were performed by gas tungsten arc welding
(GTAW). This is a process where the heat is produced by an electric arc between a non
consumable tungsten electrode and the workpiece. Shielding of the electrode and weld zone is
obtained by using inert gases and when filler material is used this is added from the side. More
about the GTAW method can be found in [2] and [3].

Table 1. Dimensions, materials and welding methods for test specimen.

specimen length 
(mm)

diameter or 
width (mm)

thickness 
(mm)

material welding 
method

number of 
beads

Pipe 1 800 168.3 11 AISI 316L U-seam 10

Pipe 2 800 168.3 11 AISI 316L OPTI-GAP 8

Pipe 3 1000 254 22 AISI 304L U-seam 17

Pipe 4 1000 254 22 AISI 304L OPTI-GAP 15
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Before welding the pipes were put on top of each other and tack welded together without
an initial gap between the pipes. The welding configuration and procedures are more thoroughly
described in [1]. The second weld pass were started on the opposite side of the pipe from the
first weld pass start in order to prevent the pipes from bending during welding. After this every
odd weld pass was started at essentially the same position as the first, and every even weld pass
was started on the opposite side of the pipe. All the weld passes were performed clockwise from
their start positions. The interpass temperature was kept below C. This means that the
temperature of the weld seam had to drop below C before the next weld pass could be
welded. When welding stainless steels, such as in this case, keeping the interpass temperature
below is especially important because it restricts grain growth. It also results in smaller
deformations than higher interpass temperatures would give.

Filler material AWS ER 316Lwere used in all of the welds performed on the pipes and the
plate. For the pipes filler wire from Sandvik, SANDVIK 19.12.3.LSi, with a diameter of 0.8 mm
were used. Electrodes from Avesta, AVESTA 316L/SKR, were used for the plate. The diameter
of the electrodes were 3.25 mm and 4.0 mm, the thinner ones were used for the narrow part of
the groove. More details about the filler material can be found in [1].

In the present case the welding of the pipes were performed by a robot which was controlled
from a control panel at a distance away from the pipes. Using a robot has numerous advantages
over manual GTAW, for example the addition of filler material is automated and because of this
easier to control than in the manual case. Another advantage is the fact that the welder can sit
in another room while controlling the robot. This is important in the case of welding in
hazardous environments. Figure 1 shows the welding robot mounted on one of the pipes.

Figure 1. The welding robot mounted on one of the pipes.

100°
100°

100°
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3 Finite element formulation

The in-house finite element code, SiMPle, was used for the welding simulations. The
elements used are of the standard four node element formulation with 2*2 Gauss points for all
element integrals. The volumetric strain is constant within each element. In order to achieve this
the B-bar method [4] is used. The temperature used to generate the thermal loads is also taken
as constant within each element in order to have consistency between the temperature variation
and the strain variation in the elements.

3.1 Staggered approach for coupling thermal and mechanical analysis
The flow diagram for the calculations is shown in Box 1. The coupled temperature and

displacement fields are solved using a staggered approach [5]. Thus the geometry in the thermal
analysis performed from time tn to tn+1 is based on the geometry at time tn, where n is the time
step counter.

3.2 Thermal analysis
The procedure for the thermal analysis is shown in Box 2. The finite element semi-

discretisation applied to the heat conduction equation at time tn+α =tn+α∆t, 0ðαð1, and a finite
difference approximation of the rate of temperature change gives

(1)

where
∆t is the increment in time, [K]α is the heat capacity matrix evaluated at the temperature at 
time tn+α, [C] is the heat capacity matrix, {∆T} is the current estimate of the increment in 

temperature and  is a vector of heat generation for time tα.
An Euler backward method, α=1, was used in the current study. The effective heat capacity

is used in the heat capacity matrix in order to reduce convergence problems when latent heats
exist [6]. It is computed as 

 if , (2)

where
H is the latent heat.

Box 1. Program flow for coupled thermomechanical analysis.

1. Start simulation
Read type of analysis, time stepping information, convergence criteria etc.

2. Set tn  and tn+1 

Depends on how troublesome the previous solution step was and/or user input.
3. Compute temperature field {T}n+1 at end of time step 
4. Compute mechanical field {D}n+1 at end of time step 
5. Update solution
6. Next time step

Go to step 2 if tn+1 is less than finish time.
7. Finish simulation

1
∆t
----- C[ ] K[ ]α+ 

  ∆T{ }n 1+ Q·{ }
α

K[ ]α T{ }n–=

Q·{ }
α

ceff
H

n
H

n 1–
–

Tn Tn 1––
---------------------------= T

n
T

n 1–
– 0≠
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Contributions from convective and radiative boundary conditions and contributions from
prescribed temperatures are included in the heat generation vector, , and the heat
conductivity matrix, [K]α. Formulas for the matrices and vectors are given in e.g. Reference [7].
The system of equations is modified so that the prescribed temperatures are computed during
the iterative procedure [8]. This makes it possible to switch a node between being unknown or
having a prescribed temperature without recomputing the profile of the matrix. Equation (1) is
a non-linear system of equations which is solved by the Newton-Raphson method. The solution
procedure for the thermal analysis is shown in Box 2.

3.3 Mechanical analysis
The stress updating, which is crucial for an accurate numerical solution of the deformation,

is given in Boxes 3 and 4. The overall solution procedure used in the mechanical analysis is
summarised in Box 5.

The principle of virtual work applied at time tn+1 and integrated in the current geometry is
the starting point for the finite element discretisation. The deformation is assumed to be
quasistatic, i.e. inertia is ignored. This gives a nonlinear system of equations to solve. The
unbalance or residual forces, {Rm}, should become zero in the solution process.

(3)

where

 is the external forces and  is the internal forces.

Box 2. Incremental solution with iterative corrections for thermal analysis.

1. Initialize analysis
Set increment counter n=0.
Initialize temperatures {T}0={T}init.

2. Next increment 

Set iteration counter i=1.
Initial estimate of temperatures for time tn+1 is set as i{T}n+1 = {T}n.

3. Solve system of equations

where

 and .

4. Updating
Increment iteration counter i=i+1.

5. Check convergence
If no convergence then go to step 3 else
increment time step counter n=n+1
Go to step 2 if more time steps should be taken.

Q·{ }α

Kt[ ]
i

∆T{ }
n 1+

i R t{ }
i

=

Kt[ ]
i

1
∆t
----- C[ ]i K[ ]

α
i+ 

 = R t{ }
i

Q·{ }
α

i K[ ]
α

i T{ }
n

–=

T{ }n 1+
i T{ }n ∆T{ }n 1+

i 1–+=

Rm{ } F{ }n 1+
int   

F{ }n 1+
ext  

–=

F{ }n 1+

ext 
F{ }n 1+

int   
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The internal forces are computed on the element level as

(4)

where
{σ} is the Cauchy stresses and [B] is the same element matrix used in the relation between 
the velocity strains,  and nodal velocities, , written as . It comes 
from the virtual strains and is evaluated at time tn+1.
An additive decomposition of the elastic and plastic velocity strains is assumed. It can be

derived from the multiplicative decomposition of the deformation gradient [9]. This leads to a
hypoelastic stress-strain relation as increment in stresses are computed from strain increments.
This implies that we assume that the elastic strains are small [10] if the algorithm should define
an elastic material. The Green-Naghdi stress rate is used as it avoids oscillatory behavior for the
shear test case [11] which is due to the hypoelastic formulation [12]. The stress updating is a
strain driven procedure and the midpoint strain increment is a second order accurate
approximation [13] of the strain increment during the time step,

, (5)

where
 is the strain increment in an element,  is the increment in nodal displacements 

of the considered element and  is the same matrix as in Eq. (4) but evaluated at 
time tn+1/2.
The objective Green-Naghdi stress rate is used in the hypoelastic relation. It is defined as,

using tensor notation,

(6)

where
 is the local rotation tensor from the polar decomposition of the deformation gradient, 

 and  is the unrotated Cauchy stress tensor.

The increment in the Green-Naghdi stress rate due to the strain increment is solved in a so-
called unrotated configuration. The procedure is shown in Box 3. The plastic behavior of the
material is described by the von Mises yield function, the associated flow rule and linear,
isotropic hardening with temperature dependent properties. The viscous material behavior at
higher temperatures is ignored in the analysis. The material properties are temperature
dependent but no dependency on the temperature history is included. This means that the
changing microstructure is neglected. The radial return method is used to update the stresses and
its implementation is shown in Box 4. The projection matrices for stress states with or without
the zero normal stress constraint (ZNS), [PM] and [PD], are from Reference [14]. It is an
efficient and accurate method for stress computation [14-17] and its extension to cases with
ZNS is also given in References [14-17]. The accuracy of the method is especially important as
errors introduced here can not be compensated elsewhere in the analysis

f{ }n 1+
int   

B[ ]
T

σ{ }
n 1+

Ωd
Ωe
∫=

d{ } u·{ } d{ } B[ ] u·{ }=

∆ε{ } d{ } t B[ ]n 1 2⁄+ ∆u{ }≈d

tn

tn 1+

∫=

∆ε{ } ∆u{ }

B[ ]
n 1 2⁄+

σ̂GN σ· ωσ– σω+ Rσ· RR
T

= =

R[ ]

ω R·RT= σR RTσR=
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Box 3. Stress updating in reference or unrotated configuration.

Step 1.Compute midpoint strain

 

The derivative of the shape functions in [B] are evaluated for the geometry at time tn+1/2. 
The matrix is modified in order to obtain constant volumetric strain within each subdo-
main for the numerical integration of element matrices and vectors.

Step 2. Compute rotation matrices
Use the polar decomposition of the deformation gradient to compute rotation matrices 
for geometry at beginning of the time step, midpoint geometry and the end of the time 
step.

Step 3. Rotate all relevant quantities back to unrotated reference

 

where

 is the rotation matrix used when the strains and stresses are stored in vector form.
Step 4. Compute stress increment and update in unrotated configuration

See Box 4 for radial return algorithm.
Step 5. Rotate forward to geometry at time tn+1

∆ε{ } B[ ]n 1 2⁄+ ∆u{ }=

σR{ }
n

R
v

[ ]
nT

σ{ }
n

=

εR{ }pl n Rv[ ]
nT

 ε{ }pl n=

∆εR{ } Rv[ ]
n 1 2⁄+ T

 ∆ε{ }=

Rv[ ]

σ{ }n 1+ Rv[ ]
n 1+

σR{ }
n 1+

=

ε{ }
pl n 1+

R
v

[ ]
n 1+

εR{ }
 pl n 1+

=
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Box 4. Radial return method for stress updating.

1. Assume thermo-elastic trial stress increment

Compute trial stress 

where
e[E]n+1 is Hooke’s law in matrix form evaluated at temperature Tn+1, ∆εth is the incre-
ment in thermal strain and {I}={1 1 1 0}T for two-dimensional stress states.

Compute effective von Mises trial stress 

where

 is a diagonal matrix. The diagonal is  for plane deformation

 is the deviatoric trial stress and

 for plane deformation.

Compute a trial yield limit 
where

 is the virgin yield limit and  is the hardening modulus at temper-

ature Tn+1,  is the accumulated effective plastic strain at time tn.
2. Compute increment in effective plastic strain

 

where 

is the shear modulus at temperature Tn+1.
3. Update stress and plastic strains

 

where 

 is the flow direction.
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2
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3
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σy tr σ Tn 1+( ) H'+
yo

Tn 1+( )=

σ Tn 1+( )
yo
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σ
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3G T
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The Newton-Raphson method is used in combination with line search [18] for solving
Equation (3). The Newton-Raphson method is a second order accurate method to solve a
nonlinear system of equations if the matrix [Km] in Box 5 is a tangent stiffness matrix. It is
defined from

. (7)

We compute the matrix on the element level as, where the dependency of external loads on the
deformation is ignored,

.

Time derivative of Equation (4) gives

. (8)

The stress rate is replaced by the Green-Naghdi stress rate, Equation 6. The stress terms in
Equation 8 and those that are present in the definition of the Green-Naghdi stress rate are
ignored, i.e. we ignore the initial stress matrix or geometric stiffness matrix. The Green-
Naghdi stress rate is computed from the strain increment giving

We thus use only the incremental stiffness matrix

.

where
is the consistent constitutive matrix [19].

Km[ ] ∆U{ }
n 1+

∆R{ }=

km[ ] u·{ }∆ t f·{ }int f·{ }ext–( )∆ t f·{ }int∆t≈=

km[ ] u·{ }∆t f·{ } int∆t≈ B·[ ]
T

σ{ } B[ ]T σ·{ } B[ ]T σ{ }J· Ωd+ +
Ωe
∫ 

 
 

∆t=

km[ ] u·{ }∆t f·{ } int∆t B[ ]T

εd
dσ B[ ] Ωd 

  u·{ }∆ t
Ωe
∫≈ ≈

km[ ] B[ ]T E[ ] B[ ] Ωd
Ωe
∫=

E[ ]
εd

dσ=
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3.4 Modelling of multipass welding
Application of the finite element method to multipass welding requires special procedures

for the addition of filler material. Two basic approaches are possible, either a model is generated
where all welds are included or the model is extended at each weld pass. 

The first approach for modeling multipass welding, named quiet elements, means that part
of the structure, the welds that have not been laid yet, is included in the computational model.
These elements are made passive by giving them material properties so that they do not affect
the rest of the model. They are given a low stiffness and low heat conductivity. However, these
can not be decreased too much as this will give an ill-conditioned matrix. Finding these values
may require some trial simulations. The elements are given normal material properties at the
start of the weld pass. It is important then to remove all strains and stresses that has possibly
accumulated in these elements up to this point. The approach has two advantages. It is easy to
implement in most finite element codes and it also allows the nodes in the interior of the passive
elements to move with the structure.

Box 5. Incremental solution with iterative corrections for mechanical analysis.

1. Initialize analysis
Set increment counter n=0.
Initialize {U}0={U}init 
and corresponding strains and stresses.

2. Next increment
Set iteration counter i=1.
Initialize estimate of displacements i{U}n+1={U}n 
and corresponding initial values for stresses and plastic strains.

3. Solve system of equations

where

4. Updating
Increment iteration counter i=i+1.

and update stresses and plastic strains.
5. Check convergence

If no convergence then go to step 3 else
increment time step counter n=n+1
Go to step 2 if more time steps should be taken.

Km[ ]
i

∆U{ }n 1+
i Rm{ }

i
–=

Km[ ]
i U{ }∂

∂ Rm{ }i

elements

A
B[ ]

T
i E[ ]i B[ ]i Vd

Vi e

∫≈=

Rm{ }
i

F{ }i
n 1+
int 

F{ }i–
n 1+

ext 

elements

A B[ ]
T

i σ{ }
n 1+

i Vd
Vi e

∫ 
 
 

F{ }i–
n 1+

ext 
= =

U{ }n 1+
i U{ }n 1+

i 1– ∆U{ }n 1+
i 1–+=
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In the second approach, named inactive elements, the computational model is completely
defined at the start of the analysis, but the elements and nodes that correspond to not laid welds
are not included in the finite element model. This requires the restructuring of data each time
the model is extended. For example, the profile of the matrices must be recomputed. This is a
more correct approach but requires a finite element code that has this capacity. It reduces the
size of the model during the first weld passes and will reach the full size after the last weld pass.
This approach has been used in all of the computations in the current report.

When simulating multipass welding with large deformation analysis a problem can occur
that was discovered during the course of this work. This problem is illustrated in figure 2, and
it depends on the difference in geometry between the groove and the finished weld. Usually
when a multipass weld is simulated the geometries of the groove and the finished weld are
known, but the intermediate states are unknown. Since the beads are defined on the original
geometry, this can result in a deformed weld seam where the last beads have bulged out of the
groove. To solve this problem an algorithm was created that takes the volume of the added
material into account and adjusts the bead geometry accordingly [20].

Figure 2. Effect of transverse shrinkage of groove.

Figure 3 i LEL och EH 2000.

Initial model definition

Known final geometry 

Obtained final geometry 
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4 Computational models

All four pipes were modeled as two dimensional axisymmetric models. This corresponds to
ignoring heat flow in the welding direction, which is reasonable as the welding speed is high
compared to the thermal diffusivity. In reference [21] this is discussed in more detail. One
disadvantage with this approach is that it assumes rotational symmetry in the stress and strain
fields, which means for example that no start or stop effects are present in the model. However,
a three dimensional model is too time consuming. For thin walled pipes an alternative to
axisymmetric models is to use shell elements. This is mainly applicable for analysis of single
pass welds. In reference [22] an axisymmetric model is compared to a shell element model for
a thin pipe welded by a single weld pass. All the geometry modeling and meshing was done in
I-DEAS and then imported into SiMPle. I-DEAS is a solid modeling program with a convenient
graphical interface which was used to get the best possible precision in modeling of the weld
geometry.

The welded pipes were made of two different materials, AISI316L for the thin walled pipes
and AISI304L for the thick walled pipes. For the simulations material data for AISI316L were
used for all of the pipes. Since both materials are low carbon austenitic stainless steels and have
similar compositions it is assumed that this will not give a substantial difference in the results.
The filler material for all of the welds is AWS ER 316LSI. In the simulations it uses the same
thermal properties as the pipe material but the yield limit and Young’s modulus are different.

According to reference [23] AISI316L corresponds to Swedish Standard SS142348. From
this standard [24] together with reference [25] the thermal properties are taken. For
temperatures higher than provided in the references the data is extrapolated. Figure 3 shows the
conductivity and heat capacity used in the analyses. Latent heat for melting is 290 kJ/kg, Tsolidus

C and Tliquidus C. The mechanical properties for the materials were provided by
Uddcomb Engineering and they can be found in [1]. In figure 4 Young’s modulus for both
materials are found. Figure 5 and 6 shows stress versus plastic strain for AISI316L and AWS
ER 316LSI respectively.

Figure 3. Conductivity and heat capacity for AISI316L

1371° 1399°
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Figure 4. Young’s modulus for AISI316L and AWS ER 316LSI

Figure 5. Stress versus plastic strain for AISI316L
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Figure 6. Stress versus plastic strain for AWS ER 316LSI

As mentioned before the elements used are of the standard four node element formulation
with 2*2 Gauss points. The model of the thin pipe welded by the OPTI-GAP method consists
of 1447 nodes and 1241 elements, and the U-seam model for the same pipe is a little larger with
1663 nodes and 1663 elements. Corresponding numbers for the thick pipe is 2972 nodes and
2728 elements for the OPTI-GAP model and 4393 nodes and 4105 elements for the U-seam
model. In an axi-symmetric analysis there are 2 mechanical and 1 thermal degree of freedom
per node. In figure 7 the final mesh after simulation for both of the thin pipes is shown, and
figure 8 shows the same thing for the thick pipes. The mesh to the left is the U-seam and the one
to the right is the OPTI-GAP.

The convective heat transfer coefficient for the pipe surfaces varied linearly from 5 to 10
W/m2 C between 0 and C. Radiation was also included and the emission factor was
assumed to be 0.5, and the temperature of the surrounding air was C. The heat input was
given in form of a prescribed temperature for the added material during the time it takes for the
weld puddle to pass. This time depends on the estimated length of the puddle and the welding
speed. A reasonable estimation of the puddle length is twice the width of the groove. The
welding speed varies from bead to bead and the different welding speeds used can be found in
[1].

° 1500°
25°
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Figure 7. Final mesh in the welded area for the thin pipes. U-seam to the left and OPTI-GAP 
to the right.

Figure 8. Final mesh in the welded area for the thick pipes. U-seam to the left and OPTI-GAP 
to the right.
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5 Results

One advantage of finite element simulations over measurements is that a complete picture
of the residual stress fields is received. The measurements only provides residual stress values
at discrete points. To be able to verify the simulations, measurements were made at several
points for each pipe. These measurements are compared to the calculated values at the same
points and the graphs from these comparisons can be found in appendix A. Reference [26]
explains more about where and how the measurements were performed.

5.1 Thin walled pipes
Stresses in the axial direction are the main contributors to IGSCC in butt welded pipes. This

is due to the residual stress pattern received from welding, with tensile stresses in the welded
area and compressive stresses a small distance away from the weld. Because of this pattern a
crack opening in the axial direction, thus promoted by tensional hoop stresses, will soon reach
an area with compressive stresses and thereby stop propagating. A crack opening in the hoop
direction, promoted by tensional axial stresses, can propagate around the pipe without reaching
any compressive stresses that stops the propagation. Because of this it is most important to keep
the residual axial stresses as low as possible.

Figures 9 and 10 show fringe plots of the residual axial stress for the pipes welded by the
two different welding procedures. In figure 9 the pipe welded by the U-seam method is shown
and in figure 10 shows the pipe welded by the OPTI-GAP method. In both figures the picture
to the left is an enlargement of the picture to the right. The picture to the right only shows 200
mm of the mid section of the pipe, but the parts of the pipe outside the picture frame are stress
free. The fringe scaling is in Pascal and the same for both of the figures so they are comparable
to each other.

Figure 9. Residual axial stress for the thin pipe welded by the U-seam method. Magnified view 
to the left. Fringe scale is in Pascal, X and Y scale in meters.
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Figure 10. Residual axial stress for the thin pipe welded by the OPTI-GAP method. Magnified 
view to the left. Fringe scale is in Pascal, X and Y scale in meters.

In appendix B the corresponding pictures for the residual hoop stress are found. In these
pictures the fringe scaling is different than in the axial stress pictures above to represent the
hoop stress filed in a better way. All of the hoop stress pictures have the same fringe scaling so
they are comparable to each other.

5.2 Thick walled pipes
Figures 11 and 12 show fringe plots of the residual axial stress for the thick pipes welded

by the two different welding procedures. In figure 11 the pipe welded by the U-seam method is
shown and in figure 12 shows the pipe welded by the OPTI-GAP method. These figures are in
correspondence to figures 9 and 10 for the thin pipes although the X and Y scaling are different
due to the size difference of the pipes. The fringe scaling is the same as for the thin pipes so all
of the axial stress pictures are directly comparable. Appendix B also contains pictures of
residual hoop stress for the thick pipes. The fringe scaling for these pictures are the same as in
the hoop stress pictures of the thin pipes.
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Figure 11. Residual axial stress for the thick pipe welded by the U-seam method. Magnified 
view to the left. Fringe scale is in Pascal, X and Y scale in meters.

Figure 12. Residual axial stress for the thick pipe welded by the OPTI-GAP method. Magnified 
view to the left. Fringe scale is in Pascal, X and Y scale in meters.
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6 Conclusions

In the residual stress fields measured on the outside of the pipes, by the hole drilling
method, no significant difference can be detected between the U-seam and the OPTI-GAP
methods. This, however, is not unexpected since the advantage of the OPTI-GAP method is
believed to be lower tensile residual stresses on the inside of the pipe and close to the weld seam.
These areas are hard to perform hole drilling measurements in without cutting the pipes and
thereby disturbing the residual stress field, and consequently such measurements would be very
costly. The main purpose of the measurements was to verify the finite element simulations. In
appendix A the measured and calculated values are compared, and it is observed that the
measurements and simulations shows reasonable agreement. Hence the simulations can be used
to compare the two welding procedures in the areas of the pipes where the greatest difference is
believed to be.

When comparing the thin pipes welded by the different welding procedures, figure 9 and
10, it is clear that the residual tensile stress is reduced in the sensitive area using OPTI-GAP
instead of U-seam. The sensitive area is mainly on the inside of the pipe near the weld. This
means that the OPTI-GAP method in this case reduces the risk of IGSCC and is in this respect
preferable over the U-seam method. The wall thickness of the thick pipes is about twice the
thickness of the thin pipes. When studying figure 11 and 12 of the thick pipes, the positive effect
of the OPTI-GAP method is not as clear as in the case with the thin pipes. There is a small area
near the root of the weld with raised residual tensile stresses on both of the pipes, and the
stresses are smaller on the pipe welded by the OPTI-GAP method. Even so, the difference is not
large enough to say that the OPTI-GAP method significantly reduces the risk of IGSCC in this
case.

The OPTI-GAP method is, as mentioned before, developed and trademarked by Uddcomb
Engineering AB. The most important advantages of the OPTI-GAP method over a traditional
U-seam is that it reduces the residual tensile stresses in areas subjected to IGSCC but is should
be mentioned that it has other advantages as well. One of the most important is that it takes less
time due to a narrower groove to fill and fewer weld beads. There are methods that uses an even
narrower groove that are believed to reduce the risk of IGSCC even more. These methods have
some drawbacks, like difficulty to reach the bottom of the groove and problems with keeping
up the weld quality.

In continuation of this work it would be interesting to find out up to what thickness the
OPTI-GAP procedure gives a considerable reduction of the residual tensile stresses in the
sensitive area. It would also be possible to use finite element simulations to see if it is possible
to find a welding method that further reduces the risk of IGSCC. It is important to remember
though, that an optimal welding procedure should also be easy to use and keep up the over all
quality of the weld.
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Appendix A

Comparison between measured and simulated results
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Thin pipe welded by the U-seam method

Figure 1. Residual hoop stress

Figure 2. Residual axial stress
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Thin pipe welded by the OPTI-GAP method

Figure 3. Residual hoop stress

Figure 4. Residual axial stress
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Thick pipe welded by the U-seam method

Figure 5. Residual hoop stress

Figure 6. Residual axial stress
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Thick pipe welded by the OPTI-GAP method

Figure 7. Residual hoop stress

Figure 8. Residual axial stress
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Appendix B

Fringe plots of residual hoop stress
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Residual hoop stress for thin pipes

Figure 1. Pipe welded by the U-seam method. Fringe scale is in Pascal, X and Y scale in 
meters.

Figure 2. Pipe welded by the OPTI-GAP method. Fringe scale is in Pascal, X and Y scale 
in meters.
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Residual hoop stress for thick pipes

Figure 3. Pipe welded by the U-seam method. Fringe scale is in Pascal, X and Y scale in 
meters.

Figure 4. Pipe welded by the OPTI-GAP method. Fringe scale is in Pascal, X and Y scale 
in meters.


