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ABSTRACT   

 A further assessment of the IIW numerical and experimental test RSDP Round Robin Initiative, Phase 
1 and Phase 2 is presented. Focus is on the weld process specification, and the importance of use of 
as realistic as possible weld process parameters in the weld simulations. Considerable interpretation is 
often required of the weld designer and of the FE modeller when simulating a weld process. The paper 
demonstrates, on the IIW RSDP round Robin benchmarks, that with interpretation and judgement, 
Computational Welding Mechanics using a variety of models and approaches is possible. Difficulties in 
interpretation could be substantially reduced through the use of industrial methods of specification, 
weld process specifications (WPS). For this reason, the authors recommend that all benchmarks 
follow the standards and definitions used in internationally recognised industrial standards.  

For the Phase 1 benchmark three-pass butt welded pipe case, which was a designed case for weld 
simulations, rotationally symmetric and fully 3D results are presented for temperatures, deformations 
and stresses. These results are compared with IIW benchmark results, and differences caused by 
weld process parameters and material modelling (for the mechanical analysis) are discussed. 

For the Phase 2 benchmark two pass butt welded coupon plate case, experimental results are 
available. The incomplete documentation from the weld experiment compared to realistic WPS is 
discussed. 3D thermal results coupled with generalised plane strain 2D results for temperatures, 
deformations and stresses using correct WPS and realistic material data are presented and compared 
with IIW benchmark results. SFor both Benchmarks the LS-Dyna FE software was used, with a major 
modification being a modified Goldak heat source model. 

 

 
1 INTRODUCTION 
FE-based, thermo-mechanical simulations to determine the temperature and stress fields present 
during welding have been performed for about forty years. The FE-technology and the computer 
capacity (computations and storage) have developed to a state that Computational Welding 
Mechanics CWM is an established and mature process [1] and CWM can be used as reliable tool in 
structural design, for example in optimization and parametric studies, [2]. Recent examples of 
simulating welding with experimental verification are [3, 4]. Areas where improvement may still be 
needed are 1) material modelling in particular at high temperatures and at solid state phase 
transformations 2) accurate modelling of the weld process and possibly 3) geometric modelling of 
complex welds including contacts. 
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The IIW has had a working group RSDP, Residual Stress and Distortion Prediction, that carried out 
two Round Robin Benchmark studies to find the capacity of the present FE software and also 
modelling techniques. The two benchmarks have been presented in IIW Documents but also in [5, 6] 
and [6]. Phase 1, which was a purely numerical exercise, with FE-mesh, material parameters and weld 
process parameters given still showed large variations in the final residual stress field. This variation 
was believed to be caused by the element types used, and also the modelling of the (plastic) 
hardening behaviour (which was not prescribed) [5, 6]. Phase 2 consisted of both a numerical and 
experimental Round Robin test phase. The material parameters and welding process parameters 
were given also here, though not the FE mesh. It was found [7] that the spread in simulated and 
experimentally determined residual stress fields was less than in Phase 1, though differences between 
simulations and experiments are noted. 

Though much of the discrepancies in the simulated stress field observed can be attributed to 
difficulties in material modelling, or in particular, the need for values for material parameters over a 
wide temperature range during cooling after welding, it is also important to model the weld process 
properly to ensure that a correct heat input is delivered, both temporally and spatially, thus giving a 
proper temperature microstructure (phase) history. The difficulty in using the appropriate weld process 
parameters in the welding simulations is believed to also cause difficulties in matching the simulations 
with experiments. This difficulty may be stronger due to the uncertainty often found in welding process 
specifications. Such interpretation could be substantially reduced through the use standard methods of 
specification [8, 9, 10]. For this reason, the authors recommend that all benchmarks follow the 
methods and definitions used in internationally recognised industrial standards.  
 
The second Round Robin benchmark, Phase 2, can be seen as an example on the importance of 
establishing proper weld specifications. In the present paper, the most likely used weld process 
parameters were estimated using a forensic engineering methodology developed by the first author 
[11]. The methodology uses a “fault tracing diagram”, see Figure 1, and a “Systems Engineering” 
toolbox developed, refined and proved to work from a large number of similar industrial investigations 
[12, 13, 14]. 
 
 

 
Figure 1  Fault tracing diagram for quality and functionality related issues 
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1.1 Present investigation 
The IIW Round Robin Benchmarks are reviewed, this time with focus on the welding process 
specification. Both Phase 1 and 2 are simulated using proper weld specification (WPS) data, though 
one should note that Phase1 was designed for numerical simulations only. For Phase 2 the weld 
process is discussed in detail as it was found in [15] that there was information about the weld process 
missing and also some deficiencies in the weld process parameters. 
 
For Phase 1, axi-symmetric and fully 3D thermo-mechanical simulations are presented, and for Phase 
2 2D mechanical simulations based on fully 3D thermal simulations are presented together with some 
preliminary fully 3D simulations. The simulations were performed using the FE-software LS-Dyna [16] 
employing a large displacements and strain formulation, on a HPC workstation, and also on a cluster 
of workstations. 
 
 

2 COMPUTATIONAL WELDING MECHANICS, PHASE 1 AND PHASE 2 ROUND ROBIN 
BEMCHMARKS  

2.1 Heat Source Model 
The default weld heat source in the FE-code used, LS-Dyna, is a “double ellipsoidal weld heat 
source”, commonly denoted the Goldak heat source originally defined [17]. The LS-Dyna version of 
the “Goldak double ellipsoidal weld heat source” can be used for thermo-mechanical staggered 
coupled simulations as well as thermal analyses only. The thermo-mechanical staggered coupled 
approach has been found beneficial as the control of the 3D-movements is handled as a mechanical 
problem and subsequently solved by the mechanical solver free from influences of the thermal solver.  

A novel feature of the LS-Dyna’s Goldak heat source implementation, from a welding engineering 
perspective, is that it is possible to orient the weld torch or electrode in any direction and model the arc 
pressure weld pool surface depression. This makes it possible to include the torch angle value stated 
in the WPS for the production of a specific weld joint as well as the arc pressures of various weld 
processes. The first use of LS-Dyna’s Goldak weld heat source adjustable parameters was recently 
presented [18] and has been adopted here as well. A fairly good description of LS-Dyna’s Goldak weld 
heat source adjustable parameters is given in [19].  

 
2.2 Material Model for CWM 
The CWM-material model developed is intentionally compiled for the Implicit Double Precision MPP 
Solver of LS-Dyna. The CWM-Material model includes two distinctively separated material models 
specifically, a thermal CWM-material model and a mechanical CWM-material model. 
 
 
2.3 Thermal CWM-material model 
The user-defined features of the thermal CWM-material model include: 

 Weld filler material activation at an interval defined by the analyst 

 A thermal conductivity of 150 W/(m°C) between the solidus and liquidus  threshold   
temperatures  

 A thermal conductivity of 300 W/(m°C) above the liquidus threshold temperature. 

 As with the Mechanical CWM-material model, the activation occurs gradually during the time 
takes the thermal energy of the heat source to heat up the quiet weld filler material between its 
solidus and liquidus temperatures. 

 

2.4 Mechanical CWM-material model 
The three user-defined features of the mechanical CWM-material model include: 

 An annealing function 

 Isotropic and/or linear kinematic hardening 

 Weld filler material activation 

 

2.5  Annealing function 
The annealing function gradually releases the back stress tensor       and the effective plastic 

strain     
 
   when the material temperature pass through the anneal temperature interval (lower and 

upper anneal threshold). The annealing function eliminates the prior accumulated hardening history, 
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for example when the material goes from a solid state to a liquidus state or vice versa (or if there is a 
specific solid state phase transformation or recristallisation interval). Here, the user-defined values at 
the upper anneal threshold temperature are: 

 Back stress tensor        set to the value zero [     ] 

 Effective plastic strain      
 
   set to the value zero [    

 
  ] 

 Stresses       d plastic strains, remain unchanged [           
 
  ]  

 
2.6 Hardening formulation 
The material hardening model can employ a mixed hardening with a range from 100% isotropic 
hardening to 100% linear kinematic hardening.  
 
2.7 Weld filler material activation  
The weld filler materials of all weld passes are modelled and participate in the FE-simulation from the 
beginning. The weld filler material has two different mechanical properties: quiet, i.e., inactive, and 
active. Initially, all weld filler material is in the quiet state. It becomes activate as a function of 
temperature [20], in particular, the activation occurs gradually during the time it takes for the thermal 
energy of the heat source to heat the quiet weld filler material between its solidus and liquidus 
temperatures. The solidus and liquidus temperatures of the actual weld filler material should be 
identified by means of its chemical composition in combination with the use of an appropriate phase 
diagram. 
 
 

3 PHASE 1 ROUND ROBIN BENCHMARK, BUTT WELDED PIPE 

3.1 Weld process parameters  
The weld process parameter record of the IIW Round Robin, Phase 1 documentation [21,22] was 
scrutinised [15] in order to identify essential thermal and mechanical properties and boundary 
conditions as well as the fabrication and welding processes used. While the authors understand that 
the three-pass benchmark was, in principle, a paper-based design for 2D FEA, the ultimate purpose of 
a CWM project is to ascertain the results for the actual as-welded structure.  To complete the record, a 
3D analysis will be presented. From the WPS-review is it noted that: 
 

 The tube dimensions are: OD = 380 mm (Outer Diameter) and t = 19 mm (tube wall thickness) 

 The particulars of the weld joint preparation are: double bevel groove = 2 x 30°, 
root face =  3.18 mm , root opening = 3.18 mm, see Figure 2  

 The weld joint has been produced by three passes (also known as runs and beads), see 
Figure 3. 

 A macro picture of the weld joint cross section is not presented 

 The weld process parameters are not presented in accordance with a recognised national 
and/or international standard, giving that essential weld process related data are missing 

 The physical properties of the weld process is described with a mix of Imperial- and SI units 

 The weld process used to produce each weld bead is not stated, giving the CWM-analyst a 
fairly large degree of freedom in the selection of the weld process characteristics as well as 
the weld heat source modelling  

 The weld heat input of the Root pass (1st weld bead) and second pass are fairly low in relation 
to the amount of deposited weld metal, see Table 1 

 The start / stop position of each weld pass is not clearly specified giving a wide range of 
interpretations 
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Figure 2   Weld groove geometry for Phase 1 benchmark  

 
 

Figure 3 shows the three weld passes being used, and Table 1 shows the estimated weld parameters 
used. Based on the findings of the WPS-review it is presumed that girth weld joint has been produced 
by means of the essential weld processes parameters stated in Table 2, [22]. 

 
 

 
Figure 3  Three-pass girth butt weld joint in Phase 1 benchmark 

 
 

 

Table 1 Weld Heat Input Parameters 

Pass No. 
Weld Travel 

Speed [ mm/s ] 
Net Power  
[ W = kJ/s ] 

Weld Heat Input  
[ kJ/mm ] 

Root 4.02 1.6 0.40 

2 3.18 5.3 1.67 

3 3.18 8.0 2.52 

Table 1 Weld heat input parameters, estimated, used for the Phase 1 Benchmark 

Table 2 Essential Weld Processes Parameters 

Pass No. Weld Process Polarity Torch 
Angle 

Welding 
Position 

Consumable 
type 

Weld pool 
surface depression 

Root Mechanized 
Pulsed TIG 

DC- 
[DCEN] 

0° 
PS 
[1G] 

Solid 
Ø 1.0 mm 

0 mm 

2 Mechanized 
MCAW 

DC+ 
[DCEP] 

0° PS 
[1G] 

Metal cored 
Ø 1.0 mm 

2.4 mm 

3 Mechanized 
Pulsed TIG 

DC- 
[DCEN] 

0° 
PS 
[1G] 

Solid 
Ø 1.0 mm 

0 mm 

Table 3   Weld process (estimated) being used for the Phase 1 Benchmark 

3.2 Start/Stop positions to be used at the 3D tube CWM-simulations 
As the start stop positions for each weld pass have not been stated in the documentation it was 
decided that two alternative start positions configurations should be analysed. Each weld pass is 
presumed to be welded in one single weld run all around the tubes circumference as illustrated in 
Figure 4. 
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Figure 4 Potential start / stop positions for the three pass weld. 

 

3.3 Geometry and FE-mesh 
The geometrical modelling and associate meshing for the two benchmark cases were carried out  
using LS-PrePos, [23]. The pipe material as well as the weld filler material were modelled by exploiting 
the symmetry on both sides of the centreline of the weld joint grove.  This reduced the computational 
demand by 50%. The detailed geometry of the girth weld joint model is shown in Figures. 5 and 2,3 
above. 
 
 

 
 
 Figure 5 Global geometry for the girth weld 

 

3.4 Axisymmetric Model 
The axisymmetric model was meshed with a structured mesh utilising LS-Dyna’s axisymmetric 4-node 
solid element with full integration. The mechanical element uses a linear displacement description. 
The thermal element has a linear thermal description. A total of 864 shell elements and 1109 nodes 
were used. A representative illustration of the mesh density and geometry used is shown in Figure 6.  
 
 

 

Figure 6 Axisymmetric model showing mesh density and geometry 
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3.5 3D Model  
The mesh of the 3D model consisted of a structured mesh of 8-node hexahedral selective reduced 
solid elements with a total of 185 544 solid elements and 211 041 nodes. The mechanical element has 
a linear displacement interpolation and the corresponding thermal element is a fully integrated 8-node 
element with linear temperature interpolation. The mesh density and geometry and the external 
representation are shown in Figure 7 below. 
 

 

Figure 7   3D model external mesh density and geometry 

 

3.6 Material properties  
The physical properties of the materials used in the simulations were in accordance with the data 
given in the IIW RSDP Round Robin, Phase 1 documentation. [21], with the exemption of the thermal 
material properties at elevated temperatures (≥ 1430 °C). The material data of the IIW RSDP Round 
Robin, Phase 1 documentation are presented in Appendix I of that document. Key values are repeated 
here for completeness. The (room temperature) yield stress for the base and weld filler material was 
250 MPa, linear kinematic hardening was used for all material, the annealing function had an initiation 
temperature of 800 °C and a completion temperature of 820 °C. 
 
The quiet material (inactive weld passes) were given very low values for the thermal conductivity, 
Young’s modulus and thermal coefficient of expansion.  The initiation and completion temperature was 
set to 1430 °C and 1500 °C respectively. The reference temperature for the coefficient of thermal 
expansion was set to 1500°C. 

 

3.7 3D Thermal FE results 
For benchmarking purposes the temperature results were read at a convenient nodal distance of 12.5 
mm from the weld centre line on the internal surface of the tube. Ideally, a distance of 12.7 mm would 
have been used. Nevertheless, from a weld process experimentalist position, this is similar to the 
challenges associated with practical data acquisition of weld temperature cooling times. A feasible 
solution to the issue is to harpoon down a thermocouple into the weld melt pool and consequently 
measure the temperature in the centre line of the weld bead surface. In the simulations, weld heat 
input data from Table 1 above was used. 

The weld peak temperatures of the three weld passes, see Figure 8, should be compared with the 
weld peak temperatures of the IIW Round Robin, Phase 1 axi-symmetric simulations shown in Figures 
9 [24] and parallel 3D simulations shown in Figure 10 [25].  
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Figure 8 3D FE weld peak temperatures at 12.7 mm from the weld centre line, pipe inner diameter  

 

 

    
Figure 9 Axisymmetric  FE  (IIW Round Robin, Phase 1 ) weld peak temperatures at 12.7 mm from the 

weld centre line, pipe inner diameter, from [24]. 
 
 

 
 

 

 

Figure 10 3D-FEA (IIW Round Robin, Phase 1) weld peak temperatures at 12.7 mm from the 
weld centre line, pipe inner diameter, from [25]. 

 

 

3.8 3D- and Axisymmetric mechanical FE results 

The mechanical results of the 3D FE simulations are benchmarked against the results of the improved 
IIW Phase 1 results, [25].  From the result files of the 3D FE-simulations there are 2 alternative types 
of thermal data acquisitioned from weld pass 1, 2 and 3: 

Temperatures from weld cooling time curves, measured in the centre line of each weld pass’ weld 
pool surface 

Total weld heat flux (3 Dimensional), extracted from a cross section plane of each weld pass 
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T
e
m

p
e
ra

tu
re

 °
C
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For the axisymmetric, coupled thermal and mechanical FE-simulation the weld temperature cooling 
curve was applied as a time dependent thermal load on the cross section area of the actual weld 
bead. For the 3D weld the heat flux was analytically transformed to an axisymmetric weld heat flux 
and subsequently applied as a time dependent thermal flux load on the area of the axisymmetric weld 
bead. The results are referred to as “Line 1/Position 1” and “Line 2/Position 2” in Figure 11. 

 
 

 
 
Figure 11  Line 1/Position 1 and Line 2/Position 2 for results in Phase1 benchmark 
 
 

3.9 Stress results 
The calculated stress results of the 3D and axisymmetric FE, Figure 12 should be compared with 3D 
stress results using the commercial FE-software Morfeo [25], Figure 13 and with the improved 
axisymmetric FE simulations of the IIW Round Robin, Phase 1 results [24] repeated here in Figure 13.  
Note that the 3D stress results were obtained using start / stop positions as shown in Alternative 1 in 
Figure 4 above. For the axi-symmetric case, the results using two different heat input models, section 
3.8 above, are shown. 

 

   
 

Figure 12 Calculated 3D and axisymmetric FE stress results along Line 1/Position 1 and Line 
2/Position 2. For the axisymmetric case two different thermal input was used. 
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Figure 13 Calculated 3D Fe stress results using 1 along Line 1/Position 1 (left side diagram) and Line 
2 /Position 2 (right side diagram), from [25].  
 
 
 

 
 

Figure 14  Stress results from axisymmetric FE simulations from IIW Round Robin Phase 1 along Line 
1/Position 1 (left side diagram) and Line 2 /Position 2 (right side diagram), from [24] 

 
 
In order to evaluate if the results of the axisymmetric simulations are representative, an additional 3D 
FE-simulation of the girth butt weld was carried out with start/stop positions as shown in Figure 4, 
Alternative 2.The hoop stresses were sampled on a number of locations along centre line (Line 
1/Position 1) of the girth butt weld joint for the Start/Stop position Alternative 1 and Alternative 2, see 
Figure 15, 

The calculated circumferential variation of the residual hoop stresses shown in Figure 16 (as sampled 
in the positions A, B, C , and D see Figure 15) for the two alternative start / stop sequences.  
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Figure 15  Start / stop  and sampling positions around the girth weld 
 
 

 
 
Figure 16 Calculated 3D FE hoop stress along Line 1/Position for different circumferential positions 
using start / stop sequence 1, left, and start / stop sequence 2, right. 
 
 
 
3.10 Discussion of Phase 1 results 
It has been difficult to reach the specified weld melt temperature of 1500°C when using the weld heat 
input parameters, Table 1, stated in the IIW Phase 1 [22]. The conceptual idea with CWM is to model 
and replicate the weld process parameters from a Welding Procedure Specification (WPS) based on a 
Welding Procedure Qualification Record (WPQR), in accordance with an internationally accepted 
industry standard. In this instance, the practical solution was the assumption of a solidus line 
temperature at 1430°C. 

A comparison of the peak temperature results of the 3D FE with the results of the IIW Phase 1 Round 
Robin results shows that the 3D simulation has resulted in lower peak temperatures. The 3D FE 
simulation with a movable weld heat source should improve the results. Furthermore the thermal 
material properties at elevated temperatures (≥ 1430 °C) are different as well as the weld heat source 
has been adjusted to replicate the weld pool of a pulsed-TIG weld process. 
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Comparing the stress results of the 3D and Axisymmetric FE with the improved 2D FE simulations of 
the IIW Phase 1 Round Robin results indicates a fairly good agreement with the shape of the stress 
distribution curves. Lower stress values have been obtained and appear to be related to the lower 
weld peak temperatures obtained with a weld pool of a pulsed-TIG weld process. The difference in 
stress magnitude between the present paper and [21] may also be due to use of different hardening 
formulations. 

The stress distribution curve shapes of the 3D and axisymmetric simulations are in good agreement 
with each other but with slightly different values suggesting that there are ways to improve the 
axisymmetric simulation method to obtain weld residual stress results that are more or less the same 
as those of a 3D simulation with a movable Goldak double ellipsoidal weld heat source.  It is believed 
that axisymmetric weld heat source should be improved and/or calibrated. 

For the 3D simulation, the residual hoop stresses have been found fairly equal around the centre line 
of the weld, when start / stop sequence 1 is used, with the exception of the start/stop position. This 
may allow the identification of the smallest advisable diameter to be simulated with an axisymmetric 
model in particular as the proportional start/stop distance of the circumference appears to be a 
function of the weld process parameters used and the pipe diameter and wall thickness. However, 
when different start /stop positions are used, sequence 2 in Figure 4 a somewhat larger 
circumferential variation can be expected, which may give the results that the axi-symmetric 
assumption for the residual stress field might not be so accurate in practical multi-pass applications. 

PHASE 2 ROUND ROBIN BENCHMARK, BUTT WELDED PLATE (COUPON)  
The weld process parameter record of the IIW RSDP Round Robin, Phase 2 documentation [22] has 
been scrutinised and the findings are presented here below. In the case of this particular document 
should it be pointed out and emphasised that the findings mentioned here below are real and of a 
fairly serious nature. 

4.1 Weld joint design review 
The actual weld joint preparation consists of a groove, machined in the surface of a stainless steel 
(316LN-SPH) plate (developed in the nuclear sector) with the dimensions 270 x 200 x 30 mm. The 
plate is supported (vertically) on three points therefore able to deform in three directions (x, y z) as 
shown in Figure 17. 
 
 

  
 
Figure 17 Top view of weld test coupon and stated geometry and dimensions of the weld joint groove 
cross section, from [22].  
 

The machined grove is stated to have the cross section geometry and dimensions as illustrated in 
Figure 17. This sketch with the given geometry is insufficient to properly define the physical model. For 
completeness, the authors had two independent experienced CAD-engineers reproduce the geometry. 
The results, presented in Figure 18 show that the two engineers generated slightly different 
interpretations of the same information. 
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Figure 18 Cross section geometry obtained at drafting up the groove with data from the IIW Round 
Robin, Phase 2 documentation, from [26, 27].  

 

4.2 Macro photography review 
A review of the macro pictures of the weld experiments cross section, Figure 19 below, indicates that 
the root pass’ weld metal area is considerable smaller compared to the second pass. The concave 
surface of the root pass indicates that some sort of weaving technique most likely has been applied. It 
should be noted that the all weld metal in the macro picture consists of weld filler material mixed with 
melted base material. The void space above the root pass in Figure 19 has been approximated by 
analysis software Picture analyses software, [28], to be 17.9 mm

2
.  

 
 

 

 
 
Figure 19 Macro photography of the Root and 2nd pass’ all weld metal area, the red lines indicates the 
border of the machined groove. It is noted that the remaining area of the groove (empty space of the 
top macro picture) is larger than the cross section area of the root pass, from [22]. 

 
 
4.3 WPS Review 
The review of the WPS, Welding Procedure Specification, revealed that the weld process parameters 
used at the experimental welding not has been presented in accordance with a recognised 
international industrial standard in force at the time of publishing the report, [29, 30]. Weld process 
parameters randomly presented are: 

Type of weld process: MIG/GMAW 

Type of welding consumable: ER 316L 

Welding consumable diameter: 1,2 mm 

Preheat temperature: 20°C 

Inter pass temperature: 20°C 

Welding main: 9 V 

Welding Current: 155 A 
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Welding speed: 41 mm/min 

Weld wire feeding speed: 444 mm/min 

The weld process parameters were noted to be remarkable low/odd for the MIG/GMAW process. In 
order to verify that it is possible to produce a MIG/GMAW weld joint with such low parameters, a bead 
on plate welding test was carried out at ESAB weld process centre, Göteborg, Sweden 2010. Three 
identical welding attempts were made in order to produce a weld bead on a plate with following 
parameters: 

Welding Machine – ESAB Aristo MIG 500 

Control unit – ESAB U8 

Welding Consumable – ESAB OK Autrod 16.32 (ER316LSi) 

Shielding gas - 100% Argon 

Weld Polarity - DC+ 

Arc Voltage – 12.5 V 

Arc Current - 121 A 

Wire feed speed – 0.8 m/s 

The weld test results clearly demonstrate that it is not physical possible to produce a MIG/GMAW 
weld, see Figure 20, with the parameters stated in [22]. 

 

 
 

Figure 20  Appearance of the three weld beads produced by parameters stated in [21]. 

The concern was later clarified in [5] where it is stated that the weld process used was TIG/GTAW 
however precise weld process details were missing. The use of TIG/GTAW was finally confirmed after 
intensive literature search, [31, 32] in a photography from the execution of the welding experiment, 
see Figure 21. Note also that there is a weld current return cable clamp attached to the weld test 
specimen (left lower corner) and that a run-on plate is attached to the plate (right hand side). It is not 
clear from the WPS how the run-on plate was attached to the main plates prior to the final welding. 
Nor is information about possible tack welding of the plates available. 
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Figure 21 Photo showing that the Mechanized TIG/GMAW weld process was used, from [32]. 

4.3 Weld process parameters 
From the analyses of Figures 16-21, it is evident that the design of the weld test coupon has 
significantly deviated from the project’s “As Designed” stage to the “As Welded”, Figure 22 below. The 
weld test coupon’s “As Designed” geometry and dimensions are illustrated in Figure 17 above and the 
“As Welded” geometry and dimensions are shown in Figure 22 below. 

 

-

 
 

Figure 22 “As Welded” geometry and dimensions of test coupon for Phase 2 benchmark 

 

By the use of a microscopy picture analyses software [28] the weld pass cross sectional areas were 

determined  

2nd pass cross section area: 17.9mm
2
 @ 20°C 

Root pass cross section area: 11.6 mm
2
 @ 20°C 

Weld joint groove cross section area: 29.5 mm
2
 @ 20°C 
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It should be possible to produce the actual weld joint by the use of Mechanized TIG and an Arc 
Voltage of 9.0 Volt. The arc voltage is a direct related to the distance between the weld melt pool and 
the weld head’s Tungsten. A long distance gives as high arc voltage and a short distance gives a low 
arc voltage. In order to obtain and maintain a stable arc voltage of 9 volt in this specific case will it 
require, a constant distance between the Tungsten and the weld melt pool of about 0,5 – 1,0 mm, [33].  

The constant arc length of 0,5 – 1,0 mm has most likely been maintained by the means of the welding 
machine system’s AVC, Arc Voltage Control function, that by means of sensors and servo-motors 
ensure that the arc voltage is constantly 9,0 Volt. It implies that the weld head will move in a vertical 
(y-direction) sinusoidal wave pattern along the length of the weld (z-direction). 

The weld process parameters used are believed to be in accordance with the data stated in the IIW 
RSPD Document, [22], with the exception of the weld filler material feeding speed at the 2

nd
 pass that 

has been adjusted to fill up flush with the top of the plate. By analysing the right hand side of Figure 21 
it is evident that the weld wire feeding speed has been adjusted on the run-on plate before the welding 
of the 2

nd
 pass commenced. Table 3 shows the weld process parameters used. 

 
 

Table 3  Table 4 Phase 2 - Weld Heat Input Parameters 

Pass No. 
Weld Travel 

Speed [ mm/s ] 

Power  

Efficiency [ - ] 

Net Power  

[ W = J/s ] 

Weld Heat Input  

[ kJ/mm ] 

Root 0.683 0.6 837 1.225 

2 0.6833 0.6 837 1.225 

Table 3  Heat input parameters for Phase 2 benchmark 

Based on the findings of the WPS-review it is presumed that the weld joint has been produced by 
means of the essential weld processes parameters stated in Table 4.  

Table 5 Phase 2 - Essential Weld Processes Parameters 

Pass No. Weld Process Polarity Torch 

Angle 

Welding 

Position 

Consumable 

type 

Weld pool 

surface depression 

Root Mechanized 

Pulsed TIG 

with AVC 

DC- 

[DCEN] 
0° 

PS 

[1G] 

Solid 

Ø 1.2 mm 
0 mm 

2 Mechanized 

Pulsed TIG 

with AVC 

DC- 

[DCEN] 

0° PS 

[1G] 

Solid 

Ø 1.2 mm 

0 mm 

Table 4 Weld process parameters used for Phase 2 benchmark 

 
 
4.5 Remarks on the WPS 
The findings of the review indicate that the preliminary Welding Procedure Specification, has been 
presented in the original IIW document, [22]. The WPS used at the welding experiment are for the time 
being lost but one should be able to reconstruct the weld process parameters used fairly well by the 
use of the data given. 
It is noted that it is not uncommon with quality control deviations at execution of complex related 
projects, requiring interdisciplinary communication between various welding engineering specialist 
groups. A successful method to prevent such incidents is the use of some sort of QC-function, Quality 
Control. QC is of such importance at welding operations that IIW have a working unit, C-V, dedicated 
for this specific topic C-V.  
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4.6 Geometry and FE-mesh 
The test weld coupon and the weld filler material were modelled to resembling the “As Welded” 
geometry and dimensions, Figure 22 above. Two different model/simulation concepts where used in 
order to evaluate the benchmark, a fully 3D model and a 2D / 3D model utilizing 3D thermal results in 
a 2D generalized plane strain mechanical model. Both models were meshed with linear 8-node 
thermal and mechanical elements, using a high element density in the weld region to capture the high 
temperature gradients present. The thermal elements were fully integrated, whereas the mechanical 
elements were selectively integrated.  In total the 3D mesh consisted of 296992 solid elements and 
306299 nodes. The 3D FE-mesh used is shown in Figures 23 and 24. Note the run-on starting plate 
present in the full 3D analysis in Figure 23. Note also that due to the unsymmetric lay-out of the 
welding experiments, Figure 21, symmetry conditions along the weld center line were not employed. 
The run-on plate was assumed to be connected to the main plates through a tack weld at the weld 
center line (top surface). Contact conditions were applied between the run-on plate and the main 
plates at the right end surfaces. 

 

 
 

Figure 23  3D FE-mesh used for Phase 2 benchmark 

 
 

 
Figure 24  Close up of weld region of  3D FE-mesh used for the Phase 2 benchmark  

The 2D FE-model was meshed with linear 4 node thermal and mechanical elements, in both cases 
using full integration. A total number of 1162 plane elements and 1212 nodes were used. Figure 25 
below shows the 2D FE-mesh used.  
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Figure 25 2D FE-mesh used in Phase 2 benchmark 

4.7 Material properties 
The base and weld filler material is specified to be 316LNSPH (plate) and 316L (welding consumable) 
implying that the base- and the weld filler material do not have the same mechanical properties. The 
room temperature yield stress for these materials is 320 MPa and 470 MPa respectively. These values 
should be compared with the data stated in [22], the Benchmark specification, ie the room temperature 
yield stress of 275 MPa, indicating that the presented mechanical values have been compiled from 
some sort of a design value database and/or the minimum acceptable mechanical values according to 
the base material product standard. As it is difficult to trace the material data, in particular the yield 
stress and hardening, the FE-simulations were carried for some different material parameter settings. 
Three different materials were used, 316L(N)-SPH with room temperature yield stress of 275 MPa, 
(used in the IIW Phase 2 Round Robin, [22]), a filler metal with the properties similar to Avesta 316L, 
thus having a room temperature yield stress of 320 MPa, and a filler metal ESAB ER 316L with a room 
temperature yield stress of 470 MPa.  

In the simulations other thermal and mechanical material were taken from IIW Phase 2 Round 
Robin [22]. Hence the Young’s modulus, the Poisson’s ratio and thermal properties were  taken 
from [22]. Moreover, linear kinematic hardening was used, the annealing function had an initiation 
temperature of 1030 °C and a completion temperature of 1100 °C. The quiet material (inactive 
weld pass) was given very low values for the thermal conductivity, Young’s modulus and thermal 
coefficient of expansion.  The initiation and completion temperature was set to 1407 °C and 1430 
°C respectively. The reference temperature for the coefficient of thermal expansion was set to 
1430°C. 

Figure 26 below shows the temperature variation of the yield stress and hardening modulus used for 
the different possible base and filler materials. The temperature variation of the yield stress and the 
plastic hardening modulus for the Avesta 316L and ER 316L were given by the manufacturer [34]. 

 
 

Figure 26  Temperature variation of yield stress (left) and plastic hardening modulus (right) for 

materials used in Phase 2 benchmark 
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4.8 Mechanical FE- results 

Phase 2 mechanical results were evaluated and benchmarked against the neutron diffraction 
measurements of the residual stresses, [22], versus distance from the weld centre line 3 mm below 
the top surface, see Figure 27 below and the calculated through-the-thickness variation at the weld 
centre line of the transverse and longitudinal stresses [5], see Figure 28. 
 

 

Figure 27 Measured residual stress versus distance from the weld centre line 3 mm below the 
surface, from [22]. Longitudinal = zz, transverse = xx and normal = yy. 

 

 

Figure 28 Calculated through-the-thickness residual transverse (Sxx) and longitudinal stress 
(Szz) at the weld centre line (starting from the top surface) from IIW Phase 2 Round Robin, 
results from 6 participating partners, from [5]. 

 
Figure 29a, b c,  shows calculated residual stresses versus transvers distance from the weld 
centre line 3 mm below the top surface using 3D thermal results for a 2D generalized plane strain 
mechanical analysis. The z-direction is along the weld line (longitudinal), the x-direction is 
transverse to the weld line and the y-direction is through the thickness of the plate.  

It is seen from Figures 27 and 29 that using the 316L (N)-SPH properties from [22], see Figure 26 
above, for  both the base metal and the filler material seems to give a good agreement with the 
IIW Benchmark measurements [22] for the longitudinal stress (zz-stress), whereas the transverse 
stress seems to have too low magnitudes. Using the suggested filler metal, with a much higher 
room temperature yield stress, gives higher longitudinal stresses in the weld center not seen in 
the experiments. 
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Figure 29 Calculated residual normal stresses versus distance from the weld center line at the top 
surface of the welded plate using a 3D temperature results in a 2D generalised plane strain analysis. 
Top left, base and weld metal  316L(N)-SPH, top right base metal 316L(N)-SPH weld metal Avesta 
316L, and bottom base metal Avesta 316L and weld metal ESAB ER 316L.   
 
 
Figure 30 shows the calculated through-the-thickness variation of the residual stresses at the weld 
center line using the three different material combinations discussed above, Section 3.7. It is seen, 
again, that use of the 316L(N)-SPH material properties from the IIW Round Robin [22] gives a 
through-the-thickness variation of the transverse stress similar to several of the participating partners, 
showing a S-shaped variation of the transverse stress. The calculated shape of the longitudinal stress 
using the 316L(N)-SPH properties from [22] is also similar to the ones from the participating partners, 
with a pronounced peak some 8 mm below the surface and a roughly constant value of about 200 
MPa the distance below the peak to the lower surface. 
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Figure 30  Calculated residual through-the-thickness variation of residual using a 3D temperature 
results in a 2D generalised plane strain analysis. Top left, base and weld metal  316L(N)-SPH from 
[22], top right base metal 316L(N)-SPH weld metal Avesta 316L, and bottom base metal Avesta 316L 
and weld metal ESAB ER 316L.   
 
Figure 31 shows preliminary full 3D calculated deformations and stresses during the welding of the 
root run. Note the movement of the run-on plate, which is reasonable using the assumptions made, 
but which indicates that it may have been attached in a different way to the plates. More fully 3D 
results will be available later when further uncertainties in the WPS of the Phase 2 benchmark have 
been resolved. 
 
 

 
 
Figure 31  Calculated 3D deformations and longitudinal stresses (z-direction) in run-on plate and plate 
during welding of root pass. Welding electrode position is shown as light bar. 
 
 
5 Conclusions 

 
Phase 1 
When performing FE simulations of an arc weld process for RSDP, Residual Stress and Distortion 
Prediction, it hast been found that: 

The “Goldak double ellipsoidal weld heat source”, with the novel feature of capturing also an tilting 
welding electrode, have been proved feasible and reliable for arc welding simulations of multi pass 
weld joints 

The 3D transient thermo-mechanical FE-simulation methodology used have been proved feasible 
and reliable for arc welding simulations of multi pass weld joints 
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The method of combining 3D transient thermal FEA and Axisymmetric thermo-mechanical FE-
simulations utilising a “Heat Flux based thermal weld load” was shown to be reliable for the case 
of axisymmetric mechanical analysis.  

When modelling multi-pass butt welding of pipes, the assumption of rotational symmetry for the 
residual stresses may not be realistic, as seen in the alternative runs for the Phase 1 pipe 
geometry 

 
Phase 2 

The simulations show that the residual stress in the weld center region will depend on the material 
properties for the base metal and in particular, the weld metal used, or stated in another way: it is 
possible to reduce / controll the weld residual stresses by the selection of base- and weld filler 
material. 

It is important to review the WPS and the base and filler material certificates before the 
simulations commence 

The welding process parameters used in the experimental Round Robin were not those that a 
WPS would have suggested, in particular the weld speed for Phase 2 was low resulting in high 
temperatures in that pass, and a remelting of large parts of the root pass. 
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