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Executive Summary 

The discovery of primary water stress corrosion cracking (PWSCC) of dissimilar metal welds in 
pressurized water reactors has led to significant research and regulatory activities in the U.S.  
Reasonable assurance of the public health and safety must be established in view of the 
existence of an active degradation mechanism in safety-related components.  With this goal in 
mind, a number of nondestructive examination and flaw evaluation rules have been established 
in the American Society of Mechanical Engineers Boiler and Pressure Vessel Code (ASME 
Code).  The ASME Code, in turn, is incorporated by reference into Title 10 of the Code of 
Federal Regulations, Part 50.55a.  These rules establish the steps a nuclear plant owner must 
take to protect the integrity of the reactor coolant pressure boundary.  Some actions a plant 
owner may take require specific review and approval by the Nuclear Regulatory Commission 
(NRC). 
 
One option for managing PWSCC is mitigation.  PWSCC mitigation involves influencing the 
stress, environment, and/or material conditions that lead to degradation.  One example of 
PWSCC mitigation in practice today is the Mechanical Stress Improvement Process (MSIP), 
where a pipe is deformed in a controlled manner in order to induce a favorable stress condition 
at a susceptible location.  This report is concerned with a mitigation technique proposed by the 
Electric Power Research Institute (EPRI) called Excavate and Weld Repair (EWR).  EWR 
involves machining out an outer portion of material in the susceptible weld and refilling the 
resulting cavity with less susceptible material.  The technique could be applied in response to an 
already identified flaw or as a preemptive measure. 
 
In user need request UNR-NRR-2014-003 (ML13326B083), the Office of Nuclear Reactor 
Regulation (NRR) requested assistance with developing a research program to investigate the 
efficacy of the EWR technique (see Task 4.1).  Since that time, ASME proposed Code Case N-
847 to address field application of EWR and Code Case N-770-5 to address nondestructive 
examination frequencies at EWR locations.  NRR, therefore, has a need to make informed 
regulatory decisions about the industry’s proposals regarding EWR.  The purpose of this 
document is to record the research performed in response to this identified need. 
 
EPRI fabricated two flat-plate mockups to approximate a pipe weld and subsequent application 
of EWR.  They initiated a weld residual stress modeling and measurement study to investigate 
the effectiveness of the technique.  NRC independently created a 3D finite element model of the 
flat plate mockup and compared the modeling results with the measurement data.  This 
document discusses the methods used to create the model as well as the results obtained.  
NRC’s model accurately predicted many features of the measured residual stress data, except 
at the inner surface location.  The cause of this difference is attributed to the simplified boundary 
conditions assumed in the NRC model.  EPRI’s model, which more closely matched the real 
boundary conditions of the actual mockup, predicted the measurement data well, including at 
the inner surface.  Overall, this work demonstrated that it is feasible to obtain reasonable 
predictions of the stress state during the EWR process. 
 
The NRC analysis indicated that the hoop stress is more impacted by the EWR process than 
the axial stress.  This conclusion is based upon the flat plate mockup geometry.  The results 
may be different for a real pipe geometry.  Formulating informed judgments about proposed 
examination frequencies, based solely on the mockup alone, was challenging.  Since operating 
conditions must be included along with residual stress effects for studies of component lifetimes, 
it is not technically feasible to infer the behavior of a real component from the mockup.  
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Therefore, this report does not address the technical adequacy of proposed inspection 
frequencies in Code Case N-770-5. 
 
The regulatory outcome of this work will be informing NRR’s judgment about industry proposals 
in Code Cases N-847 and N-770-5.  For example, EPRI’s basis for proposed examination 
frequencies is that the intervals are similar to previously-accepted positions on other PWSCC 
mitigation techniques.  NRR must decide if this is sufficient technical basis in lieu of a flaw 
growth argument, which may require more effort from either NRC or industry.  If NRR decides 
that the technical basis is not sufficient, then specific comments should be provided to the 
industry for resolution.  In regards to stress prediction, this work does provide confidence in the 
finite element technique for this particular application. 
 
This report identifies several options for future work that may further benefit the goals of the 
study.  First, the NRC could improve upon the mockup model by explicitly modeling the 
strongback.  At this time, NRC believes the simplified boundary conditions led to incorrect 
predictions at the inner surface, so this effort would test this belief.  Second, actual pipe 
geometries with EWR should be modeled.  Investigating realistic components would permit 
imposition of operating conditions and, hence, PWSCC flaw growth studies.  The flaw growth 
studies could bolster confidence in N-770-5 inspection intervals.  Finally, flaw growth studies 
can involve more traditional, simplified approaches or more sophisticated finite element 
approaches.  Either approach can provide insight on industry proposals.  However, the finite 
element approach can be more useful for investigating complex growth behavior, such as the 
growth of a crack around the edges of a partial arc EWR.  The use of finite element techniques 
in this manner may require significant development time. 
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1 Introduction and Background 

The discovery of primary water stress corrosion cracking (PWSCC) in reactor coolant pressure 
boundary dissimilar metal welds (DMW) has led to a number of research activities in the nuclear 
power industry.  For instance, revised in-service inspection rules were implemented [1].  The 
Electric Power Research Institute (EPRI) and the U.S. Nuclear Regulatory Commission (NRC) 
initiated development of the probabilistic fracture mechanics code eXtremely Low Probability of 
Rupture (xLPR) to assess pipe rupture probabilities in PWSCC-susceptible components [2]-[3].  
The U.S. nuclear power industry has also proposed various mitigation techniques, designed to 
improve the stress, environmental, and material conditions that lead to PWSCC [4]-[6].  In the 
opinion of the NRC staff, these activities in combination provide reasonable assurance of safety 
of the operating U.S. nuclear power plant fleet. 
 
EPRI has developed the Excavate and Weld Repair (EWR) technique as a potential PWSCC 
mitigation option in the U.S [7]-[9].  This technique involves machining out material from the 
outer surface of the weld and rewelding the cavity with a material that is more resistant to 
PWSCC (see Section 2 for more details).  The reweld creates a more favorable (i.e., less 
tensile) stress condition at the inner surface, and a weld material with higher Cr content is more 
resistant to PWSCC.  In principle, the technique may be applied in response to a discovered 
PWSCC crack or preemptively as a mitigation measure.  The EWR machining process need not 
be applied 360° around the pipe circumference.  The industry is developing implementation 
rules for EWR in American Society of Mechanical Engineers (ASME) draft Code Case N-847.  
Code Case N-770-5 contains industry proposals on nondestructive examination intervals for 
EWR locations.  As a part of the technical basis for this work, EPRI fabricated a flat-plate 
mockup to demonstrate the efficacy of EWR [8].  They have also modeled the mockup with the 
finite element (FE) method [9]. 
 
In the past, NRC and EPRI have conducted research on the prediction of residual stress using 
FE techniques [10]-[12].  In this work, the researchers obtained weld residual stress (WRS) 
measurements on full-scale prototypic nuclear piping welds.  They showed that FE does provide 
reasonable predictions of the measurements, although significant analyst-to-analyst scatter is 
present.  However, this work focused only on 2D axisymmetric models of nuclear piping welds.  
2D models are often considered conservative due to the fact that the heat input for a weld pass 
is applied in a single instant in time around the circumference of the pipe.  Even so, not all 
geometries and fabrication procedures permit a 2D representation.  A partial arc repair process, 
as is possible for EWR, is one example of a repair method where 3D modeling may be needed.  
In response to this apparent need to assess more complicated geometric conditions, NRC’s 
Office of Nuclear Regulatory Research (RES) developed 3D FE capability for predicting WRS. 
 
NRC has a regulatory need to assess the industry’s proposals in Code Cases N-847 and N-770-
5.  As such, RES developed a research program to examine EPRI’s efforts and perform 
confirmatory work.  The purpose of this report is to describe NRC’s independent modeling effort 
to verify the industry’s developmental work on EWR.  The report includes a description of 
EPRI’s mockup, NRC’s modeling techniques, the results obtained by NRC via 3D FE modeling, 
and a comparison between the FE results and the experimental measurements. 
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2 Physical Mockup Description 

As part of the technical basis for EWR, EPRI fabricated a welded flat plate mockup to mimic the 
conditions of a realistic field application of EWR.  EPRI initiated WRS modeling and 
measurement efforts related to this mockup to provide a technical basis for EWR [7]-[9].  This 
Section describes EPRI’s mockup. 

2.1 Mockup Geometry 

The mockup consisted of a SA508 Class 3 low alloy steel (LAS) plate welded to a SA240 Grade 
316/316L stainless steel (SS) plate.  The mockup was fabricated by first applying Alloy 182 
(shielded metal arc welding (SMAW) process) buttering to the SA508 Class 3 low alloy steel 
(LAS) plate, followed by a post weld heat treatment (PWHT) at a temperature of 1175°F for two 
hours.  The edges to be welded were machined and the plates were tacked together for final fit-
up.  Figure 2-1 shows the mockup geometry at this stage, as well as the strong back.  The 
rectangular mockup was welded to the strongback to approximate realistic constraint conditions 
for a DMW in nuclear piping.  The plates were then welded together to complete the dissimilar 
metal weld consisting of the LAS plate, Alloy 182 butter, Alloy 82/182 weld and the 316/316L 
plate.  The Dissimilar Metal Weld (DMW) root pass was manual open root GTAW using Alloy 82 
(ERNiCr-3) weld wire.  The first three layers (passes 2-7) were Alloy 82 filler metal welded using 
GTAW process, and the rest of the weld was Alloy 182 (SMAW). 
 

 
Figure 2-1: Mockup geometry for DMW 

 
The next step in the process was to machine out the excavation on the top surface of the 
mockup.  The geometry for this step is shown in Figure 2-2 and Figure 2-3.  Alloy 52M 
(ERNiCrFe-7A) filler metal was then deposited by welding in the excavated region using the 
GTAW process. 
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Figure 2-2: Mockup geometry for excavation 

 

 
Figure 2-3: Isometric view of excavation 
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2.2 Mockup Welding Details 

Figure 2-4 shows the bead layup drawing for the DMW.  This weld consisted of 77 weld passes 
and approximately 21 layers in the sequence shown.  The root pass used the GTAW welding 
process with an Alloy 82 weld metal.  The first three layers (passes 2-7) were welded with the 
GTAW process using Alloy 82 filler metal.  The rest of the weld utilized the SMAW process with 
Alloy 182 welding electrodes.  Figure 2-5 shows the mockup after the DMW.  Extension plates 
are visible at the ends of the DMW.  These were welded onto the EWR mockup to allow for weld 
pass start and stop points that extended beyond the mockup plates, and were removed once 
the DMW was completed. 
 

 
Figure 2-4: Bead layup drawing 
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Figure 2-5: Photo of completed DMW 

 
Figure 2-6 shows the bead sequence for the weld repair.  The weld repair started with three 
temper bead weld layers.  The first ten or so passes of each temper bead layer climbed up the 
side wall of the excavation on the low alloy steel side.  The remaining seven layers of the weld 
repair began at the low alloy steel side of the excavation, next to the final temper bead layer, 
finishing on the stainless steel side sequentially.  This process led to 227 total passes in ten 
layers.  All welding performed for the weld repair utilized the GTAW process with Alloy 52M 
weld filler metal.  Figure 2-7 shows the excavation being welded and the completed weld repair. 
 

 
Figure 2-6: Weld repair bead layup 
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(a)       (b) 

 
(c)       (d) 

Figure 2-7: (a) and (b) Excavation before and during the weld repair process, (c) and (d) completed 
weld repair before and after machining excess weld material from mockup surface 
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3 Residual Stress Modeling Approach 

This section describes the steps used to model weld residual stresses in the EWR mockup 
created by EPRI for the purposes of benchmarking and validating model predictions, as well as 
investigating the effectiveness of the EWR process as a mitigation technique. 

3.1 Model Geometry and Mesh 

This section describes the general modeling approach, the simplifying assumptions used in the 
model, and the resulting mesh. 

3.1.1 General Description 

The EWR model was created in ABAQUS’ Computer Assisted Engineering (CAE) interface.  
The two 2-inch thick plates to be welded were modeled in 3 dimensions, as well as the Alloy 
182 butter, the dissimilar metal weld, the excavation, and the excavation weld repair.  The 
dimensions of the welded mockup were 17.00 inches long by 7.12 inches wide, by 2.00 inches 
thick, as shown in Figure 2-2.  The planar dimensions of the 1 inch deep excavation were 3.79 
inches by 13 inches at the surface of the plate, and 2.79 inches by 11.27 inches at the bottom of 
the excavation. 
 
To model the excavation and change of material when re-welding the excavation, two sets of 
elements were created in the excavation region. The first set of elements (containing three 
materials: SA508, Alloy 82/182, and SS-316) was present during the dissimilar metal weld 
modeling and was then removed to simulate the excavation.  The second set of elements (all 
consisting of Alloy 52M weld metal) was added after the excavation was performed, to model 
the re-welding of the excavated region.  Additional details are provided in Section 3.3. 

3.1.2 Modeling Simplifications 

In order to reduce both the model development time and the computational time, several 
modeling simplifications were used. 
 
First, the strongback that was present in the real-life physical mockup was not modeled.  
Instead, the strongback was represented by a fixed rigid surface in contact with the EWR 
mockup bottom face.  Further, the tack weld between the EWR mockup and the rigid strongback 
was simulated by a nodal encastre condition along the tack-welded edges of the EWR mockup, 
to prevent any motion of the EWR mockup. 
 
Second, the excavation in the real-life mockup had rounded corners to ensure weld full 
penetration and complete fusion in the corner regions.  In contrast, the excavation corners were 
represented by sharp ‘square’ corners, as shown in Figure 2-2 and Figure 3-7. 
 
Third, butter weld passes were not explicitly modeled in this effort: the butter layer was simply 
created as being initially present in the model, and consisting of a layer of Alloy182 material with 
the shape of the final butter prior to the DM weld.  It is believed that the WRS resulting from the 
creation of the butter followed by the PWHT are small compared to the stresses that develop 
during the DMW and EWR processes, and would further be annealed in the regions of interest 
due to the heating as a result of the DMW and EWR.  Consequently, not explicitly modeling the 
buttering process is deemed of little impact for this particular modeling effort. 
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Finally, to simplify the meshing process for the FEA model, the weld passes that overlapped 
between the DM weld and the excavation repair weld were modeled using the same weld pass 
cross-section.  This can be seen when comparing Figure 3-2 with Figure 3-3, where weld 
passes 18 through 31 in the DMW overlap exactly with weld passes 8-11, 20-23, 28-31, 36-39, 
and 44-47 in the EWR. 

3.1.3 3D Model Mesh 

The EWR mockup mesh is shown in Figure 3-1, where the DM weld passes and the EWR 
passes are highlighted successively.  The same mesh was used to simulate the entire EWR 
process using successive restart analyses: DM weld, excavation, and EWR weld.  The mesh 
was composed of 138,156 nodes and 163,943 elements.  32,900 of these elements were so-
called ‘duplicate elements’, which was required to model the excavated regions that were 
initially made of either LAS, alloy 182, or SS, and were later replaced by Alloy 52M once the 
excavation weld repair was performed. 
 

 
(a)       (b) 

Figure 3-1: Mockup mesh showing weld passes for (a) the DMW and (b) the EWR 

 
To model the presence of the rigid strongback to which the mockup was welded, a rigid 
analytical surface with the same shape as the strongback was created and put in contact with 
the bottom face of the mockup for the structural portion of the analysis.  More details are 
provided in Section 3.3.3. 
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3.2 Thermal Analysis 

This section describes the software and sequence used for the thermal analysis of the welding 
processes, and the results of the thermal analysis. 

3.2.1 VFT and CTSP 

The thermal portion of the analysis, aimed at producing temperature time histories for each weld 
pass being modeled, was performed using the Virtual Fabrication Technology (VFT) graphical 
user interface.  VFT is used to drive the Comprehensive Thermal Solution Package (CTSP) 
solver for modeling weld processes, and VFT/CTSP is an analytical package for weld heat flow 
analysis.  The temperature solution is explicit, hence accuracy does not depend on the mesh 
used, the solution is obtained roughly an order of magnitude faster than with finite element 
methods, and the input and analysis procedures are greatly simplified.  VFT/CTSP can handle 
fillet, lap and butt joints, multi-pass welds and non-linear welds not traditionally calculated using 
analytical solutions.  In addition, VFT/CTSP can handle complex structures not traditionally 
handled in analytical solutions, and automatically traces weld path. 
 
Mathematical details of development of the equations are documented in [13].  Derivation of the 
solution assumes that material properties are constant with temperature.  The first step of the 
derivation involves solving the heat transfer equation in Cartesian coordinates, assuming an 
infinite workpiece.  Other steps in the theory development include: 
 

 imposing moving heat source reflections to maintain proper thermal boundary conditions 
for a finite plate, 

 assuming adiabatic thermal boundary conditions (i.e., heat loss from the surface is 
negligible compared to conduction through the part), 

 imposing an imaginary heat source and sink to derive transient cooling solutions, 

 approximating curved weld paths with a finite number of linear segments, and 

 summing the solutions from multiple weld passes 
 
The VFT/CTSP solution can be transformed into an output database that can be read by 
ABAQUS and is used to impose the nodal temperatures over time during the structural analysis 
of the welding process.  The material deposition is managed via a user material subroutine for 
ABAQUS and virtual element detection.  That is, the thermal and mechanical properties of the 
materials being welded are initially set to very small negligible values.  Once the temperature of 
the element representing the material being deposited by welding reaches the fusion 
temperature of the material, the thermal and mechanical properties take their material-
dependent values and follow the thermal and mechanical property laws for the material in 
question. 
 
VFT/CTSP has been benchmarked against temperature and distortion measurements, and is 
used widely in the US and UK.  Users include Caterpillar World Wide Business Units, Battelle, 
EMC2 (Maintains VFT), General Dynamics Electric Boat (Submarine Builder), Knolls Atomic 
Power Laboratory (KAPL), The Welding Institute (UK), Rolls Royce (UK), Northrop Grumman 
Newport News (Aircraft Carriers), B&W, and the NRC. 
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3.2.2 Weld Pass Definitions and Sequence 

3.2.2.1 Dissimilar Metal Weld (DMW) 

As described in Section 2.2, the DMW consisted of 77 weld passes and approximately 21 
layers.  The weld passes and sequence were lumped for the FE model into 31 passes, as 
shown in Figure 3-2.  The sequence was created to capture the actual weld sequence as 
accurately as possible given the lumped weld pass configuration. 
 
The voltage and current applied for the weld passes were chosen to be constant at 25 Volts and 
120 Amps, with a torch speed of 3.4 mm/s.  These parameters were chosen to approximate the 
actual DMW welding parameters used in the physical mockup, where the current was between 
86 and 155 Amps, and the voltage applied was between 14.1 and 25.35 Volts, depending on 
the weld pass.  After an initial thermal analysis, the heat input for each weld pass was adjusted 
to ensure that a proper melt zone was achieved.  That is, the heat input was adjusted to ensure 
that the entire cross section of each weld pass was melted as it was being deposited, and that 
the melt zone extended into the first layer of elements beyond the weld pass being deposited. 
 

 
Figure 3-2: Weld pass modeling and weld pass sequence for the DMW 

 

3.2.2.2 Excavation Weld Repair (EWR) 

As described in Section 2.2, the EWR consisted of 227 weld passes in 10 layers.  The weld 
passes and sequence were lumped for the FE model into 50 passes of roughly equal cross 
section, as shown in Figure 3-3.  As for the DMW, the sequence was created to capture the 
actual weld sequence as accurately as possible given the lumped weld pass configuration. 
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The voltage and current applied for the weld passes were chosen to be constant at 10 Volts and 
185 Amps, with a torch speed of 1.7 mm/s.  These parameters were chosen to approximate the 
actual EWR welding parameters used in the physical mockup, where the primary arc current 
was 185 Amps, and the voltage applied was between 9.2 and 10.5 Volts, depending on the weld 
pass.  As for the DMW model, after an initial thermal analysis, the heat input for each weld pass 
was adjusted to ensure that a proper melt zone was achieved.  That is, the heat input was 
adjusted to ensure that the entire cross section of each weld pass was melted as it was being 
deposited, and that the melt zone extended into the first layer of elements beyond the weld pass 
being deposited. 
 

 
Figure 3-3: Weld pass modeling and weld pass sequence for the EWR 

 

3.2.3 Results 

As described in Section 3.2.2, the heat input for each weld pass was adjusted in a recursive 
manner to ensure that for each weld pass, the entire weld pass cross section was melted as it 
was being deposited, and that the melt zone extended into the first layer of elements beyond the 
weld pass being deposited, but not too far into the adjacent material.  Figure 3-4 and Figure 3-5 
show the extent of the melt zones for the DMW and the EWR welds, respectively.  It can be 
seen that the entire weld regions achieve melting, as desired, and that the melt zone extends on 
average 1 or 2 elements beyond the weld passes, which is also acceptable.  The only exception 
to this statement is near the start of each weld pass, where melting is only fully achieved in the 
second element along the weld path.  This artifact is due to the fact that the torch is modeled as 
already moving when the weld begins, thus the first element in the weld path receives slightly 
less heat than subsequent elements in the weld pass.  Conversely, the melt zone extends 
slightly beyond the weld path at the end of the weld pass, as can be observed in Figure 3-5. 
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Figure 3-4: Predicted melt zone for the DMW passes (all red elements constitute the melt zone) 

 

 
Figure 3-5 Predicted melt zone for the EWR passes (all red elements constitute the melt zone) 

 
Figure 3-6 shows the moving weld heat as the torch progresses through the weld path for the 
same location in the DMW and in the EWR, (a) and (b), respectively.  Because the DMW weld 
speed is double that of the EWR, the temperature affected volume for the DMW is longer and 
narrower than for the EWR. 
 

 
(a)       (b) 

Figure 3-6: Temperature map (melt zone in red)) for a weld pass in (a) the DMW and (b) the EWR 
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3.3 Structural Analysis 

Following the thermal analysis performed with VFT/CTSP, as described in 3.2, the structural 
analysis of the welding processes was performed with ABAQUS Standard.  This section 
describes the process used for the structural analysis. 

3.3.1 Modeling Sequence 

The mesh used for the structural portion of the EWR modeling was described in Section 3.1.  
One important characteristic of this model is that when the excavation is re-welded during the 
EWR process, the materials initially present in the excavation region are replaced by a different 
material (Alloy52M in this case).  To be able to model this feature, two layers of superimposed 
elements had to be created in the excavation region.  The first layer consists of elements that 
are made of the materials initially present in the mockup, once the DMW is complete: LAS, Alloy 
82/182, and SS.  The second layer consists of elements made of Alloy 52M, and are referred to 
as ‘duplicate’ elements. 
 

 
(a)      (b) 

 
(c)      (d) 

Figure 3-7: (a) Mockup model prior to modeling the DMW, (b) mockup model with completed DMW, 
(c) mockup model post-DMW showing the excavation region, and (d) final model after completed 

EWR.  Different colors indicate different materials: green is LAS, red is alloy 182, blue is S316, and 
gold is Alloy 52M. 

 
The first step in the analysis was to remove the Alloy 52M duplicate elements to ensure that 
they did not participate in the structural solution while the DMW was simulated.  The subsequent 
steps are illustrated in Figure 3-7.  The DM weld was simulated by applying the temperatures 
calculated by VFT/CTSP during the DMW thermal analysis to the structural model mesh in 
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ABAQUS, and using the Standard solver.  Following the completion of the DM weld, the 
excavation elements were removed (Figure 3-7(c)), and the duplicate elements were added 
back into the model mesh.  Finally, the EWR process was simulated by once again applying the 
temperatures calculated by VFT/CTSP during the EWR thermal analysis to the structural model 
mesh in ABAQUS, and using the Standard solver to obtain the structural response of the mesh. 
 
It is important to note that due to a user material subroutine that uses the Virtual Element 
Detection (VED) method, it was not necessary to subdivide each weld pass into small weld 
‘nuggets’, as is commonly done for such analyses.  Instead, all the elements that are to be 
welded are present in the model during the entire analysis, but their properties are essentially 
voided such that the elements do not participate in the structural solution until their temperature 
has reached the melting temperature of the material that composes them, at which point they 
become active and begin to participate in the structural response of the mesh. 
 
The results of the structural analysis are provided in Section 4, which describes the weld 
residual stresses calculated after the DMW and after the EWR, as well as comparisons with 
experimental measurements. 
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3.3.2 Material Models 

Figure 3-8 shows the stress-strain curves that were used as input for the isotropic hardening 
mechanical behavior law of the materials modeled.  Table 3-1, Table 3-2, Table 3-3, and Table 
3-4 show the tabulated data for the LAS, SS-316, Inconel-82/182, and Inconel-52, respectively.  
In addition, Table 3-5 shows the elastic and thermal expansion properties of all 4 materials in 
the model.  The same properties were assumed for Inconel-82 and Inconel-182, as well as for 
Inconel-52 (ERNiCrFe-7) and Inconel-52M (ERNiCrFe-7A).  It was also assumed that SA508 
Class 3 (used it the actual mockup) had the same properties as SA508 Class 2 (used in the 
model), which is consistent with Table 2 of ASME BPVC.II.A-2015, part SA-508/SA-508M [14]. 
 

 
(a)       (b) 

 
(c)       (d) 

Figure 3-8: (a) through (d) respectively: stress-strain curves used to define mechanical behavior 
laws for low alloy steel SA508, stainless steel S316, inconel 82/182, and Inconel 52/52M.  For each 

material, the different curves represent the mechanical behavior at different temperatures in 
degree Celsius. 
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Table 3-1: Isotropic hardening data used to represent the constitutive law of LAS-SA508. 

Temperature (°C) Strain (m/m) Stress (MPa) 

20 

0.000E+00 375.9 

3.940E-04 415.5 

3.473E-03 416.9 

4.992E-02 575.7 

1.013E-01 644.9 

315.6 

0.000E+00 301.9 

1.102E-03 353.2 

8.943E-03 417.5 

5.012E-02 549.4 

1.043E-01 600.8 

537.8 

0.000E+00 203.7 

1.211E-03 288.8 

6.994E-03 331.4 

2.745E-02 370.1 

9.962E-02 391.1 

760 

0.000E+00 67.4 

1.346E-03 90.5 

6.458E-03 103.4 

5.048E-02 117.4 

1.011E-01 122.7 

982.2 

0.000E+00 19.2 

4.686E-03 26.7 

1.373E-02 31.6 

5.067E-02 40.2 

1.014E-01 48.1 

1500 

0.000E+00 3 

1.000E-02 3.3 

1.000E-01 4 
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Table 3-2: Isotropic hardening data used to represent the constitutive law of SS-316. 

Temperature (°C) Strain (m/m) Stress (MPa) Temperature (°C) Strain (m/m) Stress (MPa) 

20 

0.000E+00 262 

704.4 

0 137.9 

5.000E-02 344.7 0.05 193.1 

1.000E-01 430 0.1 252.6 

2.500E-01 574.3 0.25 344.7 

148.9 

0.000E+00 206.8 

815.6 

0 117.2 

0.05 289.6 0.05 144.8 

0.1 379 0.1 172.4 

0.25 517.1 0.25 193.1 

287.8 

0 161.3 

900 

0 97.2 

0.0508 258.6 0.01 102.6 

0.1135 368.9 0.1 111.8 

0.2493 503.3 0.25 117.2 

371.1 

0 158.6 

1000 

0 58.3 

0.0508 255.1 0.01 61.3 

0.1135 365.4 0.1 64.8 

0.2493 496.4 

1100 

0 26 

482.2 

0 151.7 0.01 27 

0.05 237.9 0.1 29 

0.1 324.1 

1398.9 

0 3 

0.25 482.6 0.01 3.3 

593.3 

0 141.3 0.1 4 

0.05 220.6 

0.1 310.3 

0.25 455.1 
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Table 3-3: Isotropic hardening data used to represent the constitutive law of Inconel 82/182. 

Temperature (°C) Strain (m/m) Stress (MPa) 

20 0.000E+00 265.5 

3.000E-03 311 

4.800E-02 389.6 

9.800E-02 476.4 

1.980E-01 653.6 

315.6 0.000E+00 206.8 

4.000E-03 260.6 

5.000E-02 340.6 

9.900E-02 424 

1.980E-01 581.2 

537.8 0.000E+00 183.4 

5.000E-03 228.9 

5.000E-02 324.7 

1.000E-01 404 

1.990E-01 540.6 

760 0.000E+00 177.2 

6.000E-03 214.4 

5.100E-02 310.3 

1.000E-01 350.9 

1.990E-01 359.2 

982.2 0.000E+00 83.4 

2.000E-03 108.2 

5.000E-02 108.9 

9.900E-02 109.6 

1.990E-01 109.6 

1093.3 0.000E+00 25.5 

1.000E-02 26.9 

1.000E-01 29 

1500 0.000E+00 2.8 

1.000E-02 3.4 

1.000E-01 4.1 
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Table 3-4: Isotropic hardening data used to represent the constitutive law of Inconel 52. 

Temp. 
(°C) 

Strain 
(m/m) 

Stress 
(MPa) 

Temp. 
(°C) 

Strain 
(m/m) 

Stress 
(MPa) 

Temp. 
(°C) 

Strain 
(m/m) 

Stress 
(MPa) 

20 

0.000E+00 241.3 

538 

0.000E+00 179.3 

816 

0.000E+00 137.9 

2.100E-04 262 7.000E-04 193.1 7.000E-04 172.4 

3.700E-04 275.8 1.100E-03 206.8 4.000E-03 186.2 

6.400E-04 289.6 1.700E-03 220.6 1.430E-02 200 

1.140E-03 303.4 3.700E-03 234.4 3.410E-02 210.3 

1.970E-03 317.2 2.080E-02 275.8 5.010E-02 217.2 

3.470E-03 331 4.920E-02 310.3 7.470E-02 227.6 

6.260E-03 344.7 8.260E-02 344.7 1.000E-01 241.4 

1.068E-02 358.5 1.263E-01 379.2 1.125E-01 248.3 

1.672E-02 372.3 1.786E-01 413.7 1.500E-01 262 

2.386E-02 386.1 2.076E-01 427.5 2.000E-01 282.7 

3.191E-02 399.9 2.301E-01 437.8 3.000E-01 317.2 

4.060E-02 413.7 2.607E-01 448.2 

982 

0.000E+00 42.6 

6.464E-02 448.2 2.800E-01 453.7 1.800E-04 43.8 

9.171E-02 482.6 

704 

0.000E+00 158.6 2.900E-04 59.8 

1.228E-01 518.5 1.200E-03 193.1 4.200E-04 73.7 

1.599E-01 553 2.400E-03 206.8 5.800E-04 84.8 

2.109E-01 587.4 5.500E-03 220.6 7.200E-04 91.7 

2.891E-01 620 1.210E-02 234.4 9.100E-04 98.2 

315 

0.000E+00 196.5 1.910E-02 248.2 1.070E-03 102.1 

3.000E-04 206.8 4.070E-02 275.8 1.250E-03 105.6 

9.000E-04 220.6 7.510E-02 310.3 1.470E-03 108.4 

2.000E-03 234.4 1.140E-01 344.7 1.960E-03 112 

4.400E-03 248.2 1.550E-01 365.4 2.480E-03 113.7 

9.200E-03 262 2.000E-01 379.2 3.410E-03 114.6 

1.570E-02 275.8 2.300E-01 382.7 4.440E-03 114.8 

2.440E-02 289.6 

 

2.000E-01 114.8 

3.900E-02 310.3 

1500 

0.000E+00 5 

6.900E-02 344.7 1.000E-02 5.5 

1.030E-01 379.2 1.000E-01 6 

1.446E-01 413.7 

2.000E-01 448.2 

2.600E-01 474.4 

3.231E-01 484 
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Table 3-5: Elastic and thermal expansion properties for the four materials used in the EWR model. 

Material Temperature (°C) Young's Modulus (GPa) Poisson's Ratio 
Thermal Expansion 

Coefficient (m/m/°C) 

LAS 
SA508 

20 212.26 0.3 1.381E-05 

315.6 198.62 0.3 1.381E-05 

537.8 176.74 0.3 1.499E-05 

760 100.25 0.3 1.550E-05 

982.2 70.62 0.3 1.600E-05 

1500 1.4 0.3 1.600E-05 

S316 

23.9 195.81 0.294 1.456E-05 

148.9 189.61 0.294 1.579E-05 

287.8 178.92 0.294 1.679E-05 

371.1 171.68 0.294 1.723E-05 

482.2 162.03 0.294 1.771E-05 

593.3 153.06 0.294 1.818E-05 

704.4 143.55 0.294 1.836E-05 

815.6 131.69 0.294 1.872E-05 

900 116.52 0.294 1.908E-05 

1000 99.97 0.294 1.926E-05 

1100 99.97 0.294 1.962E-05 

1400 1.4 0.294 2.016E-05 

INCO-
82/182 

22.2 213.75 0.3 1.242E-05 

315.6 197.89 0.3 1.408E-05 

537.8 182.03 0.3 1.510E-05 

760 168 0.3 1.590E-05 

982.2 143 0.3 1.620E-05 

1093.3 115 0.3 1.700E-05 

1371.1 1.38 0.3 1.780E-05 

INCO-52 

22.2 156.34 0.3 1.170E-05 

315.6 138.05 0.3 1.339E-05 

537.8 124.67 0.3 1.404E-05 

760 123.37 0.3 1.512E-05 

982.2 92.05 0.3 1.620E-05 

1093.3 68.95 0.3 1.656E-05 

1371.1 1.38 0.3 1.656E-05 

 

3.3.3 Boundary conditions 

The actual physical mockup consists of two half-plates welded onto a strongback.  The 
strongback was reinforced by 2-inch-thick plates of carbon steel to increase its rigidity, and was 
thus assumed to be infinitely rigid compared to the actual mockup plates being welded.  As a 
result, the strongback was modeled using an analytical rigid surface whose reference point was 
given an encastre boundary condition, effectively preventing any movement of the entire rigid 
surface.  The shape of the analytical rigid strongback surface was the same as that of the actual 
strongback in the region below the mockup, including a recessed area below the root pass of 
the DMW, as is clearly visible in Figure 3-9. 
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The mockup was placed in contact with the strongback analytical rigid surface.  The contact was 
defined as a hard contact with a friction coefficient of zero.  In addition, the edges of the mockup 
that are welded to the strongback in the actual physical mockup were given an encastre 
boundary condition, as shown in red in Figure 3-9. 
 

 
Figure 3-9: Representation of model boundary conditions (mockup in green, and rigid surface in 

semi-transparent gray) 
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4 Weld Residual Stress Results 

This section presents weld residual stress results from the simulation of the dissimilar weld and 
of the excavation weld repair.  In addition, comparisons between the WRS after the EWR and 
experimental contour measurements performed on physical mockups are presented and 
discussed. 

4.1 Generalities for Data Extraction and Interpretation 

In order to standardize data extraction for comparison purposes, 12 cut planes and 19 paths 
were defined through the model mesh.  Figure 4-1(b) shows the cut planes and one of the paths 
(LX3Z3).  Contour data is shown and discussed in Sections 4.2 and 4.3, while extracted path 
data is shown in Section 4.4.  Section 4.5 discusses the experimental measurements. 
 
The nomenclature for the planes is as follows: 
P   X/Z       # 
“Plane”  Plane normal direction  Plane number in increasing X or Z location 
 
The nomenclature for the paths is as follows: 
 L    Xi     Zj 
“Linear” intersection of…  Plane Xi  and  Plane Zj 
 
Table 4-1 and Table 4-2 provide the exact locations of the cut planes and linear through-
thickness paths within the mockup model, respectively.  Additionally, to facilitate comparisons 
across the entire report, a single stress contour scale was used throughout the report, ranging 
from -200 MPa to +400 MPa, as shown in Figure 4-1(a). 
 

 
                 (a)                                                                         (b) 
Figure 4-1: (a) Legend for all stress contour plots; (b) cut plane and linear path nomenclature used 

to extract results from the EWR model 

 



 

23 
 

Table 4-1: List of mockup model cut planes for results extraction 

Plane Normal Direction Location (mm) 

PX1 X X=42.218 

PX2 X X=56.9557 

PX3 X X=88.9 

PX4 X X=121.606 

PX5 X X=135.509 

PZ0 Z Z=25.40 

PZ1 Z Z=50.80 

PZ2 Z Z=95.25 

PZ3 Z Z=215.90 

PZ4 Z Z=336.55 

PZ5 Z Z=381.00 

PZ6 Z Z=406.40 
 

Table 4-2: List of mockup model through-thickness linear paths for results extraction 

Path 
Location Planes whose intersection 

forms path X(mm) Z(mm) 

LX1Z1 42.218 50.80 X1 Z1 

LX1Z3 42.218 215.90 X1 Z3 

LX1Z5 42.218 381.00 X1 Z5 

LX2Z2 56.9557 95.25 X2 Z2 

LX2Z3 56.9557 215.90 X2 Z3 

LX2Z4 56.9557 336.55 X2 Z4 

LX3Z0 88.9 25.40 X3 Z0 

LX3Z1 88.9 50.80 X3 Z1 

LX3Z2 88.9 95.25 X3 Z2 

LX3Z3 88.9 215.90 X3 Z3 

LX3Z4 88.9 336.55 X3 Z4 

LX3Z5 88.9 381.00 X3 Z5 

LX3Z6 88.9 406.40 X3 Z6 

LX4Z2 121.606 95.25 X4 Z2 

LX4Z3 121.606 215.90 X4 Z3 

LX4Z4 121.606 336.55 X4 Z4 

LX5Z1 135.509 50.80 X5 Z1 

LX5Z3 135.509 215.90 X5 Z3 

LX5Z5 135.509 381.00 X5 Z5 
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4.2 Dissimilar Metal Weld (DMW) Residual Stress Maps 

Figure 4-2 shows the weld residual stress in the X-direction as a result of the DM weld.  This is 
the direction normal to the weld centerline plane, and is analog to the axial stress component if 
the mockup were a pipe instead of a plate.  Axial tensile stresses are generally present in the 
top half of the welded mockup, while generally compressive axial stresses are present in the 
lower half of the mockup plate.  However, a region of axial tensile stress does exist on the 
bottom face of the mockup (i.e. the inner wall if this were a pipe) on both sides of the root of the 
DM weld.  The highest axial stresses are experienced on the top surface of the mockup (i.e. the 
OD if this were a pipe), on both sides of the DM weld, as well as immediately below the last 
weld pass.  The oscillations in the stress field in the lower half of the DMW corresponds to 
successive weld pass layers, and are characteristic of model predictions using isotropic 
hardening behavior laws. 
 

 
Figure 4-2: Stress in the X-direction (i.e. ‘axial’ stress) after completion of the DMW and prior to 

excavation: (a) isometric cut view of the whole model, (b) cut on plane PZ3, (c) cut on plane PX3, 
and (d) bottom face of the mockup. 

 
Figure 4-3 shows the weld residual stress in the Z-direction as a result of the DM weld.  This is 
the direction parallel to the weld paths, and is analog to the circumferential or hoop stress 
component if the mockup were a pipe instead of a plate.  Hoop tensile stresses are generally 
concentrated in and around the DM weld, and generally increase from the bottom to the top of 
the mockup (i.e. from the ID to the OD if this were a pipe).  If ignoring the edge effects on all 4 
edges of the mockup, low hoop tensile stresses (0-50 MPa) exist on the bottom of the mockup 
immediately below the root pass, and slightly higher hoop tensile stresses (50-100 MPa) exist 
approximately 10 mm to 15 mm away from the root pass on both sides.  As was the case for the 
stresses in the X-direction, some oscillations in the stress field in the DMW can be observed, 
and correspond to the successive weld pass layers.  This is a characteristic of isotropic 
hardening material models. 
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Figure 4-3: Stress in the Z-direction (i.e. ‘hoop’ stress) after completion of the DMW and prior to 
excavation: (a) isometric cut view of the whole model, (b) cut on plane PZ3, (c) cut on plane PX3, 

and (d) bottom face of the mockup. 
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4.3 Excavation Weld Repair (EWR) Residual Stress Maps 

Figure 4-4 shows the weld residual stress in the X-direction as a result of the EWR process, 
analog to the axial stress if the mockup were a pipe instead of a plate.  Axial tensile stresses are 
generally present in the top third of the welded mockup, while generally compressive axial 
stresses are present in the lower two thirds of the mockup plate.  A region of axial tensile stress 
also exists on the bottom face of the mockup (i.e. the inner wall if this were a pipe) in the LAS 
material immediately in contact with the butter.  The highest axial stresses are experienced on 
the top surface of the mockup (i.e. the OD if this were a pipe) in the entire EWR region, except 
the very last weld pass, where the axial tensile stresses are concentrated immediately below the 
last weld pass. 
 
When comparing Figure 4-4 with Figure 4-2, the EWR resulted in more compressive axial 
stresses in the lower half of the mockup, and more tensile axial stresses in the top half of the 
mockup. Axial stresses increased by about 50 MPa on much of the lower surface of the 
mockup.  In particular, axial stresses increased to above 150 MPa near the ends of the 
excavation, where the EWR weld passes start and end. 

 
Figure 4-4: Stress in the X-direction (i.e. ‘axial’ stress) after completion of the EWR: (a) isometric 

cut view of the whole model, (b) cut on plane PZ3, (c) cut on plane PX3, and (d) bottom face of the 
mockup. 

 
Figure 4-5 shows the weld residual stress in the Z-direction as a result of the EWR process, 
analog to the hoop stress if the mockup were a pipe instead of a plate.  Hoop tensile stresses 
are generally present in the top half of the welded mockup in and around the excavation region, 
while generally compressive hoop stresses are present in the lower half of the mockup plate 
and away from the excavation.  The highest hoop tensile stresses are experienced within the 
center of the EWR weld, with a maximum region located below the last few weld passes.  A 
region of tensile hoop stress also exists on the bottom face of the mockup (i.e. the inner wall if 
this were a pipe) below the ends of the excavation region, where the EWR weld passes start 
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and end.  Aside from these two locations, hoop stresses on the bottom face of the mockup (ID 
of a corresponding pipe) are predominantly compressive. 
 
When comparing Figure 4-5 with Figure 4-3, the EWR resulted in significant hoop stress 
improvement in the bottom half of the plate, with stresses being reduced by around 200 MPa 
and going from tensile to compressive.  In contrast, the region of high tensile hoop stress in the 
top half of the plate was widened and extended to slightly beyond the entire width of the 
excavation in the X-direction. 
 
It is important to note that the authors feel that the stresses below the ends of the excavation 
may not be representative of a true partial-arc EWR on a pipe, because of the extent of the 
excavation relative to the edges of the mockup.  Specifically, the excavation ends 2 inches or 
less from the edges of the mockup plates.  This is equivalent to the thickness of the mockup, 
and edge effects are likely to affect the measurements and modeling results with this region.  
Extending the mockup plates to at least twice the plates’ thickness beyond the excavation 
region would have been preferable to assess the effectiveness of the partial-arc EWR 
technique.  Nonetheless, the authors modeled the mockups as built by EPRI in order to be able 
to benchmark the methodology for 3D WRS modeling against experimental measurements. 
 

 
Figure 4-5: Stress in the Z-direction (i.e. ‘hoop’ stress) after completion of the EWR: (a) isometric 
cut view of the whole model, (b) cut on plane PZ3, (c) cut on plane PX3, and (d) bottom face of the 

mockup. 
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4.4 Weld Residual Stress Path Data 

In Figure 4-6, path data for WRS are provided in the form of linear plots for several through-
thickness paths within the DMW centerline plane (plane PX3).  Specifically, WRS data for paths 
LX3Z0, LX3Z1, LX3Z2, LX3Z3, LX3Z4, LX3Z5, and LX3Z6 are shown.  Appendix D contains all 
the corresponding tabulated data, as well as additional WRS path data. 
 
On each plot of WRS path data, four lines are present: the pre-EWR stress (solid lines) in the X 
(axial) and Z (hoop) directions, and the post-EWR stress (dashed lines) in the X (axial) and Z 
(hoop) directions.  Axial stresses are shown in red and hoop stresses in green. 
 
Figure 4-6 shows that despite small differences due to the relative direction of the weld path, the 
WRS is similar on planes that are symmetric to each other.  That is, the WRS is similar on 
planes LX3Z6 and LX3Z0, LX3Z5 and LX3Z1, and LX3Z4 and LX3Z2. 
 
The following observations can be made regarding the path data: 

 For paths LX3Z6 and LX3Z0, located 1 inch away from the excavation edges: 
o The hoop stress is virtually unchanged by the EWR process 
o The axial stress is increased slightly by the EWR process for x/t<0.5 and 

decreased slightly for x/t>0.5. 

 For paths LX3Z5 and LX3Z1, located at the edges of the excavation: 
o The hoop stress is virtually identical before and after EWR at x/t=0, and the EWR 

process then decreases the hoop stress more and more as x/t increases, 
resulting in an improvement of 100-200 MPa near x/t=1. 

o The axial stress is slightly higher near x/t=0 as a result of the EWR process, but a 
gradual reduction in axial stress as x/t increases is observed, such that the stress 
improvement is on the order of 200 MPa for 0.8<x/t<0.9.  However, at x/t=1, the 
stress increased slightly as a result of the EWR process. 

 For paths LX3Z4 and LX3Z2, located where the excavation reaches its full 1 inch depth: 
o A very large hoop stress improvement is achieved by the EWR process.  For 

0<x/t<0.5, the reduction in stress is on the order of 100 to 300 MPa.  The change 
in stress is marginal for 0.5<x/t<0.8, and the improvement is on the order of 
100200 MPa for x/t>0.8. 

o The axial stress is overall unchanged, except for 0.2<x/t<0.4, where an 
improvement on the order of 100 MPa is achieved by the EWR process.  In 
contrast, the axial stress is actually increased by 100-200 MPa for x/t>0.9. 

 For path LX3Z3, located at the exact center of the mockup, the observations are similar 
to those made for LX3Z4 and LX3Z2: 

o A very large hoop stress improvement is achieved by the EWR process.  For 
0<x/t<0.4, the reduction in stress is on the order of 200 to 400 MPa.  The change 
in stress is marginal for 0.5<x/t<0.8, and the improvement is on the order of 
100200 MPa for 0.4<x/t<0.6, and for x/t>0.8. 

o The axial stress is overall unchanged, except for 0.2<x/t<0.4, where an 
improvement on the order of 100-150 MPa is achieved by the EWR process.  In 
contrast, the axial stress is actually increased by 100-200 MPa for x/t>0.9. 
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Figure 4-6: Weld residual stress profiles for paths comprised in plane PX3 (nomenclature in top 

left). 
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4.5 Comparison with Experimental Measurements 

4.5.1 Contour Stress Mapping Locations 

The Electric Power Research Institute contracted with Hill Engineering to perform contour 
measurements on the two physical mockups that were created to assess the EWR technique 
and benchmark 3D WRS calculations for EWR [8].  Figure 4-7 shows a diagram of the two EPRI 
mockups and the cuts performed by Hill Engineering to obtain WRS measurements.  Mockup 
EWR-1 had 2 cuts normal to the Z-direction: Plane 1 and Plane 2 correspond to plane PZ2 and 
plane PZ3 in the FE model, respectively.  Cut Plane 3 in the EWR-1 mockup corresponds to 
plane PX3 in the FE model.  Mockup EWR-2 had 5 cuts in total: the first two were normal to the 
Z-direction and correspond to planes PZ4 and PZ3 in the FE model, respectively.  EWR-2 cut 
Planes 3, 4, and 5 are normal to the X-direction and correspond to planes PX3, PX5, and PX2 
in the FE model, respectively.  The following paragraphs present comparisons between FE 
modeling results and actual measurements on the EWR mockups. 
 

 
Figure 4-7: Diagram showing experimental contour measurement locations for mockup EWR-1 

(left) and mockup EWR-2 (right).  The view is from the top of the mockups, and the weld travel is 
from top to bottom. 
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4.5.2 Hoop Stress Comparisons 

 
(a) 

 
(b) 

Figure 4-8: Post-EWR stress in the Z-direction (i.e. ’hoop’ stress) for (a) the FEA model at plane 
PZ4, and (b) the corresponding mockup measurement at plane 2 of EWR-2. 

 

 
(a) 

 
(b) 

Figure 4-9: Post-EWR stress in the Z-direction (i.e. ’hoop’ stress) for (a) the FEA model at plane 
PZ2, and (b) the corresponding mockup measurement at plane 1 of EWR-1. 

 
Figure 4-8 and Figure 4-9 show the comparisons between FE results and measurement data for 
hoop stress (Z-direction) in planes PZ4 and PZ2.  Reasonable qualitative agreement was 
achieved in these two planes, with the important exception of the area around the lower half of 
the DMW.  In this region, the measured stresses were about 200 MPa higher than those 
predicted using FEA, implying that the tensile stress region that exists on the bottom of the 
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mockup around the DMW centerline is not well predicted in the FEA model.  Finally, the FE 
model predicted greater WRS amplitudes than the measurements. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 4-10: Post-EWR stress in the Z-direction (i.e. ’hoop’ stress) for (a) the FEA model at plane 
PZ3, and (b,c) the corresponding mockup measurements at plane 2 of EWR-1 and plane 1 of 

EWR2, respectively. 

 
Figure 4-10 shows the comparisons between FE results and measurement data for hoop stress 
(Z-direction) in plane PZ3.  Because two mockups were created and cut along this plane, two 
sets of experimental measurements are available for comparison.  As expected, both mockup 
measurements were very close to each other, which is also visible if comparing Figure 4-8(b) 
and Figure 4-9(b).  Reasonable qualitative agreement was achieved in this cut plane, with the 
important exception of the area around the lower half of the DMW, as observed in planes PZ2 
and PZ4.  In this region, the measured stresses were about 200 MPa higher than those 
predicted using FEA, implying that the tensile stress region that exists on the bottom of the 
mockup around the DMW centerline is not well predicted in the FEA model.  Finally, the FE 
model predicted greater WRS amplitudes than the measurements, as observed on planes PZ2 
and PZ4. 
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4.5.3 Axial Stress Comparisons 

Figure 4-11 shows the comparisons between FE results and measurement data for axial stress 
(X-direction) in plane PZ3.  The experimental measurements for this stress component were 
obtained by slitting on EWR-1 Plane 2.  Overall good qualitative agreement was achieved, with 
the compressive and tensile regions being predicted well in the FE model.  One exception is the 
bottom face of the mockup, where the measurement stresses are once again higher than those 
predicted.  Quantitatively, the FE model predicted greater WRS amplitudes than the 
measurements, as observed on planes PZ2, PZ3, and PZ4. 
 

 
(a) 

 
(b) 

Figure 4-11: Post-EWR stress in the X-direction (i.e. ’axial’ stress) for (a) the FEA model at plane 
PZ3, and (b) the corresponding mockup measurement at plane 2 of EWR-1.  Note: the box shows 

the extent of the mockup beyond the region where measurements were made. 

 
Figure 4-12 and Figure 4-14 show the comparisons between FE results and measurement data 
for axial stress (X-direction) in planes PX2 and PX5, respectively.  For planes PX2 and PX5, 
data was only collected on half the length of the mockup.  For plane PX3, data is available for 
the first half length from mockup EWR-1 and from the second half length from mockup EWR-2, 
allowing for a comparison on the entire PX3 plane, as shown on Figure 4-13.  The general 
observations are similar to those made for stress comparisons on the cut planes normal to the 
Z-direction: overall reasonable qualitative agreement was achieved, with the compressive and 
tensile regions being predicted quite well in the FE model except near the bottom face of the 
mockup, where measurement stresses were tensile while the FE predictions resulted in 
compressive stresses.  As observed above, the FE model predicted greater WRS amplitudes 
than the measurements. 
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(a) 

 
(b) 

Figure 4-12: Post-EWR stress in the X-direction (i.e. ’axial’ stress) for (a) the FEA model at plane 
PX2, and (b) the corresponding mockup measurement at plane 5 of EWR-2.  Note: measurements 

were only performed on half the length of the mockup. 

 

 
(a) 

 
(b) 

Figure 4-13: Post-EWR stress in the X-direction (i.e. ’axial’ stress) for (a) the FEA model at plane 
PX3, and (b) the corresponding mockup measurements at plane 3 of EWR-1 (left side) and plane 3 

of EWR2 (right side). 

 

 
(a) 

 
(b) 

Figure 4-14: Post-EWR stress in the X-direction (i.e. ’axial’ stress) for (a) the FEA model at plane 
PX5, and (b) the corresponding mockup measurement at plane 4 of EWR-2.  Note: measurements 

were only performed on half the length of the mockup. 
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5 Discussion, Recommendations, and Future Work 

5.1 Discussion 

5.1.1 Benefits of the 3D EWR WRS Study 

This study of 3D WRS for the assessment of the EWR technique yielded a number of important 
technical and knowledge-management benefits.  First and foremost, this study allowed for NRC 
to acquire and exercise 3D FE modeling capability for welding processes and WRS prediction.  
This is an important skillset with potentially many applications, both in regulatory and research 
space.  More specifically, the NRC is now able to evaluate complex flaw evaluation submittals 
in-house, by performing a complete set of confirmatory calculations including WRS modeling for 
complex geometries.  Second, the capabilities acquired in performing this work are applicable to 
the development and maintenance of several regulatory confirmatory codes such as xLPR and 
FES, which require a WRS input for any problem to be analyzed.  Third, RES now has a data 
set that could be used to validate 3D WRS modeling techniques for other welding problems.  
Finally, the RES staff who performed this study have gained a number of important insights into 
WRS modeling, and have been able to develop a set of recommendations when performing or 
reviewing WRS analyses.  Section 5.2 lists these recommendations. 
 
From the regulatory point of view, the outcome of this work will be informing NRR’s judgment 
about industry proposals in Code Cases N-847 and N-770-5.  For example, EPRI’s basis for 
proposed examination frequencies is that the intervals are similar to previously-accepted 
positions on other PWSCC mitigation techniques.  NRR must decide if this is sufficient technical 
basis in lieu of a flaw growth argument, which may require more effort from either NRC or 
industry.  If NRR decides the technical basis is not sufficient, then specific comments should be 
provided to the industry for resolution.  In regards to stress prediction, this work does provide 
confidence in the finite element technique for this particular application. 

5.1.2 Accuracy of Predictions 

The general observation that can be made is that the FE model provided reasonable predictions 
of weld residual stress everywhere except near the bottom face of the mockup model.  On the 
bottom face of the mockup, the FE model generally predicted stresses in the compressive 
range, or near zero, while the physical measurements showed the presence of tensile stresses 
on the bottom surface of the mockup.  This implies that the FE model developed in this 
particular study is non-conservative for stress predictions at the location that would correspond 
to the pipe ID, which has direct implications on crack initiation and growth into the DMW near 
the ID of the modeled geometry. 
 
Importantly, in an analogous study by EPRI, using the FE software ANSYS, a more detailed 
model was used, with explicit modeling of the strongback instead of using a rigid analytical 
contact surface (as was done here).  The results from the EPRI modeling effort are documented 
in a PVP 2016 paper by Ku, Riccardella, and McCracken [9], and showed better agreement 
between the FE model and the measurement on the bottom face of the plate (analogous to the 
ID of a pipe).  With more time, a more detailed model using a physical strongback could be 
developed to potentially improve the FE predictions obtained in this study.  Furthermore, the 
contact properties between the mockup plate and the strongback could be changed from a 
perfectly sliding contact to a contact with a non-zero friction coefficient in an attempt to increase 
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the constraint on the bottom face of the mockup, and thus potentially increase the stresses in 
that region. 

5.1.3 Study Limitations for Assessment of EWR Technique 

Although the EWR mockups created by EPRI were useful and important to show that WRS can 
be reasonably well predicted by 3D FE, some limitations inherent to the mockups exist.  First, 
the mockups are made of flat plates instead of circular pipes.  As a result, the boundary 
conditions in the planar mockups are potentially different from those that might be observed in 
with two pipes being welded in an actual power plant.  This difference was enhanced by the fact 
that the 3D model created by NRC used a rigid surface and an encastre boundary condition 
along parts of the perimeter of the bottom surface to represent the strongback and mockup-to-
strongback fillet welds, respectively.  This modeling choice seems to be the primary cause for 
inaccurate predictions of the WRS near the bottom face of the plate (the ID of a pipe), and also 
prevented the prediction of WRS at operating temperatures.  In fact, any model of a flat plate 
mockup would result in unrealistic constraints being applied on the mockup if the model was 
heated up to reactor operating conditions, and would thus result in non-representative WRS 
distributions. 
 
In the authors’ opinion, another potential limitation of the EPRI mockup for assessment of WRS 
in a partial arc EWR is that the excavation edges may have been too close to the ends of the 
mockup in the direction of the weld paths (the hoop direction in a pipe).  In fact, based on the 
experimental measurement shown in Section 4.5, it appears that the stress field near the end 
faces of the mockup is influenced somewhat by the EWR process.  As a result, a slightly longer 
and wider mockup may have been beneficial to better draw conclusions about the effect of a 
partial-arc EWR on the WRS profiles near the end of the excavation, which is a region of 
interest.  A modeling study of a realistic pipe weld may also serve to evaluate potential concerns 
about edge effects. 
 
Largely because of the two limitations listed here, it is difficult to assess the true effectiveness of 
the partial-arc EWR technique for stress mitigation in a pipe configuration.  Nonetheless, it was 
observed in this study that the EWR resulted in a significant reduction in hoop stress, but only 
produced a marginal reduction in axial stress, if any.  The limitations of this study make it 
challenging to conclude that EWR is definitely an effective stress mitigation technique, though 
this may be the case in a true pipe configuration.  Consequently, if care is taken to ensure that 
the partial-arc EWR extends sufficiently beyond any existing flaw being mitigated, the partial-arc 
EWR should at the very least constitute an effective material mitigation. 
 
It should be noted that a more detailed model such as the one created by EPRI [9] could 
increase the representativeness of the WRS at operating temperatures, but it is still unclear 
whether it would be entirely representative of a pipe configuration.  It should be noted that the 
main focus of the EPRI EWR mockup was to evaluate the effectiveness of FE modeling 
compared to RS measurement techniques.  The FE model developed by EPRI and SIA and the 
WRS measurements by Hill Engineering were in close agreement and thus validated that FE 
models could effectively predict RS for the EWR configuration.  It is understood that the WRS in 
an actual pipe-to-pipe DM weld may be different.  However, the validated WRS model approach 
should be effective in predicting actual RS in the pipe-to-pipe joint. 
 
Field application of EWR will be governed by ASME Code Cases N-770-5 [7] and N-847 [14].  
Use of these Code Cases, without prior regulatory approval, requires that they be incorporated 
into Regulatory Guide 1.147 [16] or Title 10, Code of Federal Regulations, 50.55a [17].  The 



 

37 
 

Code Cases classify an EWR as either Type 1 or Type 2.  A Type 1 EWR is supported by a 
finite element stress analysis that demonstrates a stress magnitude at the wetted surface of 10 
ksi or less.  This stress magnitude includes both operating conditions and residual stress 
effects.  A Type 2 EWR either is not supported by a stress analysis or does not meet the 10 ksi 
criterion.  Table 5-1 shows the proposed inspection frequency in Code Case N-770-5.  The 
Inspection Items in Table 5-1 correspond to the inspection item definitions set forth in Code 
Case N-770-5 (see Table 1 of the Code Case). 
 

Table 5-1: Proposed Inspection Frequency in ASME Code Case N-770-5. 

 
 
The inspection categories are defined based upon whether the component has an identified 
crack or not, whether the EWR is Type 1 or Type 2, and whether the excavation is 360° around 
the circumference or not.  Therefore, actual application of EWR requires that the owner analyze 
a specific situation.  Since this study is regarding a flat-plate mockup, it does not demonstrate 
the conditions under which EWR will achieve the 10 ksi criterion.  However, this study does 
demonstrate that finite element modeling can be an effective tool for predicting stress 
distribution for this application.  This study does not confirm the validity of the proposed 
inspection intervals in N-770-5, since that may require a crack growth argument.  Crack growth 
studies on actual pipe geometries under realistic operating conditions may provide a stronger 
basis for the proposed inspection intervals.  The technical basis for the N770-5 inspection 
intervals is set forth in [7].  This paper states that the proposed inspection frequencies are 
based upon previously accepted frequencies for other mitigation techniques.  NRC technical 
reviewers should decide whether that is sufficient basis, without the need for the further study 
mentioned here. 

5.2 Recommendations for NRC Reviewers 

The following are a set of recommendations for NRC staff tasked with reviewing WRS analyses: 
 

 Boundary conditions should be closely scrutinized to ensure that they are representative 
of the actual physical configuration being modeled.  Over- or under- constraining a 

Inspection Item EWR Type Inspection Frequency

M-1

Uncracked

Type 1

Full 360°

- no sooner than third refeuling outage after EWR

- no later than 10 years following EWR

- no greater than analyzed life

M-2

Uncracked

Type 2

Full 360°

- once during the first or second refueling outage following EWR

- no greater than analyzed life

N-1

Cracked

Type 1

Full 360°

- once during the first or second refueling outage following EWR

- no greater than analyzed life

N-2

Cracked

Type 2

Full 360°

- every second inspection period not to exceed 7 years

- once during the first or second refueling outage following EWR

- no greater than analyzed life

O
Cracked

Partial Arc

- shall be examined as an umitigated butt weld, per Code Case N-770

- no greater than the analyzed life
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model appears to be a significant cause for non-representative results.  For example, the 
simplified strongback conditions applied in the NRC model did not accurately predict 
stress conditions near the mockup ID surface. 

 Components should be modeled in their entirety and with sufficient details to avoid 
boundary condition complications associated with over-simplification. 

 Weld passes may be lumped together to some extent, but the weld pass sequence and 
nodalization should be presented to ensure that actual welding procedures are 
reasonably captured. 

 The weld melt zone size should be checked to ensure that proper material melting was 
achieved. 

 Close attention should be paid to the material properties used for each material in the 
model, to ensure that the material models used are within acceptable ranges. 

 

5.3 Recommended Future Work 

RES staff recommends the following work to address some of the limitations described in 5.1.3.  
An estimated level of effort is also provided for each proposed task. 
 
1) The EWR model developed in this study should be modified to explicitly model the carbon 

steel strongback as well as the actual geometry and material of the fillet welds that were 
used to attach the mockup plates to the strongback.  It is believed that doing this would 
provide improved stress predictions for the bottom surface of the mockup (akin to a pipe ID).  
The estimated LOE for this task is 3 staff weeks + 5 weeks of CPU run time. 
 

2) Several 3D pipe models should be created with a DMW followed by EWR.  The pipe 
configuration would allow for a more accurate evaluation of the EWR technique, and would 
include ratchetting cycles to better estimate the WRS distribution under operating 
conditions.  Three different EWR geometries should be investigated: 
 
a) Single partial-arc EWR (4 weeks staff time + 6 weeks CPU time) 

 
b) Double partial-arc EWR for several different configurations (6 weeks staff time + 8 weeks 

CPU time per configuration) 
 

c) Full 360° EWR (2 weeks staff time + 8 weeks CPU time) 
 

3) Flaw growth calculations should be performed using XFEM or AFEA for the most detrimental 
EWR case modeled in item #2 (24 weeks staff time + 6 weeks CPU time).  While the finite 
element approach to crack growth may be a long-term effort, a less intensive approach 
could be to do simplified flaw growth studies based upon the results of 2).  Flaw growth 
studies (with or without finite element) could provide more confidence in proposed 
inspection frequencies in ASME Code Case N-770-5.  It should be noted that SIA performed 
crack sensitivity studies and growth evaluations under an EPRI contract which were 
published in EPRI report 3002007901 in June 2016. [18] 
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6 Conclusions 

This report documents NRC’s independent finite element model of the EWR mockup.  An 
important observation from this study is that boundary conditions need to be carefully assessed 
before attempting simplification for FE modeling.  The NRC model presented here approximated 
the strongback as a perfectly rigid analytical surface, with encastre boundary conditions 
representing the mockup-to-strongback weld.  In contrast, the EPRI model explicitly modeled 
the strongback and associated weld material.  While NRC’s model accurately predicted many 
features of the measurement data, the stress trends at the inner surface did not agree with the 
measurements.  Since EPRI’s model captured the ID stress trends well, this anomaly is 
attributed to the simplified encastre boundary conditions in the NRC model.   
 
NRC’s analysis indicates that the hoop stresses may benefit more from the EWR process than 
the axial stresses.  Since this study was performed on flat plate mockup geometry, this 
conclusion could change in an actual pipe weld.  Actual application of the EWR process 
requires that the analyst model the physical component of interest.  Then, the stress predictions 
are used to define an appropriate inspection category, as proposed in ASME Code Case N-770-
5.  The mockup data gathered here could be used to validate a modeling process for 
determining inspection frequency.  Overall, this work demonstrated that the EWR process can 
be accurately modeled. 
 
This work does not address the adequacy of proposed inspection frequencies in Code Case N-
770-5.  Rather, this work only address stress prediction concerns.  A complete discussion of 
proposed inspection frequencies requires flaw growth studies.  Additional work involving actual 
pipe geometries under realistic operating conditions may bolster confidence in proposed 
inspection frequencies. 
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A. Appendix: Modeling Procedure 

This appendix lists the procedure steps used to model the EWR mockup in 3D using ABAQUS 
and VFT/CTSP in some detail. 
 

1. Mockup part mesh creation with CAE 
a. Create a sketch with the correct geometry 
b. Extrude the sketch to create a 3D part 
c. Create partitions for each material in the model 
d. Create partitions for each weld pass to be simulated 
e. Mesh the part with sufficient refinement in and around the weld passes 
f. Create sets of elements 

i. One set for all nodes 
ii. One set for each material 
iii. One set for each weld pass, with a name that contains ‘weld’, ‘pass’, 

‘weldpass’, or ‘wp’ 
iv. One set for each complete weld (in this case DMW and EWR) 

g. Create sets of nodes or elements used to define boundary conditions 
h. Create any surfaces within the mockup that might be required for contact pairs 
i. Define contact pairs in CAE 

2. Create a dummy analysis step 
3. With CAE, write a dummy input file 
4. Using Excel, create duplicate elements for the regions of the model where the material 

will change during the analysis: in this case, for all the elements in the excavation region 
5. For VFT/CTSP, use the dummy input file created by CAE to create an ABAQUS input 

file that contains the elements, nodes, and sections of the part that contains the weld 
passes to be analyzed using VFT/CTSP.  The input file should also contain all the weld 
pass element sets. 

a. For the DMW case, do not include the duplicate elements in the excavation 
region 

b. For the EWR case, only include the duplicate elements in the excavation region 
(remove the pre-excavation material elements) 

6. In VFT/CTSP, do the following to calculate the nodal temperatures for the DMW passes 
a. Definite weld parameters 
b. Define weld passes 
c. Define weld sequence 
d. Write CTSP input files (for the chosen number of processors) 
e. Write the ABAQUS input files (new .INP file and .VED file) 
f. Run the CSTSP analysis using automated batch script 
g. Visualize results in CAE: verify that each weld pass fully melts and that the total 

weld region is melted, but that the melt zones do not extend too far beyond each 
weld pass and beyond the total melted region. 

h. If needed, adjust the heat input for each weld pass in the CTSP input files, and 
rerun the analysis until the desired result is achieved 

7. In VFT/CTSP, do the following to calculate the nodal temperatures for the EWR passes 
a. Perform steps a through h of the DMW case 
b. Using VFT, shift the .VED time by the total time spent performing the DMW as 

well as any addition and removal of elements 
8. Write ABAQUS structural analysis input files 
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a. Ensure that all nodes, elements, duplicate elements, sections, materials, 
boundary condition, and constraints are properly defined 

i. Use the dummy input file created with CAE for nodes, elements, and 
sections 

ii. Use Excel to create additional duplicate elements 
b. Use the input file created by VFT for the definition of the weld and cool steps, 

with any necessary adjustments to ensure proper part referencing in the case of 
an assembly 

9. Update paths to material .DAT files and to .VED files in Fortran subroutines (it is 
recommended to create a subroutine for the DMW weld, and another for the EWR weld) 

10. Run ABAQUS Standard using restart steps to break up the analysis 
a. Ensure that all necessary files are in the same directory to run the analyses 
b. A batch file may be used to run sequential restart jobs 

11. Extract data with ABAQUS scripts 
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B. Appendix: Comparisons between Variations on Boundary 
Conditions 

This appendix presents the results obtained with the first model that was developed for the 
EWR mockup, which consisted of a simpler model without a rigid strongback contact.  Instead of 
modeling the rigid strongback as a rigid analytical surface, the initial approach that was taken 
was to encastre the entire bottom face of the mockup plate.  Figure B-1 (a) and (b) illustrates 
the boundary conditions for the bottom face encastre model and for the rigid strongback 
analytical surface model, respectively.  The final analysis produced, with the rigid strongback 
analytical contact surface, is a far better representation of the physical mockups created by 
EPRI than the initial bottom face encastre analysis.  The differences between the results from 
the two models are briefly described in the following paragraphs. 
 

 
(a)       (b) 

Figure B-1: Boundary condition representation for (a) the bottom-face encastre model, and (b) the 
strongback contact model. 

 

B.1. Stress Contours Post-DMW / Pre-EWR 

Figure B-2 compares the X-direction (axial) stress and Z-direction (hoop) stress for the encastre 
and contacts cases immediately after the completion of the DMW, prior to the EWR process.  
This comparison shows that both the axial and the hoop stress are significantly higher in the 
bottom half of the mockup plate for the encastre case.  In contrast, the stress fields are quite 
similar for both boundary conditions in the top half of the mockup plate.  This is a direct result of 
the highly constrained state of the bottom face in the encastre case, which prevents the material 
from deforming to relieve some of the stresses experienced during the welding process.  In 
addition to the higher stress values observed in the encastre case, the degree of stress and 
strain biaxiality is much higher in the bottom half of the mockup plate for the encastre case than 
for the strongback contact case.  It is important to note that the contact case compares well with 
the experimental measurements on the two physical mockups created by EPRI, as described in 
Section 4.5, but this is not true for the encastre case, which greatly over-predicts WRS in the 
lower half of the mockup plate. 
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Figure B-2: Post-DMW/Pre-EWR stress comparison between the bottom-face encastre model and 

the strongback contact model. 

 

B.2. Stress Contours Post-EWR 

Figure B-3 compares the X-direction (axial) stress and Z-direction (hoop) stress for the encastre 
and contacts cases after completion of the EWR process.  This comparison shows that the axial 
stress is overall lower for the contact case, especially near the DMW centerline outside of the 
excavation region and in the lower half of the mockup.  Nonetheless, the axial stress is higher 
on the bottom surface of the mockup away from the DMW centerline, as well as on the top 
surface of the mockup.  The hoop stress near the bottom face of the mockup is significantly 
reduced for the case of the strongback contact, but displays regions of higher tensile stress near 
the top surface of the mockup.  Once again, the contact case better predicts the measurement 
data described in Section 4.5. 
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Figure B-3: Post-EWR stress comparison between the bottom-face encastre model and the 

strongback contact model. 
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C. Appendix: Additional WRS Contour Plots 

This appendix contains all the WRS contour maps extracted from the ABAQUS model as part of 
this study, along with brief observations about these results. 

C.1. Stress Contours Post-DMW / Pre-EWR 

C.1.1. Stress in X-Direction (‘Axial’ Stress) 

The stress in the ‘axial’ X-direction is shown in Figure C-1 and Figure C-2 immediately after the 
DMW and prior to the EWR process.  These figures show that the WRS field has a larger 
amplitude in the LAS region than in the SS region, because of the higher elastic modulus and 
strength of SA508 compared to SS-316, and the fact that an isotropic hardening law was used.  
Nonetheless, the stress field in these two different material regions has the same general 
shape.  The WRS field in the DMW centerline displays some periodicity with the weld pass 
layers.  In general, the axial stress is slightly higher at the end of the mockup near where the 
weld passes end than at the end where the weld passes start.  Importantly, it can be seen from 
these figures that the region where the stress field is roughly constant as one moves along the 
weld path and unaffected by the ends of the mockup consists roughly of the center half of the 
mockup, within the region between planes PZ4 and PZ2. 
 

 
Figure C-1: Post-DMW/Pre-EWR stress in the X-direction (i.e. ’axial’ stress) shown on planes PX1 

through PX5 (top to bottom). Schematic on the left shows the different sections of the model: LAS 
in green, butter in gray, DMW in blue, and SS in red. 
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Figure C-2: Post-DMW/Pre-EWR stress in the X-direction (i.e. ’axial’ stress) shown on planes PZ6 
through PZ0 (left to right). Schematic on the left shows the different sections of the model: LAS in 

green, butter in gray, DMW in blue, and SS in red. 

 

C.1.2. Stress in Z-Direction (‘Hoop’ Stress) 

The stress in the ‘hoop’ Z-direction is shown in Figure C-3 and Figure C-4 immediately after the 
DMW and prior to the EWR process.  These figures show that the WRS field is generally lower 
in the LAS region than in the SS region.  The WRS field in the DMW centerline displays some 
periodicity with the weld pass layers, increases from the bottom to the top of the mockup, and 
reaches a maximum immediately below the last weld pass layer.  In contrast with the axial 
stress, the hoop stress is slightly lower at the end of the mockup where the weld passes start, 
and lower at the end where the weld passes end.  Importantly, it can be seen from these figures 
that the region where the stress field is roughly constant as one moves along the weld path and 
unaffected by the ends of the mockup consists roughly of the center quarter or third of the 
mockup, well within the region between planes PZ4 and PZ2. 
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Figure C-3: Post-DMW/Pre-EWR stress in the Z-direction (i.e. ’hoop’ stress) shown on planes PX1 
through PX5 (top to bottom). Schematic on the left shows the different sections of the model: LAS 

in green, butter in gray, DMW in blue, and SS in red. 

 

 
Figure C-4: Post-DMW/Pre-EWR stress in the Z-direction (i.e. ’hoop’ stress) shown on planes PZ6 
through PZ0 (left to right). Schematic on the left shows the different sections of the model: LAS in 

green, butter in gray, DMW in blue, and SS in red. 
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C.2. Stress Contours Post-EWR 

C.2.1. Stress in X-Direction (‘Axial’ Stress) 

The stress in the ‘axial’ X-direction is shown in Figure C-5 and Figure C-6 as a result the EWR 
process.  These figures show that the WRS field has a larger amplitude in the LAS region than 
in the SS region, because of the higher elastic modulus and strength of SA508 compared to SS-
316.  In addition, the stress field in these two different material regions has a slightly different 
shape, but is in both cases characterized by higher stresses at or near the top surface, with a 
compressive stress region below the EWR.  The WRS field in the DMW centerline displays 
some periodicity with the weld pass layers that are not also comprised within the EWR.  In 
general, the axial stress is slightly higher near the end of the mockup near where the EWR weld 
passes end than at the end where the EWR weld passes start.  Importantly, it can be seen from 
these figures that the region where the stress field is roughly constant as one moves along the 
weld path consists of the center quarter or third of the mockup, well within the region between 
planes PZ4 and PZ2. 
 

 
Figure C-5: Post-EWR stress in the X-direction (i.e. ’axial’ stress) shown on planes PX1 through 

PX5 (top to bottom). Schematic on the left shows the different sections of the model: LAS in 
green, butter in gray, DMW in blue, SS in red, and EWR in gold. 
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Figure C-6: Post-EWR stress in the X-direction (i.e. ’axial’ stress) shown on planes PZ6 through 
PZ0 (left to right). Schematic on the left shows the different sections of the model: LAS in green, 

butter in gray, DMW in blue, SS in red, and EWR in gold. 

 

C.2.2. Stress in Z-Direction (‘Hoop’ Stress) 

The stress in the ‘hoop’ Z-direction is shown in Figure C-7 and Figure C-8 as a result the EWR 
process.  These figures show that the WRS field is generally lower in the LAS region than in the 
SS region.  In addition, the stress field in these two different material regions has a slightly 
different shape, but is in both cases characterized by high tensile stresses at or near the top 
surface, with a compressive stress region below the EWR.  The WRS field in the DMW 
centerline displays some periodicity with the weld pass layers that are not also comprised within 
the EWR.  In contrast with the axial stress, the hoop stress is slightly lower near the end of the 
mockup near where the EWR weld passes end than at the end where the EWR weld passes 
start.  Importantly, it can be seen from these figures that the region where the stress field is 
roughly constant as one moves along the weld path consists of the center half of the mockup, 
well within the region between planes PZ4 and PZ2. 
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Figure C-7: Post-EWR stress in the Z-direction (i.e. ‘hoop’ stress) shown on planes PX1 through 

PX5 (top to bottom). Schematic on the left shows the different sections of the model: LAS in 
green, butter in gray, DMW in blue, and SS in red. 

 

 
Figure C-8: Post-EWR stress in the Z-direction (i.e. hoop’ stress) shown on planes PZ6 through 
PZ0 (left to right). Schematic on the left shows the different sections of the model: LAS in green, 

butter in gray, DMW in blue, SS in red, and EWR in gold. 
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D. Appendix: WRS Path Data 

This appendix contains all WRS path data extracted from ABAQUS, both as plots, and as 
tabulated data. 

D.1. Paths Within PX1 Plane 

 

 

 
Figure D-1: Weld residual stress profiles for paths comprised in plane PX1 (nomenclature in top 

left). 
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Table D-1: Pre-EWR weld residual stress data for paths comprised in plane PX1. 

 Axial Stress Hoop Stress 

X/T LX1Z1 LX1Z3 LX1Z5 LX1Z1 LX1Z3 LX1Z5 

0 -274.1 -217.1 -285.8 -181.9 -225.7 -187 
0.02 -255.6 -204.5 -268 -180.4 -223.8 -190.1 
0.04 -232.8 -187 -251.2 -176.8 -223.1 -188.5 
0.06 -212.6 -169.6 -239.1 -171.3 -221.7 -181.6 
0.08 -196.2 -154.3 -228.9 -164.7 -218.1 -172.1 

0.1 -179.1 -139.95 -210.95 -158.5 -211 -165.95 
0.12 -167.5 -130.7 -195.6 -154.4 -205.6 -160.7 
0.14 -157.9 -123.1 -182.8 -151.4 -201 -156.6 
0.16 -149.6 -116.7 -171.7 -149 -197 -153.3 
0.18 -142 -110.8 -161.6 -147.1 -193.3 -150.6 

0.2 -134.8 -105.3 -152.2 -145.6 -189.95 -148.4 
0.22 -127.8 -99.67 -142.9 -144.4 -186.8 -146.5 
0.24 -120.8 -93.94 -133.8 -143.4 -183.7 -144.8 
0.26 -113.8 -88.03 -124.7 -142.5 -180.6 -143.3 
0.28 -106.8 -81.92 -115.7 -141.6 -177.6 -141.9 

0.3 -99.685 -75.6 -106.6 -140.9 -174.5 -140.7 
0.32 -92.39 -68.97 -97.42 -140.2 -171.4 -139.4 
0.34 -84.98 -62.13 -88.18 -139.4 -168.3 -138 
0.36 -77.42 -55.07 -78.87 -138.7 -165.2 -136.7 
0.38 -69.69 -47.8 -69.48 -138 -162 -135.3 

0.4 -61.835 -40.34 -60.1 -137.2 -158.8 -134 
0.42 -53.65 -32.59 -50.39 -136.4 -155.5 -132.6 
0.44 -45.34 -24.68 -40.64 -135.5 -152.2 -131.3 
0.46 -36.85 -16.6 -30.77 -134.5 -148.8 -129.9 
0.48 -28.26 -8.309 -20.84 -133.4 -145.4 -128.3 

0.5 -19.735 0.16195 -11.4 -131.7 -141.85 -126.25 
0.52 -10.51 8.657 -0.7963 -131 -138.3 -125.3 
0.54 -1.309 17.38 9.673 -129.7 -134.7 -124 
0.56 8.005 26.27 20.15 -128.3 -131.1 -122.6 
0.58 17.45 35.27 30.6 -126.8 -127.4 -121.1 

0.6 26.835 44.335 40.8 -125.2 -123.6 -119.2 
0.62 36.26 53.61 51.14 -123.2 -119.7 -117.2 
0.64 45.93 63.02 61.56 -121.2 -115.8 -115.3 
0.66 55.89 72.65 72.15 -119.2 -111.8 -113.4 
0.68 66.19 82.58 82.96 -117.1 -107.7 -111.4 

0.7 76.885 92.875 93.97 -115.1 -103.6 -109.45 
0.72 88.18 103.7 105.6 -113 -99.27 -107.5 
0.74 99.6 115 117.4 -110.5 -94.89 -105.5 
0.76 111.5 126.9 129.4 -107.9 -90.4 -103.1 
0.78 123.9 139.3 141.7 -105.2 -85.81 -100.6 

0.8 136.95 152.15 154.4 -102.5 -81.125 -98.01 
0.82 150.4 165.3 167.4 -100 -76.47 -95.55 
0.84 163.9 178.9 180.9 -97.21 -71.78 -93.17 
0.86 177.8 192.9 194.7 -94.33 -67.03 -90.7 
0.88 192.4 207.3 208.5 -91.52 -62.21 -88.02 

0.9 207.6 222.2 222.6 -88.83 -57.365 -85.325 
0.92 222.3 237.4 237.2 -85.9 -52.5 -82.82 
0.94 237.5 252.9 251.5 -83.1 -47.62 -80.37 
0.96 252.7 268.5 266.5 -80.22 -42.74 -77.43 
0.98 267.6 283 280 -77.73 -38.34 -74.41 

1 280.7 293.7 291 -76.26 -35.28 -72.3 
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Table D-2: Post-EWR weld residual stress data for paths comprised in plane PX1. 

 Axial Stress Hoop Stress 

X/T LX1Z1 LX1Z3 LX1Z5 LX1Z1 LX1Z3 LX1Z5 

0 -76.48 -46.93 -95.3 -116.1 -298.5 -134.2 
0.02 -104.5 -75.77 -128 -137.8 -310.4 -161.6 
0.04 -122.2 -74.94 -154.7 -153 -312.6 -179.4 
0.06 -119.4 -48.35 -160.1 -154.9 -309.2 -178.5 
0.08 -102.1 -16.57 -147 -147.9 -308.5 -165.6 

0.1 -92.63 -16.81 -135.7 -147.7 -322.25 -162.85 
0.12 -89.06 -26.77 -128.2 -149 -342 -161 
0.14 -88.22 -45.04 -123.7 -151.2 -365 -160 
0.16 -88.99 -71.73 -121.1 -154.1 -384.4 -159.9 
0.18 -90.48 -104.6 -119.8 -157.4 -396.9 -160.4 

0.2 -92.035 -138.9 -118.9 -160.9 -402.6 -161.2 
0.22 -92.99 -169.8 -117.9 -164.4 -404.8 -162.4 
0.24 -93.3 -198.7 -116.4 -167.8 -405.6 -163.5 
0.26 -92.97 -225.3 -114.3 -171.1 -404.9 -164.7 
0.28 -91.99 -249.4 -111.7 -174.1 -402.1 -165.8 

0.3 -90.395 -270.35 -108.6 -176.9 -396.35 -166.7 
0.32 -88.05 -286.5 -104.8 -179.5 -386.6 -167.3 
0.34 -85.21 -298.2 -100.6 -181.7 -374.7 -167.9 
0.36 -81.9 -303.7 -96.07 -183.6 -358.7 -168.2 
0.38 -78.14 -303 -91.21 -185.3 -338.5 -168.3 

0.4 -74.02 -297.6 -86.105 -186.55 -316.45 -168.2 
0.42 -69.44 -289.5 -80.54 -187.5 -296.6 -167.6 
0.44 -64.65 -268.8 -74.84 -188.1 -266.5 -166.8 
0.46 -59.71 -237.4 -68.99 -188.4 -234.7 -165.8 
0.48 -54.64 -201.3 -62.9 -188.2 -208.2 -164.2 

0.5 -49.485 -170.9 -56.56 -186.75 -192.8 -161.55 
0.52 -44.99 -149.3 -50.39 -187.2 -160.9 -160.6 
0.54 -40.18 -127.9 -43.99 -186.7 -124.8 -158.8 
0.56 -35.57 -102.1 -37.42 -185.4 -88.22 -156.4 
0.58 -31.7 -69.77 -31.49 -183 -53.28 -153.6 

0.6 -32.12 -31.91 -27.69 -179.3 -20.535 -150.7 
0.62 -34.97 -0.3629 -24.3 -174.9 13.8 -147.4 
0.64 -37.97 28.17 -21.18 -170.6 50.73 -143.7 
0.66 -41.53 58.73 -18.47 -165.4 87.31 -139.4 
0.68 -46.73 92.21 -16.31 -157.5 123 -134.6 

0.7 -54.465 125.3 -14.54 -145.35 159.7 -128.65 
0.72 -63.21 149.4 -13.11 -130 194 -120.1 
0.74 -70.71 175.5 -11.14 -106.5 224.2 -110.4 
0.76 -69.11 208.8 -6.828 -73.28 253.9 -94.02 
0.78 -54.63 248.9 2.803 -29.86 286.5 -71.62 

0.8 -25.72 289.2 20.91 22.66 325 -40.1 
0.82 5.949 320.4 46.29 77.18 352 -0.2359 
0.84 50.44 339.9 71.58 129.8 366 39.89 
0.86 88.85 350.9 92.17 168.5 370.6 75 
0.88 116.5 358 116.1 195.7 368.2 111.1 

0.9 138.1 369.35 127.05 219.55 361.55 137.75 
0.92 165.4 386.9 130.7 235.8 352.5 153.6 
0.94 180.1 397 124.6 242.4 337.8 158.7 
0.96 185.7 409.9 116.1 240.6 325.7 153.6 
0.98 192.1 429.6 105 230.4 322.3 148.3 

1 207.3 418.85 154.25 155.085 308.6 115.405 
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D.2. Paths Within PX2 Plane 

 

 

 
Figure D-2: Weld residual stress profiles for paths comprised in plane PX2 (nomenclature in top 

left). 
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Table D-3: Pre-EWR weld residual stress data for paths comprised in plane PX2. 

 Axial Stress Hoop Stress 

X/T LX2Z2 LX2Z3 LX2Z4 LX2Z2 LX2Z3 LX2Z4 

0 -98.52 -135.1 -137.7 -198.2 -195.3 -203.2 
0.02 -85.9 -111.2 -113.4 -163 -143.3 -155.2 
0.04 -70.65 -82.64 -85.6 -145.4 -109 -130.9 
0.06 -67.07 -71.38 -74.91 -154.6 -111.3 -142.2 
0.08 -81.99 -86.58 -89.59 -181.1 -141.4 -175.9 

0.1 -114.9 -124.4 -125.4 -196.8 -161.5 -193.6 
0.12 -127.5 -136.1 -138.3 -205.1 -170.2 -202.1 
0.14 -134.4 -141.7 -144.3 -211.6 -176.8 -208.3 
0.16 -138 -144.6 -147.2 -216.3 -181.7 -212.7 
0.18 -139.6 -146.4 -148.3 -219.5 -185.2 -215.6 

0.2 -139.5 -145.8 -146.9 -221.5 -187.5 -217.2 
0.22 -138.9 -145.3 -145.5 -222.6 -189 -218.1 
0.24 -136.8 -143.3 -142.6 -222.8 -189.6 -218.1 
0.26 -134.2 -141 -139.3 -222.6 -189.9 -217.6 
0.28 -130.8 -138.1 -135.6 -221.9 -189.7 -216.7 

0.3 -125.4 -133.2 -130 -220.5 -188.8 -215.1 
0.32 -119.8 -128.6 -124.6 -219.1 -187.9 -213.4 
0.34 -111.8 -121.7 -117 -216.8 -186.1 -211 
0.36 -103 -114.1 -108.6 -214.3 -184.1 -208.3 
0.38 -93.37 -105.6 -99.29 -211.7 -181.9 -205.5 

0.4 -81.52 -94.59 -87.58 -208.2 -178.9 -201.9 
0.42 -70.29 -84.02 -76.12 -205 -176.2 -198.5 
0.44 -57.65 -71.7 -62.92 -201.3 -172.8 -194.5 
0.46 -44.94 -59.17 -49.27 -197.5 -169.4 -190.3 
0.48 -32.39 -46.66 -35.3 -193.6 -165.8 -186 

0.5 -19.19 -33.11 -19.98 -189.3 -161.7 -181.2 
0.52 -7.883 -22.75 -7.95 -187.9 -159.6 -180.2 
0.54 5.4 -9.736 6.29 -186.6 -157.2 -178 
0.56 20.05 5.431 22.63 -180.8 -151.1 -172.4 
0.58 34.8 21.25 39.62 -175.1 -145.1 -167.3 

0.6 49.05 37.13 55.9 -171.3 -141 -162.1 
0.62 62.57 52.68 72 -164.3 -133.8 -154.6 
0.64 75.15 67.06 87.07 -160.2 -128.9 -149.5 
0.66 86.57 80.23 100.7 -157.9 -126.2 -145 
0.68 96.34 91.89 112.4 -152.3 -120.5 -137.1 

0.7 104.5 101.6 122.6 -148.5 -116.4 -130.4 
0.72 111.8 109.1 131.1 -146.9 -114.4 -125.6 
0.74 119.5 116 139.5 -145.6 -113.8 -121.9 
0.76 127.8 123.4 147.7 -142.4 -112.2 -117.5 
0.78 137.8 133.4 157 -137.5 -108.6 -111.5 

0.8 150.4 147.5 168.3 -130.7 -101 -102.5 
0.82 174.9 174.1 190.7 -118.2 -88.92 -84.76 
0.84 210.1 209.4 221 6.547 18.13 30.68 
0.86 247.8 246.8 253.9 33.67 44.48 58.73 
0.88 285.6 282.6 287.1 67.55 77.97 91.07 

0.9 315.9 308.6 314.2 102.8 113.9 124.1 
0.92 331.5 321.9 328.1 130.9 142.6 150.8 
0.94 340.9 330.8 336.4 152.7 165.4 171.3 
0.96 344.3 334.8 340.1 167.5 181.7 184.8 
0.98 344 335.5 341 175 190.5 191.3 

1 342.4 334.7 340.3 178.1 194.2 193.9 
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Table D-4: Post-EWR weld residual stress data for paths comprised in plane PX2. 

 Axial Stress Hoop Stress 

X/T LX2Z2 LX2Z3 LX2Z4 LX2Z2 LX2Z3 LX2Z4 

0 -20.74 58.5 -48.43 -216.7 -255.7 -201.3 
0.02 -42.84 38.53 -65.63 -214.9 -240.3 -191.8 
0.04 -33.18 39.93 -45.55 -216.7 -223.9 -190.3 
0.06 -27.22 30.24 -27.73 -231.6 -230.7 -204.9 
0.08 -48.1 -11.15 -41.18 -261 -265.8 -233.7 

0.1 -106.5 -92.97 -104 -297.7 -314.7 -263.4 
0.12 -133.9 -151.3 -137.8 -325.3 -349.9 -287.1 
0.14 -158.4 -199.4 -166 -351 -376.6 -308 
0.16 -176.4 -232.4 -186.7 -372.4 -387.6 -324.3 
0.18 -188.3 -252.3 -200.9 -387.7 -381.8 -335.3 

0.2 -198.5 -268.3 -212.8 -395.4 -364 -342.4 
0.22 -207.9 -284.4 -222.6 -396.7 -338.1 -345.4 
0.24 -219.2 -299.9 -232.2 -394.4 -308.9 -346.4 
0.26 -233.9 -316.4 -242.5 -387.4 -276.6 -345 
0.28 -252.1 -333.1 -253.6 -374.7 -241.5 -340.9 

0.3 -272.9 -346.7 -264.9 -355 -204.1 -333.9 
0.32 -282.3 -351.6 -279.3 -311.1 -157.5 -319 
0.34 -276.2 -349.5 -285.8 -245.6 -101.1 -294.6 
0.36 -257.6 -334.4 -281.4 -165.8 -38.39 -258.3 
0.38 -230.4 -307.7 -265.6 -78.87 25.95 -211.8 

0.4 -200.4 -277.9 -237.5 7.038 85.93 -156.6 
0.42 -163.3 -251.7 -197.6 74.17 144 -88.94 
0.44 -121 -213.2 -152.3 141.8 201.6 -20.62 
0.46 -62.02 -151.5 -89.9 209.7 254.7 50.5 
0.48 4.134 -80.79 -22.71 260.3 285.7 114.1 

0.5 74.445 -25.735 91.09 297.15 282.25 261.65 
0.52 57.85 -29.35 157 320.4 294.1 358 
0.54 53.46 -8.679 144.5 315.4 289.5 331.7 
0.56 67.17 19.29 143.1 308.1 281.9 309.2 
0.58 65.64 28.11 153.2 290.6 272 293.8 

0.6 54.49 29.73 154.4 277.25 268.3 281.55 
0.62 68.33 54.4 161.5 273.1 267.3 276.2 
0.64 86.52 78.69 177 260.7 263.3 271.7 
0.66 104 102.9 188.7 239.2 258.1 262.5 
0.68 126.4 127.2 194.3 222.2 262.4 254.5 

0.7 155.4 161.4 218.25 225.9 277.05 254.4 
0.72 179 191.2 241.6 253.7 294.7 252.6 
0.74 206.6 214.4 242.3 264.9 308.7 244.5 
0.76 238.9 235.8 245 286.2 321.5 248.4 
0.78 267.8 251.3 252.1 311.3 333.3 267.3 

0.8 280.8 261.8 274.7 329.7 334.5 288.25 
0.82 287.3 264.6 289.1 321.7 326.3 284.8 
0.84 279.7 249.8 272.3 305.6 316.7 278.9 
0.86 286.4 257.3 282.1 298.2 310.1 266.6 
0.88 294.7 267.8 296.7 293.1 305.6 258.2 

0.9 312.85 286.8 315.75 287.05 299.3 239 
0.92 340.8 309.3 340.6 287.5 298 226.3 
0.94 362 327.7 359.8 290.8 304.9 231.6 
0.96 382.5 350.7 378.8 290.3 312.1 236.6 
0.98 401.4 376.5 398.6 288.8 320.6 242.6 

1 416.9 397.5 416.3 290.6 327.5 249.5 
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D.3. Paths Within PX3 Plane 

 
Figure D-3: Weld residual stress profiles for paths comprised in plane PX3 (nomenclature in top 

left). 
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Table D-5: Pre-EWR axial weld residual stress data for paths comprised in plane PX3. 

 Axial Stress 

X/T LX3Z0 LX3Z1 LX3Z2 LX3Z3 LX3Z4 LX3Z5 LX3Z6 

0 -7.7225 64.01 -22.895 -38.735 18.74 103.17 24.395 
0.02 -32.155 37.485 -42.005 37.485 -2.73 80.085 -42.005 
0.04 -150.1 -86.18 -136.2 -86.18 -123.3 -97.51 -136.2 
0.06 -165.6 -111.8 -146.7 -111.8 -135.6 -122.9 -146.7 
0.08 -175.4 -133.1 -156.1 -133.1 -153.6 -151.7 -156.1 

0.1 -148.5 -79.755 -103.65 -79.755 -135.25 -154.75 -103.65 
0.12 -129.8 -24.08 -50.665 -24.08 -100.55 -127 -50.665 
0.14 -116.65 45.295 32.645 45.295 -35.135 -71.945 32.645 
0.16 -116.5 77.235 70.19 77.235 18.825 -19.59 70.19 
0.18 -111.5 66.38 47.04 66.38 27.745 13.315 47.04 

0.2 -193.2 -55.89 -64.895 -55.89 -71.625 -58.655 -64.895 
0.22 -225.55 -100.54 -103.925 -100.54 -106.65 -93.245 -103.925 
0.24 -242.15 -124.1 -122.6 -124.1 -120.25 -111.15 -122.6 
0.26 -204.3 -82.31 -75.17 -82.31 -75.82 -77.725 -75.17 
0.28 -162.65 -38.915 -24.64 -38.915 -33.655 -43.105 -24.64 

0.3 -101.97 40.645 53.18 40.645 -1.774 -23.745 53.18 
0.32 -137.65 11.2735 26.325 11.2735 -46.09 -54.075 26.325 
0.34 -199.25 -45.745 -24.555 -45.745 -98.465 -115.85 -24.555 
0.36 -259.1 -98.895 -67.84 -98.895 -125.4 -179.55 -67.84 
0.38 -146.8 -18.734 -5.258 -18.734 -31.255 -73.16 -5.258 

0.4 -142.45 -20.665 -17.8915 -20.665 -35.66 -57.89 -17.8915 
0.42 -161.75 -53.88 -62.59 -53.88 -68.055 -64.49 -62.59 
0.44 -187.15 -96.33 -115 -96.33 -108.14 -79.13 -115 
0.46 -179.8 -107.15 -118.95 -107.15 -119.7 -86.61 -118.95 
0.48 -152.75 -92.305 -96.355 -92.305 -105.45 -74.8 -96.355 

0.5 -102.0925 -34.60825 -31.572675 -34.60825 -42.50625 -28.418 -31.572675 
0.52 -88.965 -18.165 -18.345 -18.165 0.802 -8.6745 -18.345 
0.54 -113.65 -52.005 -50.5 -52.005 -17.38 -27.385 -50.5 
0.56 -124.15 -65.975 -60.935 -65.975 -33.155 -37.605 -60.935 
0.58 -101.665 -41.125 -35.34 -41.125 -26.735 -27.515 -35.34 

0.6 -35.76 27.224 38.2175 27.224 36.5225 27.815 38.2175 
0.62 -22.46 30.79 49.875 30.79 66.68 54.325 49.875 
0.64 -55.48 -11.43324 15.5125 -11.43324 38.79 40.13 15.5125 
0.66 -72.02 -26.805 -5.558 -26.805 12.8 34.85 -5.558 
0.68 -50.345 4.43 2.56 4.43 8.99935 49.435 2.56 

0.7 52.5875 94.1925 87.62 94.1925 93.7625 124.52 87.62 
0.72 105.495 121.55 140.15 121.55 153.45 168.45 140.15 
0.74 81.86 96.955 129 96.955 138.2 151.15 129 
0.76 73.385 100.375 125 100.375 130.85 155.05 125 
0.78 97.42 146.95 138.4 146.95 145.7 189.5 138.4 

0.8 244.025 290.625 241.975 290.625 254.675 302.75 241.975 
0.82 373.8 384.45 344.05 384.45 350.9 387.7 344.05 
0.84 404.4 396.9 368.05 396.9 368.1 400.3 368.05 
0.86 407.55 385.05 366.6 385.05 363.75 390.95 366.6 
0.88 384.75 354.55 340.75 354.55 341 361.85 340.75 

0.9 341.15 305.975 288.95 305.975 298.825 312.7 288.95 
0.92 302.35 262.55 244.85 262.55 256.1 270.75 244.85 
0.94 265.2 226.55 212.15 226.55 221 237.4 212.15 
0.96 203.85 175.05 164.9 175.05 174.05 187.3 164.9 
0.98 133.35 118.66 114.495 118.66 126.4 133.4 114.495 

1 155.6775 154.8175 168.785 154.8175 149.345 124.64 168.785 
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Table D-6 Pre-EWR hoop weld residual stress data for paths comprised in plane PX3. 

 Hoop Stress 

X/T LX3Z0 LX3Z1 LX3Z2 LX3Z3 LX3Z4 LX3Z5 LX3Z6 

0 150 -88.455 -90.29 -0.7965 -57.575 -26.625 195.6 
0.02 119.67 -94.07 -89.555 -94.07 -56.82 -33.339 -89.555 
0.04 -8.983 -142.8 -120.9 -142.8 -108.7 -111.3 -120.9 
0.06 -23.72 -119.5 -94.11 -119.5 -91.77 -99.67 -94.11 
0.08 -33.79 -76.16 -48.79 -76.16 -64.88 -78.93 -48.79 

0.1 17.5 48.945 122.15 48.945 75.325 54.725 122.15 
0.12 -10.4235 53.215 168.4 53.215 143.5 95.915 168.4 
0.14 -53.885 68.485 206.35 68.485 203.4 123.15 206.35 
0.16 -81.415 87.995 209.2 87.995 205.2 117.25 209.2 
0.18 -74.8 106.41 195.5 106.41 178.6 107.92 195.5 

0.2 -116.2 49.175 153.95 49.175 138.3 66.475 153.95 
0.22 -107.1 61.895 161.85 61.895 157.15 79.675 161.85 
0.24 -52.38 120.2 206.5 120.2 213 126.45 206.5 
0.26 60.06 233.1 304.4 233.1 300.5 211.75 304.4 
0.28 135.05 307 375.55 307 350.3 267.65 375.55 

0.3 88.835 236.25 339.25 236.25 300.6 205.85 339.25 
0.32 22.88 184.65 297.5 184.65 252.45 166.05 297.5 
0.34 -37.09 138.55 260.4 138.55 218 119.45 260.4 
0.36 -67.5 116.85 248.6 116.85 217.75 85.225 248.6 
0.38 31.36 168.6 266.25 168.6 255.55 166.85 266.25 

0.4 10.302 156.95 254.4 156.95 243.95 154.4 254.4 
0.42 -19.8775 134.9 231.6 134.9 226.45 136.45 231.6 
0.44 -44.29 115.45 210.35 115.45 212.1 123.4 210.35 
0.46 2.1525 146.9 234.5 146.9 240.4 159.3 234.5 
0.48 56.17 186.75 267.5 186.75 273.9 200.3 267.5 

0.5 80.7125 212.7 299.875 212.7 298.55 223.125 299.875 
0.52 40.435 190.25 289.7 190.25 292.3 198.8 289.7 
0.54 24.6275 180 279.55 180 279.25 183.25 279.55 
0.56 27.6145 185 279.8 185 266 179.7 279.8 
0.58 55.92 211 294.45 211 267.1 197.1 294.45 

0.6 82.16 231.575 304.325 231.575 293.525 228.725 304.325 
0.62 65.16 223 291.8 223 303.1 232.15 291.8 
0.64 53.485 220.4 285.55 220.4 295.4 229.55 285.55 
0.66 84.225 247.8 299.8 247.8 300.9 253.15 299.8 
0.68 164.7 307.25 339 307.25 330.65 306.1 339 

0.7 247.775 354.875 384.6 354.875 385.425 361.525 384.6 
0.72 232.1 334.6 376.75 334.6 385.95 351.65 376.75 
0.74 204 321.7 370.55 321.7 367.6 335 370.55 
0.76 221.95 344.75 382.7 344.75 368.65 349.55 382.7 
0.78 296.75 407.05 413.6 407.05 398.15 399.55 413.6 

0.8 433.65 488.95 470.225 488.95 466.425 473.7 470.225 
0.82 483.3 506.4 500.35 506.4 497.7 500.1 500.35 
0.84 480.85 506 506.15 506 497.65 502.9 506.15 
0.86 466.35 493.05 500.95 493.05 488.75 493.95 500.95 
0.88 444.5 471.6 484.3 471.6 473.85 474.85 484.3 

0.9 411.55 435.85 445.675 435.85 447.85 441.825 445.675 
0.92 389.95 411.2 417.95 411.2 424.3 419.95 417.95 
0.94 382.85 402.25 409.35 402.25 410.85 410.65 409.35 
0.96 370.55 388.75 394.5 388.75 394.75 394.8 394.5 
0.98 354.9 371.35 375.5 371.35 379.6 376.8 375.5 

1 342.3 355.5 359.85 355.5 369.6 366.85 359.85 
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Table D-7: Post-EWR axial weld residual stress data for paths comprised in plane PX3. 

 Axial Stress 

X/T LX3Z0 LX3Z1 LX3Z2 LX3Z3 LX3Z4 LX3Z5 LX3Z6 

0 65.99 116 13.186 21.26 71.845 178.8 133.7 
0.02 38.39 83.675 -11.832 83.675 25.2 132.95 -11.832 
0.04 -80.38 -38 -105.5 -38 -101.7 -52.55 -105.5 
0.06 -96.47 -65.52 -123.1 -65.52 -119.6 -81.49 -123.1 
0.08 -106.9 -88.88 -140.8 -88.88 -143.6 -113.7 -140.8 

0.1 -85.005 -43.27 -103.32 -43.27 -133.6 -124.8 -103.32 
0.12 -67.66 9.3195 -58.045 9.3195 -103.7 -100.36 -58.045 
0.14 -57.05 73.825 13.946 73.825 -45.605 -50.59 13.946 
0.16 -59.515 101.095 40.33 101.095 0.789 -3.6469 40.33 
0.18 -56.59 87.185 9.681 87.185 4.533 25.38 9.681 

0.2 -141.85 -40.64 -120.2 -40.64 -107.45 -53.465 -120.2 
0.22 -176 -88.035 -168.3 -88.035 -148 -91.2 -168.3 
0.24 -195.25 -115.9 -200.85 -115.9 -169.55 -113.95 -200.85 
0.26 -160.45 -79.01 -166.85 -79.01 -133.8 -85.715 -166.85 
0.28 -120.55 -38.48 -122.7 -38.48 -97.245 -54.06 -122.7 

0.3 -65.28 32 -90.725 32 -109.25 -43.89 -90.725 
0.32 -103.33 -1.62 -127.65 -1.62 -162.1 -78.815 -127.65 
0.34 -167.45 -63.3 -156.25 -63.3 -206.85 -145.65 -156.25 
0.36 -229.35 -120.15 -155.9 -120.15 -216.05 -213.2 -155.9 
0.38 -123.85 -51.565 -27.8 -51.565 -102.58 -122.45 -27.8 

0.4 -121.05 -56.065 -33.67 -56.065 -89.99 -107.92 -33.67 
0.42 -142.9 -93.935 -32.285 -93.935 -61.085 -119.15 -32.285 
0.44 -171.35 -142 -24.28 -142 -28.675 -140.4 -24.28 
0.46 -167.35 -158.8 -16.26 -158.8 5.733 -153.85 -16.26 
0.48 -142.75 -148.3 -9.232 -148.3 34.3 -145.55 -9.232 

0.5 -96.4375 -97.7475 -38.873563 -97.7475 -0.21425 -106.5025 -38.873563 
0.52 -87.89 -90.415 -62.11 -90.415 4.048 -97.435 -62.11 
0.54 -115.6 -130.45 -65.215 -130.45 18.05 -122.85 -65.215 
0.56 -129.75 -151.55 -73.415 -151.55 15.36 -140.95 -73.415 
0.58 -110.75 -134.25 -75.11 -134.25 13.65 -138.75 -75.11 

0.6 -49.3925 -74.6475 -29.50675 -74.6475 68.62475 -93.7575 -29.50675 
0.62 -40.35 -79.36 3.9745 -79.36 97.905 -77.55 3.9745 
0.64 -76.665 -128.8 9.114 -128.8 88.075 -99.33 9.114 
0.66 -96.935 -152.35 25.52 -152.35 103.4 -112 25.52 
0.68 -79.08 -129.25 47.79 -129.25 150.35 -102.375 47.79 

0.7 18.57275 -50.8005 102.885 -50.8005 226.525 -39.2475 102.885 
0.72 66.095 -33.285 155.55 -33.285 245.95 -11.9418 155.55 
0.74 38.06 -59.995 176.8 -59.995 236.3 -40.21 176.8 
0.76 25.205 -57.98 197.35 -57.98 230.6 -43.545 197.35 
0.78 45.255 -12.2355 213.35 -12.2355 231.7 -3.8755 213.35 

0.8 182.5 97.8975 234.35 97.8975 251.475 97.2925 234.35 
0.82 291.35 159.5 249.2 159.5 257.9 162.2 249.2 
0.84 303.95 171.1 252.45 171.1 252.6 170.8 252.45 
0.86 294.5 159.15 256.6 159.15 257.4 166.25 256.6 
0.88 266 138.4 261.9 138.4 269.5 167.75 261.9 

0.9 220.125 135.325 283.1 135.325 292.7 169.425 283.1 
0.92 179.05 162.6 315 162.6 318.6 161.45 315 
0.94 138.3 190.95 340.35 190.95 335.7 152.75 340.35 
0.96 75.625 206.3 368.7 206.3 355.7 133.65 368.7 
0.98 6.25 220.35 393.8 220.35 374.6 111.495 393.8 

1 -62.286 262 409.825 262 390.275 205.1325 409.825 
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Table D-8: Post-EWR hoop weld residual stress data for paths comprised in plane PX3. 

 Hoop Stress 

X/T LX3Z0 LX3Z1 LX3Z2 LX3Z3 LX3Z4 LX3Z5 LX3Z6 

0 141.7 -81.685 -207.85 -277.85 -93.905 7.029 205.25 
0.02 110.755 -91.03 -212.9 -91.03 -117.05 -18.756 -212.9 
0.04 -8.524 -136.1 -234.9 -136.1 -167.5 -100 -234.9 
0.06 -23.39 -116.6 -217.1 -116.6 -157.1 -91.18 -217.1 
0.08 -33.66 -77.87 -182.9 -77.87 -138 -73.78 -182.9 

0.1 15.57 37.48 -33.51 37.48 -13.175 52.495 -33.51 
0.12 -12.83 37.87 3.139 37.87 47.59 90.615 3.139 
0.14 -57.135 47.525 28.165 47.525 97.78 113.8 28.165 
0.16 -85.78 61.365 18.48 61.365 90.595 104.2 18.48 
0.18 -80.295 75.59 -4.207 75.59 57.73 92.215 -4.207 

0.2 -123.6 10.6365 -65.915 10.6365 2.7545 45.52 -65.915 
0.22 -115.75 19.51 -68 19.51 12.195 55.995 -68 
0.24 -63.075 72.015 -43.995 72.015 46.8 98.68 -43.995 
0.26 46.91 178.85 16.6465 178.85 97.985 179.75 16.6465 
0.28 120.45 249.45 57.66 249.45 121.05 233.25 57.66 

0.3 71.835 171.65 33.17 171.65 97.98 166.55 33.17 
0.32 4.882 116.6 -14.03 116.6 37.05 124.15 -14.03 
0.34 -56.36 66.57 -53.065 66.57 -25.59 74.725 -53.065 
0.36 -87.965 41.64 -64.54 41.64 -54.83 38.27 -64.54 
0.38 6.81 85.31 9.4475 85.31 18.032 109.63 9.4475 

0.4 -14.9115 72.485 0.1605 72.485 26.085 97.99 0.1605 
0.42 -46.295 47.925 16.38 47.925 42.88 78.745 16.38 
0.44 -72.22 25.305 44.805 25.305 48.82 63.495 44.805 
0.46 -27.81 53.275 77.395 53.275 78.685 95.86 77.395 
0.48 24.67 90.92 95.045 90.92 103.9 135.45 95.045 

0.5 46.97925 114.9525 165.9 114.9525 132.625 156.075 165.9 
0.52 4.5905 88.575 211.7 88.575 189.3 127 211.7 
0.54 -12.6305 76.405 172.3 76.405 202.4 108.955 172.3 
0.56 -11.42 79.47 148.55 79.47 194.1 102.765 148.55 
0.58 14.987 102.55 158.15 102.55 188.1 117.55 158.15 

0.6 39.375 120.1925 236.75 120.1925 239.55 146.475 236.75 
0.62 20.897 109.61 250.75 109.61 254.5 146.55 250.75 
0.64 7.85 104.515 217.2 104.515 232.55 139.8 217.2 
0.66 37.05 129.05 228.15 129.05 243.4 156.7 228.15 
0.68 115.6 185.75 288.05 185.75 299 199.05 288.05 

0.7 197.45 232.75 364.425 232.75 373.275 250.15 364.425 
0.72 181.1 211.7 372.65 211.7 373.85 246.75 372.65 
0.74 151.4 194.05 361.75 194.05 350.85 226.35 361.75 
0.76 167.5 202.4 353.15 202.4 333.65 226.15 353.15 
0.78 240.05 236.85 349 236.85 328.1 251.4 349 

0.8 369.625 289.375 329.75 289.375 328.5 302.1 329.75 
0.82 407.15 315.45 299.5 315.45 297.65 329.55 299.5 
0.84 398.55 325.55 276.05 325.55 259.8 327.7 276.05 
0.86 382.4 320.6 254.1 320.6 232.2 310.55 254.1 
0.88 362.55 306.1 241.25 306.1 220.7 287.9 241.25 

0.9 331.175 295.125 242.65 295.125 214.225 270.9 242.65 
0.92 309.4 294.8 250.9 294.8 213.05 258.6 250.9 
0.94 300.9 290.65 256.05 290.65 215.65 244.4 256.05 
0.96 285.9 286.1 258.95 286.1 215.3 226.2 258.95 
0.98 265.9 283.25 259.2 283.25 212.15 199 259.2 

1 237.6 251.85 258 251.85 206.2 163.275 258 
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D.4. Paths Within PX4 Plane 

 

 

 
Figure D-4: Weld residual stress profiles for paths comprised in plane PX4 (nomenclature in top 

left). 
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Table D-9: Pre-EWR weld residual stress data for paths comprised in plane PX4. 

 Axial Stress Hoop Stress 

X/T LX4Z2 LX4Z3 LX4Z4 LX4Z2 LX4Z3 LX4Z4 

0 57.21 38.16 39.86 -89.35 -82.15 -95.27 
0.02 52.71 28.48 32.39 -83.98 -74.81 -90.49 
0.04 46.71 16.69 23.4 -79.85 -68.69 -86.86 
0.06 21.89 -6.138 1.345 -84.28 -71.09 -88.98 
0.08 -7.895 -32.51 -24.36 -91.37 -75.75 -92.64 

0.1 -42.82 -60.56 -52.83 -120.2 -98.86 -120 
0.12 -58.6 -78.06 -68.12 -154.3 -126 -154.3 
0.14 -65.76 -88.18 -75.85 -178.8 -145.2 -177.7 
0.16 -81.5 -100.5 -88.12 -191.1 -154.8 -187.9 
0.18 -100 -116.9 -104.6 -196 -159.6 -193.7 

0.2 -114.5 -129.8 -118.3 -200.2 -164.7 -197 
0.22 -124.3 -140.1 -128.6 -201.8 -166.4 -199.5 
0.24 -129.4 -145.8 -134.5 -201.9 -167 -200.1 
0.26 -132.2 -148.6 -137.2 -200.5 -165.9 -198.7 
0.28 -132.3 -148.4 -137.2 -197.6 -163.4 -196.1 

0.3 -128.8 -144.7 -133.6 -194.3 -160.3 -192.8 
0.32 -122.6 -138.7 -127.5 -190.6 -156.7 -188.5 
0.34 -114.2 -131 -119.4 -186.9 -153.6 -183.5 
0.36 -103.2 -121.4 -108.6 -183.6 -151.3 -178.3 
0.38 -92.39 -111.2 -98.14 -178.7 -148.1 -172.6 

0.4 -82.37 -99.51 -87.65 -174.1 -143.6 -168.1 
0.42 -72.88 -88.75 -77.1 -167.8 -136.7 -160.4 
0.44 -63.43 -78.38 -66.26 -160.5 -128.1 -151 
0.46 -52.1 -66.61 -54.75 -151.9 -117.5 -141.1 
0.48 -41.54 -55.39 -43.24 -142.5 -106.4 -131.4 

0.5 -31.75 -44.6 -31.31 -132 -95.08 -121.4 
0.52 -17.37 -29.71 -16.39 -106.4 -69.64 -96.11 
0.54 -2.499 -14.72 -1.351 -81.88 -46.49 -72.94 
0.56 11.93 0.1231 13.7 -63.47 -31.03 -55.36 
0.58 25.36 14.81 29.36 -48.82 -18.3 -40.04 

0.6 38.51 28.92 46.87 -35.85 -5.604 -25.17 
0.62 51.33 41.31 62.97 -23.79 7.184 -10.98 
0.64 63.08 53.27 76.27 -12.91 19.56 1.474 
0.66 73.85 65.05 88.12 -2.793 31.15 12.05 
0.68 83.6 76.39 99.14 6.904 42.43 21.37 

0.7 93.16 86.91 110.2 16.44 53.43 31.05 
0.72 105.3 99.58 122.9 26.44 64.98 41.72 
0.74 118.9 113.8 136.7 36.78 76.72 52.18 
0.76 133.1 128 148.7 48.48 88.26 62.1 
0.78 146.5 140.9 157 60.82 97.52 70.15 

0.8 155.9 150.6 161.9 70.51 102.7 75.09 
0.82 164.8 160.1 169.4 81.36 108.6 82.12 
0.84 177.1 172.6 180.7 96.42 118.4 93.39 
0.86 193 187.7 195 115.2 131.8 108.9 
0.88 210.5 203.8 210.6 136.1 148.3 127.3 

0.9 227.2 219.6 225.3 157 165.9 146.6 
0.92 244 233.7 237.8 174.1 180.3 161.2 
0.94 260.6 247.6 250.8 187.5 193.3 173.9 
0.96 273.7 260.8 264.3 196.1 204.3 185.4 
0.98 281.4 271.3 276.1 200.5 210.9 193.6 

1 284.8 276.7 282.6 203.7 213.9 198.4 
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Table D-10: Post-EWR weld residual stress data for paths comprised in plane PX4. 

 Axial Stress Hoop Stress 

X/T LX4Z2 LX4Z3 LX4Z4 LX4Z2 LX4Z3 LX4Z4 

0 -10.24 21.6 6.479 -124.1 -127.3 -115.7 
0.02 -14.83 11.78 -3.847 -128.5 -134.1 -118.9 
0.04 -19.05 0.4891 -14.65 -132.5 -141.4 -121.9 
0.06 -27.61 -17.27 -26.59 -131.6 -146.3 -120.4 
0.08 -37.19 -36.82 -39.47 -129.2 -150.2 -117.3 

0.1 -54.32 -60.19 -53.77 -128.9 -150.9 -116.4 
0.12 -70.35 -84.89 -69.57 -137.9 -158.9 -125.6 
0.14 -78.15 -105.3 -80.64 -149.3 -170.7 -138.4 
0.16 -80.39 -120.6 -86.58 -156.2 -178.1 -147.7 
0.18 -84.86 -137.7 -94.94 -161.6 -182.4 -156.6 

0.2 -91.84 -157.5 -104.3 -163 -184.6 -160.5 
0.22 -94.39 -175.6 -112.9 -159.8 -182.5 -161.6 
0.24 -96.63 -194.2 -119.3 -153.6 -179 -160.5 
0.26 -98.06 -211.2 -119 -143.8 -173.4 -153 
0.28 -99.05 -224.4 -112.7 -129.5 -164.5 -137.9 

0.3 -98.38 -230.6 -102 -111.8 -152.9 -117.9 
0.32 -94.85 -229.3 -89.96 -92.6 -137.8 -96.82 
0.34 -88.43 -223.5 -80.36 -73.42 -119.1 -79.13 
0.36 -82.94 -215 -77.49 -55.36 -96.44 -69.07 
0.38 -85.12 -200.7 -83.17 -39.68 -66.73 -65.16 

0.4 -92.16 -184.4 -83 -26.03 -37.26 -54.69 
0.42 -93.52 -168.3 -81.37 -3.858 -4.116 -37.99 
0.44 -89.37 -151.9 -73.83 24.61 31.86 -15.88 
0.46 -63.6 -129.8 -57.14 72.01 76.06 19.91 
0.48 -36.43 -109.9 -42.78 115.6 112.1 44.02 

0.5 -6.938 -91.56 -26.58 157.2 141.6 59.68 
0.52 -12.3 -104.2 -15.7 160.4 145.2 106.7 
0.54 -44.65 -105.7 -3.25 126.9 134.8 108.4 
0.56 -60.92 -83.36 4.555 129.3 163.1 119.1 
0.58 -60.54 -42.74 15.05 161.7 220.7 142 

0.6 18.225 32.4815 93.22 249.2 284.95 233.15 
0.62 87.34 62.56 147.3 287.4 284.5 280 
0.64 91.58 73.06 140.1 278.1 293.4 271.9 
0.66 105.9 111.1 154 301.8 338.2 294.2 
0.68 126.2 159.8 189.7 354 396.3 345.1 

0.7 187.6 230.6 267.25 435.55 454.75 427.55 
0.72 238.8 273.9 304.1 467.9 471 453.7 
0.74 294 294.1 323.5 483.9 471 466.8 
0.76 334.9 310.4 345 493.8 472.4 477.9 
0.78 359.4 315.2 359.3 491.5 470.6 482.2 

0.8 352.85 302.75 350.15 484.2 472.05 485.4 
0.82 331.8 278.6 319.4 476.6 465.2 472.5 
0.84 314.7 254.9 293.3 468.9 450.4 457.8 
0.86 291 231.3 273.3 440.4 427.4 438.1 
0.88 271.9 211.3 256.8 429.9 417.1 434 

0.9 246 186.05 228.3 414.25 402.75 417.15 
0.92 219.1 161.8 197.9 404.3 392.5 402.1 
0.94 194.7 142 175.6 400.2 387.6 397.6 
0.96 162.9 116 146.4 395 381.1 391.8 
0.98 136 93.7 120.9 390.5 376.5 387.1 

1 124.3 83.88 109.2 389.8 376.7 386.9 
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D.5. Paths Within PX5 Plane 

 

 

 
Figure D-5: Weld residual stress profiles for paths comprised in plane PX5 (nomenclature in top 

left). 
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Table D-11: Pre-EWR weld residual stress data for paths comprised in plane PX5. 

 Axial Stress Hoop Stress 

X/T LX5Z1 LX5Z3 LX5Z5 LX5Z1 LX5Z3 LX5Z5 

0 -114.4 -72.28 -124.7 -94.02 -156.3 -106.7 
0.02 -106.6 -69.62 -116.5 -89.01 -152.1 -99.94 
0.04 -99 -68.08 -108.7 -84.11 -147.9 -93.08 
0.06 -95.24 -78.21 -110.8 -82.92 -152.8 -91.89 
0.08 -92.28 -86.82 -113.3 -83.43 -158.6 -92.65 

0.1 -92.58 -90.33 -119.7 -93.98 -177.1 -105.9 
0.12 -87.22 -76.48 -110.6 -100.4 -179.6 -111.5 
0.14 -86.83 -72.98 -108.9 -104.8 -179.4 -116 
0.16 -87.31 -71.78 -107.2 -107.9 -178.5 -118.8 
0.18 -87.38 -70.36 -103.7 -110.6 -177.5 -120.6 

0.2 -87.6 -69.38 -100.5 -113.4 -176.4 -122.6 
0.22 -88.06 -68.66 -97.97 -116.1 -175.3 -124.6 
0.24 -88.25 -67.83 -95.62 -118.8 -174.2 -126.8 
0.26 -88.18 -66.88 -93.18 -121.5 -173.1 -128.9 
0.28 -87.69 -65.61 -90.55 -124.1 -172 -131.1 

0.3 -86.85 -64.04 -87.93 -126.7 -170.9 -133.3 
0.32 -85.56 -62.09 -85.19 -129.3 -169.9 -135.7 
0.34 -83.64 -59.67 -81.96 -131.8 -168.7 -137.9 
0.36 -81.01 -57.04 -78.21 -134.7 -167.7 -140.6 
0.38 -76.89 -53.44 -72.59 -137.9 -166.4 -144.2 

0.4 -73.01 -49.99 -68.39 -140.5 -165.1 -145.7 
0.42 -68.36 -45.83 -63.15 -142.8 -163.3 -147.3 
0.44 -62.86 -40.98 -56.8 -144.6 -161 -149.2 
0.46 -56.75 -35.56 -49.61 -145.9 -158.1 -150.1 
0.48 -50.67 -29.91 -42.8 -146.9 -154.8 -149.9 

0.5 -44.635 -24.115 -36.35 -147.4 -151.15 -149.45 
0.52 -36.34 -16.79 -26.46 -147.7 -147.2 -149.6 
0.54 -28.54 -9.472 -17.32 -148 -143.1 -149.4 
0.56 -20.74 -1.966 -8.286 -148.2 -138.9 -149.1 
0.58 -12.71 5.814 0.9162 -148.1 -134.4 -148.5 

0.6 -4.328 13.855 10.17 -147.7 -129.8 -147.2 
0.62 4.603 22.38 20.1 -146.6 -124.9 -145.5 
0.64 14.08 31.35 30.4 -145.1 -119.6 -143.6 
0.66 24.16 40.84 41.21 -143.3 -113.9 -141.5 
0.68 34.93 50.92 52.68 -140.9 -107.5 -138.8 

0.7 46.43 61.67 64.94 -137.95 -100.4 -135.5 
0.72 59.11 73.24 77.38 -133.8 -92.12 -130.1 
0.74 72.07 85.18 89.34 -127.4 -83.27 -123.1 
0.76 85.42 97.64 101.2 -119.5 -73.86 -114.8 
0.78 99.2 110.8 113.2 -110.8 -63.88 -106.3 

0.8 113.5 124.8 125.5 -102.15 -53.265 -97.765 
0.82 128.4 138.9 137.8 -93.73 -43.02 -89.36 
0.84 142.3 152.8 150.2 -85.12 -33.3 -80.91 
0.86 155.1 166.2 162.4 -75.93 -22.14 -71.49 
0.88 166.3 178.5 173.1 -67.03 -10.12 -61.81 

0.9 175.7 189.55 182.1 -58.64 1.863 -53.09 
0.92 182.2 199.9 188.5 -52.45 12.11 -44.73 
0.94 187.7 208.1 193 -47.43 20.69 -37.83 
0.96 192.2 212 195.5 -43.54 28.33 -30.92 
0.98 196.8 210.3 195.6 -38.87 36.14 -26.33 

1 200.9 205.2 196.2 -34.99 46.39 -21.01 
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Table D-12: Post-EWR weld residual stress data for paths comprised in plane PX5. 

 Axial Stress Hoop Stress 

X/T LX5Z1 LX5Z3 LX5Z5 LX5Z1 LX5Z3 LX5Z5 

0 18.92 -34.43 17.13 -22.19 -165.3 -16.99 
0.02 2.656 -31.15 -0.52 -29.41 -168.2 -24.89 
0.04 -13.64 -28.81 -18.76 -36.05 -171.6 -32.55 
0.06 -35.81 -32.41 -48.82 -45.43 -180.3 -45.66 
0.08 -55.72 -38.69 -76.13 -54.89 -190.8 -58.75 

0.1 -61.7 -55.67 -87.57 -67.44 -211.3 -73.85 
0.12 -66.91 -73.78 -91.74 -80.15 -228.7 -84.81 
0.14 -78.76 -88.33 -104.3 -90.93 -237.9 -94.63 
0.16 -89.23 -99.6 -112.9 -99.16 -241.7 -101.4 
0.18 -98.25 -110.6 -118 -106.1 -242.7 -106.2 

0.2 -108 -123 -123.5 -112.9 -242 -110.5 
0.22 -115.8 -134.1 -126.8 -118.7 -238.4 -113.7 
0.24 -123.5 -146.4 -130.7 -124.1 -233.1 -117.2 
0.26 -130.8 -156.1 -134.3 -129.2 -225.4 -120.4 
0.28 -137.4 -162.7 -137.2 -133.6 -214.4 -123 

0.3 -143.6 -166.5 -139.8 -137.3 -201.6 -125.3 
0.32 -149 -168.2 -141.9 -140.3 -187.5 -127.2 
0.34 -153.2 -168.1 -143.2 -142.3 -171.6 -128.6 
0.36 -155.8 -166.1 -143.7 -143.4 -153.3 -130 
0.38 -155.8 -160.9 -142.5 -142.7 -130.6 -132.1 

0.4 -154.2 -154.8 -140.8 -140 -106.3 -131.5 
0.42 -151.9 -147.2 -138.2 -136.7 -81.03 -130.7 
0.44 -149 -138.1 -135.2 -132.7 -54.21 -130 
0.46 -144.8 -127.8 -131.4 -127.2 -30.7 -128.5 
0.48 -140.2 -116.7 -126.3 -120.6 -6.211 -125.1 

0.5 -135.25 -104.95 -120.85 -113.05 18.23 -120.9 
0.52 -128.6 -90.72 -113.5 -102.6 49.13 -115.5 
0.54 -122 -70.32 -106.7 -91.17 86.94 -108.4 
0.56 -115.5 -42.32 -99.62 -78.64 127.5 -99.56 
0.58 -109.3 -10.21 -91.66 -64.83 165.5 -88.47 

0.6 -101.9 16.48 -81.18 -47.585 193.6 -72.63 
0.62 -93.25 38.45 -68.95 -27.17 225.2 -53.21 
0.64 -83.15 75.74 -54.73 -3.517 276.8 -30.69 
0.66 -70.24 128 -37.91 23.5 335.6 -4.857 
0.68 -53.38 188.7 -18.19 53.15 388.2 23.84 

0.7 -32.2 243.5 4.3595 83.215 418.7 54.15 
0.72 -8.959 275.3 27.31 111.7 433.8 84.49 
0.74 18.77 290.9 47.3 138.5 441.6 112.2 
0.76 46.39 294.6 70.48 161.9 446.6 140.4 
0.78 71.31 289.9 89.29 182 450.6 165.7 

0.8 92.545 279.5 103.7 199.7 452.1 188.8 
0.82 108.7 260.9 114.1 215.9 443.7 210 
0.84 119.6 238.1 119.4 228.9 430.5 227.5 
0.86 128.3 211.9 117.9 239.8 413.4 239.4 
0.88 131.2 184.8 110.6 248 396.3 244.4 

0.9 126.9 157.35 102.3 254 380.3 248.8 
0.92 125.7 126.1 94.94 262.6 361.8 254.4 
0.94 112.8 91.29 84.64 265.4 341.4 256.5 
0.96 90.29 49.08 63.61 263.9 317.7 253.5 
0.98 65.6 2.512 34.68 256.7 290.1 244.3 

1 -3.195 -43.285 -33.377 253.15 273.95 246.85 
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E. Appendix: 2D Analyses 

E.1. Variation on Excavation Location 

After completion of the calculations, it was noticed that the location of the excavation in the 
ABAQUS model relative to the DMW did not exactly match the real-life mockups.  Specifically, 
the EWR was centered on the DMW centerline in the ABAQUS model, but was centered on the 
entire Alloy-182 region (DMW + Butter) in the physical mockups.  In concrete terms, the 
excavation location in the FE model was too far towards the SS-316 side of the mockup by 
exactly 5.207 mm (0.205 in).  To study the effect of this difference, two 2D planar models were 
created: one to represent the 3D FE model with the excavation centered on the DMW, and the 
other to represent the physical mockups with the excavation centered on the Alloy-182 region 
(DMW + Butter).  The comparison between these two models is presented in this section.  The 
overall conclusion is that the effect of the 5.207 mm offset in the excavation location was 
minimal. 

E.1.1. Stress Contours Post-DMW / Pre-EWR 

As expected, Figure E-1 shows that prior to the EWR process, the location of the EWR has no 
impact on the results.  The only very small differences that can be observed are solely due to 
the differences in node and element locations between the two models, due to the different 
location of the excavation. 
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Figure E-1: Comparison of Pre-EWR axial WRS at 25°C and 300°C, between an excavation 

centered on the DMW only and an excavation centered on the DMW + Butter. 
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E.1.2. Stress Contours Post-EWR 

Figure E-2 shows that following the EWR process, the location of the excavation has an effect 
on the stress field within and immediately around the excavation.  That is, the stress field in this 
region ‘follows’ the EWR region, such that it is shifted by 5 to 10 mm towards the LAS region (to 
the left in the figure).  This in turn has a secondary effect on the stresses further away from the 
EWR region, in the lower half of the mockup.  The overall effect on the shape of the stress fields 
is considered negligible and within the modeling uncertainty. 
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Figure E-2: Comparison of Post-EWR axial WRS at 25°C and 300°C, between an excavation 

centered on the DMW only and an excavation centered on the DMW + Butter. 

 

E.2. Full 360 EWR Study 

To investigate the potential effect of a full 360° EWR, a 2D axisymmetric model of a 2 inch thick 
pipe with a 30 inch OD was created.  The results from this 2D calculation were compared to the 
results of the 3D planar mockup that is to be representative of a partial-arc EWR.  This section 
describes the results of the comparison.  The results shown for the 3D partial-arc EWR model 
are shown in plane PZ3 (the center of the mockup, see Figure 4-1). 

E.2.1. Stress Contours Post-DMW / Pre-EWR 

Figure E-3 shows the WRS map immediately after the DMW is completed, and prior to the EWR 
process.  Overall, the stress fields are quite similar between the 2D axisymmetric full-360°EWR 
and the 3D partial-arc EWR mockup at plane PZ3, but small differences exist.  In fact, the axial 
stress at the root of the DMW is higher in the 2D full-360°case, but as one progresses from the 
ID to the OD within the DMW, the stress is lower in the 2D full-360°case.  In contrast, the hoop 
stress is overall higher in the 3D partial-arc EWR mockup, particularly within the DMW. 
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Figure E-3: Comparison of Pre-EWR axial WRS at 25°C and 300°C, between a 2D axisymmetric ‘full 

360°’ EWR and a 3D ‘Partial-Arc’ EWR. 

 

E.2.2. Stress Contours Post-EWR 

Figure E-4 shows the WRS map after the EWR process is completed.  Once again, overall, the 
stress fields are quite similar between the 2D axisymmetric full-360°EWR and the 3D partial-arc 
EWR mockup at plane PZ3, but small differences exist.  In fact, as was the case before the 
EWR process, the axial stress at the root of the DMW is higher in the 2D full-360°case.  
Furthermore, as one progresses from the ID to the OD within the DMW, a longer region of 
compressive axial stress exists in the 3D partial-arc EWR mockup model than in the 2D full-
360° case.  However, from x/t=0.6 to the OD, the axial stress becomes higher for the 3D partial-
arc EWR mockup model.  With regards to the hoop stress field, the 2D case has a larger region 
of compressive hoop stress at the root of the DMW, but the stresses between the two models 
are overall very similar for the outer half of the pipe (the top part of the mockup plate). 
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Figure E-4 Comparison of Post-EWR axial WRS at 25°C and 300°C, between a 2D axisymmetric 

‘full 360°’ EWR and a 3D ‘Partial-Arc’ EWR. 

 


