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ABSTRACT 

 
One of the stipulations in the US Nuclear Regulatory Commission’s (NRC’s) leak-before-break (LBB) 
methodology embodied in Standard Review Plan (SRP) 3.6.3, is that piping systems with active 
degradation mechanism are not suitable candidates for LBB.  In the 1980’s, when LBB was first 
approved for much of the primary piping in pressurized water reactors (PWRs), it was thought that this 
requirement was satisfied.  The systems approved for LBB had not shown any evidence of cracking.  
However, in the early 2000’s, primary water stress corrosion cracking (PWSCC) started to be noticed 
in many of these systems.  Cracking was occurring in some of the Alloy 82/182 dissimilar metal (DM) 
welds.  As such, the appropriateness of LBB for these systems was starting to be questioned.   In 
response, the NRC has undertaken a number of activities to demonstrate that public safety is 
maintained, despite this apparent deviation from the SRP 3.6.3 prohibition against active degradation 
mechanisms in LBB-approved systems.  One such activity is the development of a new probabilistic 
fracture mechanics (PFM) code, xLPR (eXtremely Low Probability of Rupture), which will be used to 
demonstrate compliance with the 10CFR50 Appendix A, General Design Criterion (GDC) 4 
requirement that the primary system pressure piping exhibits an extremely low probability of rupture.   
To support this new probabilistic tool (xLPR code), technical issues relating to the LBB problem must 
be resolved before the uncertainties in the parameters are known.  One such uncertainty is the 
uncertainty in stability characteristics of complex-shaped cracks in the DM welds which are 
susceptible to PWSCC.  To address this uncertainty, the NRC funded a program at Battelle Columbus 
to develop experimental data on the stability characteristics of complex-shaped cracks in DM welds.  
This report presents the results of those experiments.  
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EXECUTIVE SUMMARY 

NRC Standard Review Plan (SRP) 3.6.3 describes Leak-Before-Break (LBB) assessment 
methodologies that are acceptable to the NRC.  Specifically, it describes a deterministic 
assessment procedure that can be used to demonstrate compliance with the 10CFR50 
Appendix A, General Design Criterion (GDC) 4 requirement that the primary system pressure 
piping exhibit an extremely low probability of rupture.  One of the stipulations in SRP 3.6.3 is 
that piping systems with active degradation mechanisms are not suitable candidates for LBB.  
Furthermore, SRP3.6.3 does not comprehensively address uncertainties.  However, it is 
known that Primary Water Stress Corrosion Cracking (PWSCC) is occurring in systems that 
have previously been granted LBB exemptions to remove pipe-whip restraints and jet 
impingement shields.   

Recent activities have been undertaken to demonstrate that public safety is maintained despite 
this deviation from the SRP 3.6.3 prohibition against active degradation mechanisms.  These 
activities include the following: 

• Qualitative arguments have been made that the great majority of observed cracking is 
of limited extent and shallow depth.  These factors tend to mitigate the risk of piping 
rupture. 

• PWSCC mitigation activities have been implemented (e.g. reduction of residual 
stresses via the application of the mechanical stress improvement process (MSIP), 
weld overlays, or inlays over the PWSCC-susceptible welds), and 

• Re-definition, and reduction, of the design-basis break size from the so-called double-
ended guillotine break (DEGB), in recognition of its extremely low probability of 
occurrence.   

While such actions are prudent, timely, and warranted, they fail to resolve the fact that the 
SRP 3.6.3 assessment methodology does not account for active degradation, revealing 
continued need for a new and comprehensive piping system assessment methodology.  To 
address this need, an assessment tool is required that can be used to directly assess 
compliance with the probabilistic acceptance criteria of 10CFR50 Appendix A GDC4, by 
properly modeling the effects of both active degradation mechanisms and the associated 
mitigation activities.  The tool (the xLPR [eXtremely Low Probability of Rupture] 
probabilistic fracture mechanics [PFM] code) under development will be comprehensive with 
respect to known challenges, vetted with respect to scientific adequacy of models and inputs, 
flexible enough to permit analysis of a variety of in-service situations, and adaptable to 
accommodate evolving and improving knowledge. 

To support this new probabilistic tool (xLPR code), technical issues relating to the LBB 
problem must be resolved before the uncertainties in the parameters are known.  Throughout 
the 1980’s and 1990’s, extensive research was conducted by NRC staff through their 
contractors on the stability of cracks in nuclear piping.  The vast majority of these 
experiments and the developed methodologies focused on idealized cracks in similar metal 
welds and their base metals.  However, with the occurrence of PWSCC in dissimilar metal 
(DM) welds, i.e., nickel based welds between carbon steel and stainless steel base materials, 
the crack stability characteristics are unknown.  In addition, PWSCC crack shapes are 
irregular and may be complex in shape, i.e., a combination of an internal part-through surface 
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crack and a through-wall crack.  These differences between the materials involved in cracking 
and shape of the crack relative to the past experiments led to uncertainty in load carrying 
capacity and critical crack size predictions.  In fact, the stability of such cracks may be 
severely overestimated using the techniques developed for similar metal welds.  Therefore, 
for use in the xLPR code and to retain the ability to make accurate crack stability estimates of 
complex cracks in DM welds, experiments are needed to determine if, and how, the current 
methodologies can be used to account for the unique situation of PWSCC in DM welds.  
These experiments, and the developed analysis methodologies, will add technical insight into 
the stability of PWSCC cracks in DM welds and allow the uncertainties in such situations to 
be further quantified. 

The objective of this program is to develop experimental data on the stability characteristics 
of complex-shaped cracks in DM welds.  These experimental results will be used to determine 
if the current analysis methodologies can be used to predict the load-carrying capacity of such 
cracked pipe.  If they cannot, adjustments will be made to improve the accuracy of such 
methodologies. 

In order to address this objective, a series of DW weld pipe fracture experiments were 
conducted.  The matrix included experiments with three different flaw geometries (an internal 
part through surface crack, through-wall cracks, and complex cracks), two different crack 
lengths for the through-wall crack experiments (20 and 37 percent of the pipe circumference), 
three different flaw depths for the surface crack portion of the complex cracks (nominally 20, 
40, and 60 percent of the pipe wall thickness), and three different flaw locations (weld 
centerline, weld butter, and the fusion line between the carbon steel pipe material and the 
weld butter).  All pipe experiments were conducted at 315 C (600 F) without internal pipe 
pressure.  These experiments are documented in detail in the data record book prepared as 
part of this effort.  Associated with the data record book is a DVD with the detailed 
experimental data from all of the pipe tests, as well as the experimental data from companion 
material property tests.   

In addition to the pipe fracture experiments, a series of material characterization tests were 
conducted on both the base metal materials, as well as the weld materials.  For the base metal 
materials, tensile tests were conducted at 315 C (600 F).  For the weld materials, both tensile 
and fracture toughness tests were conducted at 315 C (600 F).  In addition, the chemical 
content for the base metal materials were measured.  Finally, Vickers micro-hardness 
measurements were made across the weld to determine whether there were any local hard 
spots in the weld. 

The key findings from these pipe experiments and material characterization tests are: 

• The maximum moment from the experiments was independent of the crack location 
within the weld region (main weld, butter, or fusion line) for the same crack 
geometries.  This implies that the same combination of material strength properties 
can be used to predict the moment-carrying capacity of a cracked DM weld, regardless 
of where the crack is located within the weld. 

• The main weld exhibited higher fracture toughness than the butter or fusion line 
regions, which exhibited comparable fracture toughness levels.  This observation was 
evident from both the compact (tension) fracture toughness tests as well as from the 
moment-rotation data from the pipe tests. 
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• Notch acuity had little effect on the results from the pipe experiments.  The moment-
rotation data for comparable crack locations and crack geometries/sizes were nearly 
identical for both the case of a sharp machined notch and a fatigue pre-cracked notch.   

These experiments will be analyzed in detail as part of future efforts at Battelle.  The results 
from these experiments (moment-rotation data) will be compared with predictions using both 
limit-load analyses and available elastic-plastic fracture mechanics (EPFM) J-estimation 
scheme analyses.  As part of this assessment, both the role of the carbon steel and stainless 
steel strength properties and the weld metal fracture toughness properties on the load-carrying 
capacity of the cracked pipe sections will be evaluated.  The analyses will define a “blended” 
stress-strain curve that properly predicts the crack-driving force as estimated by finite element 
analyses.  An assessment will be made as to whether or not a simple modification can be 
made to one of the existing J-estimation schemes for making accurate moment-rotation data 
predictions.  If not, recommendations will be made as to what modifications to these 
estimation schemes might be needed.   
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1.0 INTRODUCTION 

Over the course of the last 10 to 20 years, a new cracking mechanism, primary water stress 
corrosion cracking (PWSCC), has emerged in the pressurized water reactor (PWR) fleet.  The 
necessary ingredients for PWSCC are a susceptible material (i.e., Alloy 600 or its related weld 
metals [Alloy 82 or 182]), an appropriate environment (i.e., elevated temperature primary 
cooling water), and a crack driving force [i.e., weld residual stress (WRS)].  If any of these 
three ingredients is missing, PWSCC is not of concern.  Over the past several years, much 
work has gone into modeling and understanding the character of the WRS (Refs. 1, 2, 3).  For 
thick wall pipe, a common pattern observed for the WRS is high axial tensile stress on the 
inside pipe surface, with a compressive layer somewhere through the middle of the wall 
thickness.  As a result of this pattern of WRS, the concern is that PWSCC will grow 
circumferentially for a significant portion of the inside pipe diameter before it would penetrate 
the pipe wall thickness and be detected by the plant’s leakage detection system.  There have 
been instances of axially oriented cracks, driven by the hoop residual stresses, that have 
penetrated the pipe wall, most notably a hot leg/reactor pressure vessel (RPV) nozzle weld 
crack at the V.C. Summer plant, but to date, none of the circumferentially oriented cracks 
have gone through the pipe wall. 

The concern is that if one of these PWSCC cracks were to grow completely around the pipe 
circumference without being detected, and some large unanticipated loading event were to 
occur, such as from a seismic event, then the apparent fracture resistance of the cracked 
section may be much lower than envisioned when the affected piping systems were originally 
approved for leak-before-break (LBB).  Such behavior was observed in some of the early 
circumferentially oriented pipe fracture tests conducted at Battelle for the US Nuclear 
Regulatory Commission (NRC), References 4 and 5.  In such cases with long internal surface 
cracks, it has been postulated that the tearing resistance of the cracked section may be such 
that the crack might tear completely around the pipe circumference (or a large portion of the 
circumference), causing a significant loss-of-coolant accident (LOCA) event.   

Over the years the NRC has made a significant investment in understanding the fracture 
behavior of cracked pipe.  In the early days, the Atomic Energy Commission (AEC), the 
predecessor to the NRC, studied the behavior of axially oriented cracks (Ref. 6).  Later, 
starting in the early 1980’s, the NRC conducted a number of programs at Battelle during 
which they studied the fracture behavior of circumferentially oriented cracks in pipes (Refs. 7, 
8, 9, 10).  Much of this later work was in response to the intergranular stress corrosion 
cracking (IGSCC) problem, which was plaguing the boiling water reactors (BWRs) at the 
time.  As part of this work, many pipe fracture experiments were conducted on a wide range 
of pipe sizes, materials, crack shapes and sizes, and loading conditions.  However, the number 
of DM weld pipe experiments was limited to a few simple through-wall crack experiments in 
large diameter cold leg piping DM welds.  In addition, the number of complex cracked pipe 
experiments, where a long internal surface crack penetrates the pipe wall thickness for a short 
distance is also limited.  This complex crack geometry is of specific concern today, due to the 
nature of the weld residual stresses which drive PWSCC cracks.    
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The objective of the program described in this report was to develop experimental data on the 
stability characteristics of complex-shaped cracks in dissimilar metal (DM) welds.  These 
experimental results will be used to determine if the current analysis methodologies can be 
used to predict the load-carrying capacity of such cracked pipe. If they cannot, modifications 
will be made to improve the accuracy of such methodologies.  As part of this determination, 
an assessment will be made as to what material property data should be used in the analyses.  
Results from the analysis of past pipe experiments with welds joining two identical material 
pipes (Refs. 11, 12), showed that the use of the base metal tensile properties and the weld 
metal fracture toughness properties resulted in the best predictions of the experimental results.  
However, with a DM weld, there are two sets of base metal tensile properties to consider, the 
stainless steel pipe material and the alloy steel nozzle material.  As such, the experiments 
conducted as part of this program will help establish which tensile properties, i.e., the strength 
properties of the stainless steel safe end material, the alloy steel nozzle material, or some 
hybrid of the two, are most appropriate for the types of crack stability analyses required to 
predict the stability characteristics of cracks in DM welds.    
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2.0 APPROACH 

In order to satisfy the stated objectives of this program, a series of 13 cracked pipe 
experiments were conducted.  There also was an uncracked shakedown experiment to check 
out the test facility, before conducting the first cracked pipe experiment.   

2.1 Material Characterization Tests 

A series of material characterization tests were conducted to collect relevant properties for 
interpreting the pipe test results.  Both tensile and fracture toughness tests were performed.  
The tensile tests were conducted in accordance with ASTM E21-09 (Ref. 13), while the 
fracture toughness tests were conducted in accordance with ASTM E1820 (Ref. 14).  The test 
matrix of material tests is shown in Table 1. 

Of note from Table 1 is a series of plate weld fracture toughness tests conducted in addition to 
the pipe weld fracture toughness tests.  The original purpose of these plate weld tests was to 
evaluate the fracture behavior of the fusion line for two different weld bevel geometries.  
During the initial planning for the pipe fracture tests, a question arose as to how to machine a 
complex crack (i.e., a long internal surface crack that penetrates the pipe wall thickness for a 
short distance) along the fusion line between the alloy steel base metal and the DM weld 
butter material with a typical weld preparation geometry.  Typically, the fusion line follows 
the bevel on the alloy steel base material and is angled with respect to the inside pipe surface. 
With such a geometry, it would be difficult, if not impossible, to machine such a crack along 
the fusion line and be sure that the crack would stay in the fusion line.  As a result, it was 
decided to machine a straight 0-degree bevel, see Figure 1, onto the carbon steel pipes such 
that the fusion line was perpendicular to the inside pipe surface. This would eliminate the 
location ambiguity of machining of the cracks for the fusion line experiments.  However, a 
question was raised as to whether or not this bevel geometry would adversely affect the 
fracture toughness of the fusion line.  In order to answer this question, a series of plate DM 
welds were fabricated, using the same weld process as would be used for the pipe DM welds, 
to evaluate the effect of weld bevel angle on the fusion line fracture toughness.  For one plate 
weld, a typical 15-degree bevel geometry was used.  For the other, the proposed 0-degree 
bevel geometry was used.  After fabricating both plate welds, standard ½T compact (tension), 
CT, specimens were machined from both plate welds, with machined notches, in both cases, 
aligned with the fusion line.  (The ½ T CT specimens were the largest specimens that could be 
machined from the plate weld with the angled bevel geometry.)  Fracture toughness tests were 
then conducted using both sets of CT specimens, 0- and 15-degree plate bevels, and the 
resultant J-Resistance (J-R) curves compared to see if the bevel geometry influenced the 
fusion line fracture toughness.   
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Table 1.  Test matrix of material characterization tests 

 
Tensile tests 

Location Orientation Number of tests 

Stainless steel pipe Longitudinal 2 

Carbon steel pipe (replicate tests for both lengths of 
the same heat of carbon steel pipe) 

Longitudinal 4 

Dissimilar metal weld Longitudinal 2 

A106 Grade C moment arm pipe  Longitudinal 2 

Fracture toughness tests 

Location Notch Acuity Orientation Number of tests 

Weld Sharp machine notch (SMN) L-C 2 

 Weld  Fatigue precrack L-C 2 

Butter SMN L-C 2 

Fusion line SMN L-C 2 

Plate straight bevel 
(fusion line) 

SMN  4 

Plate angled bevel 
(fusion line) 

SMN  2 

 

 
Figure 1  Sketch showing straight 0 degree bevel on carbon steel pipe material 

2.2 Pipe Experiments 

In this section of the report the details of the pipe fracture experiments are presented. 
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2.2.1 -Test Matrix - The test matrix for the 14 pipe experiments (one uncracked and 13 
cracked pipe experiments) is shown in Table 2.  The matrix includes cracks along the fusion 
line, in the butter material, and in the main weld region.  Originally, three (3) complex 
cracked pipe experiments were planned for each flaw location (fusion line, butter, and main 
weld) for a total of nine (9) complex cracked pipe experiments, i.e., a 37-percent of the pipe 
circumference long through-wall crack in the same circumferential plane as a 20, 40, and 60 
percent deep 360-degree long internal surface crack.  However, after some of the preliminary 
results indicated that the maximum moment-carrying capacity of these complex cracks was 
not affected by the crack location, two of these complex crack experiments were changed to 
through-wall cracked experiments.  For each of the complex cracked pipe experiments, the 
same through-wall crack length was used, i.e., 37-percent of the pipe circumference.  The 
variable was the depth of the 360-degree internal surface crack.   

In addition to the seven (7) complex crack experiments, the test matrix included one surface 
cracked pipe experiment and five through-wall cracked pipe experiments.  The depth of the 
surface crack in the surface cracked pipe experiment was nominally 60-percent of the pipe 
wall thickness, which is comparable to the flaw depth used in many of the past surface-
cracked pipe experiments conducted at Battelle.  The length of the surface crack in the 
surface-cracked pipe experiment was 360 degrees.  For four of the five TWC experiments, the 
length of the TWC was 37-percent of the pipe circumference.   This is the same through-wall 
crack length used in many of the past through-wall cracked pipe experiments conducted at 
Battelle.  For the fifth TWC experiment, a shorter TWC was evaluated, i.e., 20 percent of the 
pipe circumference.  With the exception of Experiment DMW13, the initial machine crack 
was not sharpened through fatigue cycling.  The notch acuity for the majority of these 
experiments was a sharp machined notch (SMN).  Past experience had indicated that for 
higher toughness materials, such as nickel-based alloys, the notch acuity did not significantly 
influence the results.  In order to check this hypothesis, the initial through-wall crack for 
Experiment DMW13 was sharpened through fatigue cycling.  By comparing the results from 
this experiment with the results from the companion SMN experiments, DMW10 and 
DMW11, which were comparable experiments (same crack geometry, same crack size, and 
same crack location) that were not fatigue sharpened, an assessment could be made as to 
whether or not the notch acuity would influence the results of the pipe experiments. 
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Table 2.  Test matrix of dissimilar metal weld pipe experiments  

Experiment 
Number 

Type of Crack Crack Location Surface Crack 
a/t 

Surface Crack 
θ/π 

TWC  
 θ/π 

DMW-0 Uncracked N/A N/A N/A N/A 

DMW-1 Complex Crack Weld 0.2 1.0 0.37 

DMW-2 Complex Crack Weld 0.4 1.0 0.37 

DMW-3 Complex Crack Weld 0.6 1.0 0.37 

DMW-4 Complex Crack Butter 0.2 1.0 0.37 

DMW-5 Complex Crack Butter 0.4 1.0 0.37 

DMW-6 TWC Weld N/A N/A 0.20 

DMW-7 Complex Crack Fusion Line 0.2 1.0 0.37 

DMW-8 Complex Crack Fusion Line 0.4 1.0 0.37 

DMW-9 TWC Butter N/A N/A 0.37 

DMW-10 TWC Weld N/A N/A 0.37 

DMW-11 TWC Weld N/A N/A 0.37 

DMW-12 Surface Crack Weld 0.6 1.0 N/A 

DMW-13 TWC (fatigue 
precracked) 

Weld N/A N/A 0.37 

 
2.2.2 - Materials - All of the pipes tested in this program contained DM welds joining 8-
inch diameter Schedule 160 Type 316 stainless steel pipe to 8-inch diameter Schedule 160 
A106 Grade C carbon steel pipe.  Originally, the plan was to use sections of A508 Grade 2 
forging material for the ferritic side of the weld.  Unfortunately, a source for these forgings 
could not be found.  In lieu of the A508 forgings, sections of a high strength A106 Grade C 
pipe material were used as a surrogate.  The A106C pipe material had similar strength 
properties as A508 Grade 2 forging material.   

The DM welds were fabricated at Edison Welding Institute (EWI) in Columbus, Ohio.  EWI 
had previous experience in fabricating these types of DM welds when they fabricated the 
Phase I plate and pipe weld mockups for the Electric Power Research Institute (EPRI), and 
the Phase IIA and IIB weld residual stress mockup welds for the NRC, as part of a 
verification program for weld residual stress analyses (Ref. 3).  The DM welds were 
fabricated using similar weld procedures as used in the fabrication of the EPRI and NRC 
mockups.  The weld butter on the carbon steel pipe was applied using a shielded-metal-arc 
weld (SMAW) process with Alloy 182 electrodes, while the main DM welds were made using 
a gas-tungsten-arc weld (GTAW) process with Alloy 82 weld wire.  The carbon steel pipe 
was post-weld heat treated (PWHT) after buttering and before fabricating the main DM weld.  
The PWHT was performed in accordance with ASME Section III Table NB-4622.1-1 (635 C 
[1,175 F] for a minimum of one hour).  Prior to the PWHT the butter material was inspected 
using both penetrant testing (PT) and radiographic testing (RT) per ASME Section III, NB-
5000 requirements.  After fabricating the main DW weld, the weld metal was inspected using 
RT per ASME Section III, NB-5320.  The SMAW electrodes were all from the same heat.  
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Similarly, the GTAW weld wire was all from the same heat.  A detailed Requirements 
Document was written for the fabrication of these DM welds (see Appendix A of the Data 
Record Book). 

 
2.2.3 - Test Facility – The test facility for the pipe tests was designed and fabricated 
specifically for this program.  Originally, the plan was to use a single actuator, 4-point bend 
test frame, as used in many of the past pipe fracture experiments conducted at Battelle (Refs. 
8, 9, 10, and 11), see Figure 2.  However, during the course of the pre-test design analysis, it 
was discovered that such a load frame/fixturing introduces undesirable data reduction 
complications for these experiments, because of the differences in material properties on 
either side of the crack plane. 

A finite element model of the cracked pipe specimen and load frame was used to perform 
system design analyses and individual experiment pretest predictions.  Included in this finite 
element model was a series of spring-slider elements to represent the nonlinear behavior of 
the crack.  As part of these analyses, it was discovered that due to the differences in the 
material properties, e.g., yield strength and modulus of elasticity (E), and thus stiffness, 
between the carbon steel side of the test specimen and the stainless steel side of the test 
specimen, that the stainless steel side of the pipe displaced more for the same applied load, 
especially at the higher loads required for the short TWC and surface crack pipe experiments.  
As a result, there was concern that a single actuator type load frame, as shown in Figure 2, 
could potentially introduce side loads on the load cell, thus complicating the data 
reduction/analysis phase of the program.  Furthermore, unknown/unmeasured directions of 
load application with the “standard” four-point bending setup result in more uncertainty in the 
experimental results.  

 
Figure 2.  Single actuator test frame used in many of the prior 4-point bend experiments 

conducted at Battelle 
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As a result of this finding, it was decided to conduct the DM weld pipe tests in Battelle’s 
Fatigue and Structures Laboratory, using the 500 kip MTS fatigue machine simply as a 
support structure.   Thus, instead of using the 500 kip’s single actuator to apply the loads to 
the pipe specimens, it would instead be used only as a strongback to support a separate 
loading system with individual actuators at both of the inner load points.  With one of these 
actuators in displacement control and the second “slaved” to the first in load control, the 
displacement of the second actuator would be independent of the first, but would match the 
load of the first.  The applied load, displacement, and rotation of the line of action of the 
applied force for both actuators were measured throughout the course of the experiments.  

Figure 3 shows end, side, and isometric views of the test facility used for these pipe 
experiments.  Figure 4 is a photograph of the test facility with one of the cracked pipe 
specimens in place.  The inner span for the 4-point bend loading was 1.32 m (52 inches).  
With that span, there were approximately 3 pipe diameters between the crack plane and the 
inner span load points on either side of the crack plane.  The outer span was 3.66 m (144 
inches), which means that there were approximately 5 pipe diameters between the outer span 
load points and the inner span load points.  The two actuators, at the inner load points, pulled 
down on the pipe, thus putting the bottom half of the pipe in tension.  Accordingly, the cracks 
were centered at the 6 o’clock position of the test specimens.   

The entire load train and its functionality were assessed prior to conducting any of the cracked 
pipe experiments, during the course of an uncracked shakedown experiment.  As part of the 
room temperature phase of this uncracked shakedown experiment, bi-axial strain gages 
(aligned in the hoop and longitudinal directions) were applied to the pipe outer surface at 
various locations, along the length of the pipe, between the inner load points.  From these 
strain gage measurements, any misalignment in the load frame could be assessed.  In addition, 
the moments inferred from the load cell/inclinometer data in the load frame could be verified 
with the moments inferred from the strain gages.  These strain gage measurements were taken 
at room temperature. 

After the room temperature portion of the uncracked shakedown experiment was completed, a 
test of the load frame at temperature (315 C [600 F]) was made.  All of the cracked pipe tests 
were conducted at 315 C (600 F) with no internal pipe pressure.  The pipes were heated using 
flexible heater tapes wrapped helically around the pipe.  The pipe was allowed to soak at 
temperature for at least an hour before the loading was started.  Thermocouples were attached 
to the pipe at 4 locations on the exterior of the pipe to measure the pipe temperature.  In 
addition, there was a control thermocouple for controlling the power to the heater tapes.  
During the course of experiments, the pipe temperature typically varied no more than ±4 C (6 
F) at the crack plane at the 9 o’clock position of the pipe and ±11 C (20 F) at the crack plane 
at the 6 o’clock position of the pipe.  The 9 o’clock position was covered in insulation while 
the 6 o’clock position was not due to the instrumentation protruding from the pipe surface at 
that location thus contributing to the greater variation in temperature at the 6 o’clock position. 
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Figure 3.  End, side, and isometric view of the test facility used for these pipe 

experiments 
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Figure 4.  500 kip MTS servo-hydraulically controlled test frame in Battelle’s Fatigue 

and Structures Laboratory with one of the cracked pipe specimens in place 

To determine the applied moment at the crack plane with the test system as shown in Figures 
3 and 4, the physical layout of the test pipe facility (inner and outer span dimensions, lengths 
of vertical linkages at outer load points, and lengths of hydraulic actuators/linkages at the 
inner load points), the applied loads at each of the four (4) load points, the rotations at each of 
the four (4) load points, and the vertical displacement of the pipe at the crack plane, with 
respect to the load frame, are all required1.  Figure 5 shows a schematic of the undeformed 
pipe before the test, as well as the deformed pipe during the test, and the associated free-body 
diagram.  Summing the moments around crack plane in Figure 5, one can show that the 
applied moment at the crack (𝑀𝐶) is: 

𝑀𝐶 = −𝑃𝑂𝐿𝑐𝑜𝑠∅𝐿 �
𝑍
2
− 𝐿𝑂𝐿𝑠𝑖𝑛∅𝐿�+ 𝑃𝑂𝐿𝑠𝑖𝑛∅𝐿[𝐿𝑂𝐿(1− 𝑐𝑜𝑠∅𝐿) + ∆𝐶] 

+𝑃𝐼𝐿𝑠𝑖𝑛𝜃𝐿[∆𝐶 − (𝐿𝐼𝐿(1 − 𝑐𝑜𝑠𝜃𝐿) + 𝛿𝐿𝑐𝑜𝑠𝜃𝐿)]                                     (1) 

+𝑃𝐼𝐿𝑐𝑜𝑠𝜃𝐿 �
𝐿
2
− �(𝐿𝐼𝐿 − 𝛿𝐿)𝑠𝑖𝑛𝜃𝐿�� 

 

Similarly, the longitudinal membrane load on the pipe at crack section (𝑃𝐶) is: 

𝑃𝐶 = 𝑃𝑂𝐿𝑠𝑖𝑛∅𝐿 + 𝑃𝐼𝐿𝑠𝑖𝑛𝜃𝐿                                                       2) 
where, 
                                                      
1 Actually, one only needs the loads, displacements, and rotations on one side of the crack (either left or right) in 
order to resolve the applied moments at the crack section.  Summing the moments about the crack section on 
either side of the pipe should result in the same moment value.  The redundant second set of measurements 
(either left or right hand side) was collected in case one of the instrumentation channels failed during the course 
of an experiment. 
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𝑃𝑂𝐿 = 𝐿𝑜𝑎𝑑 𝑓𝑜𝑟 𝑜𝑢𝑡𝑒𝑟 𝑙𝑒𝑓𝑡 𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙 
∅𝐿 = 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑢𝑡𝑒𝑟 𝑙𝑒𝑓𝑡 𝑙𝑖𝑛𝑘𝑎𝑔𝑒 
𝑍 = 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑜𝑢𝑡𝑒𝑟 𝑠𝑝𝑎𝑛 𝑎𝑡 𝑢𝑝𝑝𝑒𝑟 𝑏𝑒𝑎𝑚 
𝐿 = 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑖𝑛𝑛𝑒𝑟 𝑠𝑝𝑎𝑛 𝑎𝑡 𝑙𝑜𝑤𝑒𝑟 𝑏𝑒𝑎𝑚 
𝐿𝑂𝐿 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑜𝑢𝑡𝑒𝑟 𝑙𝑒𝑓𝑡 𝑙𝑖𝑛𝑘𝑎𝑔𝑒 (𝑝𝑖𝑛 𝑡𝑜 𝑝𝑖𝑛) 
𝜃𝐿= Rotation of inner left linkage (hydraulic actuator) 
𝐿𝐼𝐿 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑖𝑛𝑛𝑒𝑟 𝑙𝑒𝑓𝑡 𝑙𝑖𝑛𝑘𝑎𝑔𝑒 (𝑝𝑖𝑛 𝑡𝑜 𝑝𝑖𝑛) 
𝛿𝐿 = 𝐿𝑜𝑎𝑑 𝑙𝑖𝑛𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑙𝑒𝑓𝑡 ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 
𝑃𝐼𝐿 = 𝐿𝑜𝑎𝑑 𝑎𝑡 𝑖𝑛𝑛𝑒𝑟 𝑙𝑒𝑓𝑡 𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙 (ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟) 
∆𝐶= 𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑐𝑟𝑎𝑐𝑘 𝑝𝑙𝑎𝑛𝑒 

 

Given the moment, the bending stress at the crack (𝜎𝐵𝐶) can be calculated as:  

𝜎𝐵𝐶 = 𝑀𝐶𝐷𝑂
2𝐼

                                                                       (3) 

where,  

𝐼 = 𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑜𝑓 𝑝𝑖𝑝𝑒 =  𝜋(𝐷𝑂4 − 𝐷𝑖4)/64 
𝐷𝑂 = 𝑂𝑢𝑡𝑠𝑖𝑑𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒 
𝐷𝑖 = 𝐼𝑛𝑠𝑖𝑑𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑖𝑝𝑒. 

In turn, the axial membrane stress as the crack (𝜎𝑀𝐶) can be calculated as: 

𝜎𝑀𝐶 = 𝑃𝐶/[𝜋(𝐷𝑂2 − 𝐷𝑖2)/4]                                                (4) 
 

 
(a)  Undeformed pipe 
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(b) Deformed pipe 

 
(c) Linkage lengths 

 
(d)  Free Body Diagram 

 
Figure 5.  Schematic of the undeformed pipe before the test as well as the deformed pipe 

during the test and the associated free-body diagram 

A similar type analysis can be done for the right hand side of the inner span, where the 
subscript “L” is replaced by the subscript “R” throughout.  Note, pre-test analysis indicates 
that the axial stress is small when compared with the maximum bending stress (less than 1-
percent) for these experiments.   

From the strain gage data, stresses were calculated using the Hooke’s Law equation for bi-
axial stress, and from those stresses, the applied moments were calculated.  Comparing 
moments from the strain gages with moments inferred from the load, displacement, and 
rotation data, see Figure 6, moments at the crack section from the load, displacement, and 
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rotation data for both sides of the crack (left and right) are nearly identical and agree with 
moments derived from the strain gages within 2 or 3 percent. 

 
Figure 6.  Comparison of moments inferred from strain gage data from room 

temperature uncracked experiment and moments inferred from load, displacement, 
and rotation data from the same experiment 

2.2.4 - Test Specimens – The cracks in all of the cracked pipe experiments were in DM 
welds joining sections of 8-inch diameter Schedule 160 Type 316 stainless steel pipe to 
sections of 8-inch diameter Schedule 160 A106 Grade C carbon steel pipe.  The test 
specimens were approximately 500 mm (20 inches) long: 235 mm (9.25 inches) long sections 
of stainless steel pipe welded to 235 mm (9.25 inch) long sections of carbon steel pipe with 
approximately a 37 mm (1.5 inch) wide weld, including the butter.  Longer sections of 8-inch 
diameter Schedule 160 carbon steel pipe (A106C) were welded onto each end of the test 
specimens as moment arms for the 4-point bend experiments. 

Prior to fabricating the DMWs, the outside and inside diameters of the pipe segments were 
machined to obtain uniform and consistent outside diameters and wall thicknesses, 
respectively.  Note, the original wall thickness of the stainless steel pipe segments were so 
variable around the pipe circumference that, in some cases, it was not possible to clean up the 
entire inside surface without making the wall thickness unacceptably thin, less than 21.6 mm 
(0.85 inches).  (Note: The nominal wall thickness of 8-inch diameter Schedule 160 pipe is 
23.0 mm (0.906 inches.)  After machining the outside and inside pipe surfaces, one end of 
each of the pipe segments was beveled, in preparation for making the DM welds.  When the 
end machining was completed, the carbon steel pipe segment was buttered using a shielded-
metal arc welding (SMAW) process with Alloy 182 weld rods.  The buttered carbon steel pipe 
segment was inspected and then subjected to a post weld heat treatment (PWHT) in 
accordance with ASME Section III, Table NB-4622.1-1 requirements.  For 21.6 mm (0.85 
inch) thick pipe samples, this means a PWHT of 635 C (1,175 F) for a minimum of one hour.  
After the PWHT, the outside and inside surfaces of the buttered layers were machined to 
match the OD and ID of the carbon steel pipe.  A bevel for the DM weld was then machined 
into the butter material.  The buttered carbon steel pipe was then welded to the stainless steel 
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pipe segment using a gas-tungsten arc welding (GTAW) process with Alloy 82 weld wire.  
The outside and inside surfaces of the completed DM welds were then machined for 75 mm 
(3 inches) on either side of the center of the weld in order to remove the weld crown and burn 
through, respectively.  The dimensions of the pipe segments/welds at each stage of the 
machining/welding process are provided in Appendix B of the Data Record Book.   

After the DM welds were completed, the flaws were introduced.  Three different flaw 
geometries were evaluated, i.e., simple through-wall cracks, a full circumference part-through 
internal surface crack, and complex cracks, see Figure 7.  The idealized complex cracks were 
full circumference, part-through internal surface cracks that penetrated the pipe wall thickness 
for a short distance.  The internal surface crack portion of the complex crack was in the same 
plane as the through-wall portion of the complex crack. 

One of the challenges faced in conducting these experiments was introducing the flaws into 
the DM welds.   For most of the experiments, the surface crack portion of the complex cracks 
was introduced using a vertical mill with a 150 mm (6 inch) diameter by 1.5 mm (0.06 inch) 
thick cutter.  The tips of the cutters used for the final passes were tapered with a 30-degree 
included angle at the tip.  When machining the deeper surface cracks (those 40- and 60-
percent of the pipe wall thickness in depth), many of the cutters shattered.  This was 
ultimately attributed to weld residual stresses pinching the sides of the cutter as the notch was 
machined deeper into the weld.  As a result, for the 60-percent deep surface crack, the 60-
percent deep complex crack, and the 40-percent deep complex crack in the weld, an electro-
discharge machine (EDM) process was used to machine the surface cracks.  The electrodes 
used for electro-discharge machining these deep cracks were 1.5 mm (0.06 inch) thick, 
tapered with a 30-degree included angle at the tip.    

For the through-wall crack experiments and the through-wall crack portion of the complex 
crack experiments, an EDM process was used.  The thickness of the EDM electrode was 
approximately 0.45 mm (0.018 inches) thick, which resulted in a slit approximately 0.6 mm 
(0.025 inches) wide.  The resulting notch tip radius was approximately 0.3 mm (0.012 inches).  
For the complex crack experiments, the corner at the intersection of the surface- and through-
wall crack was manually rounded using a hack saw blade, which had been ground to a 
thickness of approximately 0.25 mm (0.01 inches), see Figure 8.  The rounded flaw corner 
example shown in Figure 8 is from Experiment DMW1, 20-percent deep complex crack in the 
weld. The flat surface to the left of the photograph is the EDM portion of the through-wall 
crack.  The two-toned curved surface in the bottom right portion of the photograph is the 
machined surface crack on the inside pipe surface (darker part), and the inside surface of the 
pipe (lighter part).  The darker surface in the upper right portion of the photograph is the 
fracture surface from the high temperature ductile tearing portion of the experiment.  The 
bright shinny surface at the intersection of the EDM through-wall crack and the machined 
surface crack is where the saw blade was used to round off the corner at this intersection. This 
geometry is fairly typical of this intersection for all of the complex crack experiments.   
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Figure 7.  Complex crack geometry 

 

 
 

Figure 8.  Close up photograph of rounded off corner of machined complex crack at the 
intersection of the through-wall crack and the internal surface crack  

2.2.5 – Instrumentation and Controls – Each of the pipe test specimens was loaded in 
4-point bending under servo-hydraulic control.  One of the actuators at the inner load points 
was in displacement control, while the other was “slaved” to the first to match the applied 
load.  The displacement rate of the first actuator, i.e., the one in displacement control, was set 
so that maximum load was reached in about 20 to 30 minutes.  The actual displacement rate 
varied from one experiment to the next.  Once maximum load was achieved during the course 
of the experiment, the test specimen was unloaded several times in order to “mark” the 
fracture surface before the specimen was further deformed.  These “beach marks” on the 
fracture surfaces were used as a measure of the crack growth.  The instrumentation for each of 
the cracked pipe experiments was similar, see Table 3.   
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Table 3.  List of instrumentation and signal conditioning used in pipe experiments 

Data collected Measurement device Signal Conditioning 
Applied load at the outer 

load points 
Interface 100-kip load cells National Instruments SCXI-1520 8 Channel 

Universal Strain Bridge and SCXI-1314 
Front Mounting Terminal Block 

Applied load at the inner 
load points 

Interface 100-kip load cells National Instruments SCXI-1102C 32 
Channel Signal Conditioning Module 

Applied displacement at the 
two inner load points 

Temposonics 0-12 inch 
displacement transducer 

National Instruments SCXI-1102C 32 
Channel Signal Conditioning Module 

Crack section rotation Sensorex +3 degree 
inclinometers 150 mm (6 inches) 
on each side of the crack plane 

National Instruments SCXI-1102C 32 
Channel Signal Conditioning Module 

Rotations at the inner load 
points 

Seika +1 degree inclinometers National Instruments SCXI-1102C 32 
Channel Signal Conditioning Module 

Rotations at the outer load 
points 

Sensorex +3 degree 
inclinometers 

National Instruments SCXI-1102C 32 
Channel Signal Conditioning Module 

Crack section displacement Celesco 3,175 mm (125 inch) 
string potentiometer 

National Instruments SCXI-1520 8 Channel 
Universal Strain Bridge and SCXI-1314 

Front Mounting Terminal Block 
Crack opening displacements 
at crack centerline and each 

crack tip 

Spring loaded calipers with 
MacroSensors LVDTs 

National Instruments SCXI-1540 8 Channel 
LVDT Amplifier and SCXI-1315 LVDT 

Terminal Block 
d-c electric potential at the 
crack centerline and each 

crack tip 

Iron lead of Type J 
thermocouple wire 

National Instruments SCXI-1102C 32 
Channel Signal Conditioning Module with 

Ectron Model 750 amplifiers with gain 
=1000; 1 Hz filter 

Base metal d-c EP Iron lead of Type J 
thermocouple wire 

National Instruments SCXI-1102C 32 
Channel Signal Conditioning Module with 
Alligator USBPGF-51amplifier with gain = 

1000 
Pipe temperature at 4 

locations 
Type J thermocouple National Instruments SCXI-1102 32 Channel 

Signal Conditioning Module and TC-2095 32 
Channel Data Acquisition Unit for uncracked 
experiment; manual TC indicator for cracked 

pipe experiments 
Bi-axial strain at 4 locations 

on the outside of the pipe 
(room temperature 

uncracked experiment only) 

Micro-measurement bi-axial 
strain gages (3.17 mm (0.125 
inch) gage length; 350 ohm) 

(CEA-060-125WT-350 

National Instruments SCXI-1520 8 Channel 
Universal Strain Bridge and SCXI-1314 

Front Mounting Terminal Block 

 
Each of the complex and through-wall cracked test specimens were instrumented with: 

• Inclinometers 150 mm (6 inches) on either side of the crack plane to measure the crack 
section rotations, see Figure 9. 

• Crack mouth opening displacement devices at each of the through-wall crack tips and 
at the crack centerline on the pipe outside surface.  At the crack centerline, the CMOD 
was measured at two different heights with respect to the pipe outside surface (2.5 mm 
[0.1 inch] and 27.9 mm [1.1 inches] from the surface) so that an estimate of the 
amount of crack face rotation could be made.  The measuring device used to measure 
the CMOD was a spring caliper with an integral LVDT attached, see Figure 10. 

• Direct current electric potential (dc-EP) probes at each of the through-wall crack tips 
and at the crack centerline on the pipe outside surface.  In addition, a set of base metal 
dc-EP probes was also attached to the outside pipe surface 100 mm (4 inches) from the 
crack plane, with 100 mm (4 inch) spacing.  The applied current was 200 amps. 
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• Thermocouples at 4 locations on the exterior of the pipe.  Two at the crack plane (one 
at the 6 o’clock position (center of the crack on the tensile side of the pipe) and one at 
the 12 o’clock position) and two at the 9 o’clock position on the pipe, 150 mm (6 
inches) and 300 mm (12 inches) from the crack plane.  In addition, there was a control 
thermocouple at the 9 o’clock position at the crack plane. 

 
Figure 9.  Photograph of inclinometers used to measure crack section rotations 
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Figure 10.  Photograph of spring calipers with LVDT devices used to measure CMOD 

for the through-wall and complex cracked pipe experiments 

 

For the one internal surface crack experiment, the instrumentation across the crack on the 
inside pipe surface included: 

• A high temperature double clip gage across the crack centerline (6 o’clock position) 
on the inside pipe surface, see Figure 11. 

• Three d-c EP probes; one near the crack centerline (6 o’clock position) with the other 
two approximately 45 degrees from the crack centerline on each side of the crack 
centerline. 
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Figure 11.  Photograph of double clip gages used to measure CMOD for the single 

surface crack pipe experiment 

In addition to the instrumentation on the test specimens, the following data were recorded for 
each test in order to infer the crack plane moment data: 

• The load cell data at each of the four load points, i.e., south outer load point, south 
inner load point, north inner load point, and north outer load point. 

• The rotations, as measured with inclinometers, at each of the four load points. 
• The pipe displacement at the crack plane as measured with a string potentiometer. 

The equations required to infer the crack section moment data from these measurements are 
provided in Section 2.2.3. 

In addition to the above, for the room temperature uncracked pipe experiment, bi-axial strain 
gages were attached to the top (compressive side) and bottom (tension side) of the pipe at the 
future crack plane (mid way between the two inner load points).  In addition, a bi-axial gage 
was attached to the top of the pipe (compressive side) 300 mm (12 inches) from the crack 
plane and another bi-axial gage was attached to the bottom of the pipe (tension side) 150 mm 
(6 inches) from the crack plane.  The measured strains from these bi-axial gages were 
converted to stresses using Hooke’s Law for bi-axial stress.  The stresses were then converted 
to moments using the simple Mc/I formula for bending. 

The data for the experiments were collected with a National Instruments data acquisition 
system using LabView software.  The data acquisition system was calibrated by National 
Instruments prior to conducting the uncracked pipe experiment.  All transducers used in the 
conduct of the tests had calibrations traceable to NIST, and all calibration records are retained 
on file in accordance with Battelle’s Systems Development ISO 9000 practices.  All of the 
calibration records are documented in Appendix C of the Data Record Book. 
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Data reduction consisted of converting measured voltages recorded by the data acquisition 
system to physical values using simple spreadsheets and the appropriate calibration factors.  
Crack growth was estimated post-test by visual examination of the fracture surfaces.  As part 
of the data reduction, plots were made of the: 

• Applied moment as a function of crack section rotation 
• Applied moment as a function of the crack centerline (near surface) CMOD 
• CMOD at the different CMOD measurement locations as a function of the load-line 

displacement 
• d-c electric potential at each crack tip as a function of the crack centerline CMOD 

(near surface) in order to assess the instant of crack initiation 
• Crack growth as a function of the crack centerline CMOD (near surface).   

The crack growth was inferred from the unloading marks on the fracture surface.  The 
unloadings during the experiments caused some very distinct and evident markings on the 
fracture surface, see Figure 12.  As can be seen in Figure 12, the crack grew much more on 
the inside pipe surface than on the outside pipe surface.  Furthermore, in some through-wall 
crack pipe experiments, the crack grew out of the original circumferential plane of the crack, 
see Figure 13.  Consequently, two measures of crack growth are provided.  One is an average 
crack growth projected back onto the circumferential crack plane.  For this measure of crack 
growth, the area of the crack between unloading marks was divided by the original remaining 
ligament (wall thickness less surface crack depth) in order to get an average value of crack 
growth.  For the second measure of crack growth, the total crack area in all three dimensions 
(x, y, and z directions) was divided by the remaining ligament in order to get a total crack 
growth in 3-dimensional space.  For the complex crack experiments, where there was not a 
great deal of out of plane crack growth, these two measures of crack growth were comparable.  
However, for the through-wall crack experiments, where there was significant out of plane 
crack growth, there was a significance difference between the projected and total crack 
growth.  The total crack growth was much larger.  

For the first two experiments conducted (DMW1 [20% deep complex crack in weld] and 
DMW10 [through-wall crack in weld]), d-c electric potential was measured continuously 
throughout the experiment, but the data were very noisy.  This noise was discovered to be 
coming from the a-c electric resistance heater tapes used to bring the specimen to temperature.  
As a result, for all of the subsequent experiments, a revised test procedure was implemented 
in which the heater tapes were cycled off and back on.  To affect this, the loading was 
temporarily stopped every two minutes.  During this hold period, the heater tapes were 
temporarily turned off and the current to the pipe was cycled on and off such that a change in 
the electric potential was recorded.  After cycling the power supply off and back on two 
times, the heater tapes were turned back on and the loading restarted.  During data reduction, 
this change in the d-c EP data was used to infer the crack initiation.  
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Figure 12.  Post-test photograph of fracture surface showing distinct unloading marks 

on the fracture surface 

 
Figure 13.  Post-test photograph of fracture path for one of the through-wall crack pipe 

experiments (DMW11) showing significant out of plane crack growth 
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Individual plots of these relationships for each of the pipe experiments are provided in the 
Data Record Book prepared for these experiments.   Composite plots comparing these 
relationships for the various experiments are provided in the next section (Section 3 – Results) 
of this report. 
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3.0 RESULTS 

 
The results from both the material characterization tests and the 14 pipe experiments (one 
uncracked and 13 cracked experiments) are presented in this section.  The results from the 
material characterization tests are presented first followed by results from the pipe 
experiments. 

3.1  Results from the Material Characterization Tests 

Both tensile and fracture toughness tests were conducted as part of this program.  In addition, 
the chemical composition was measured for each of the pipe materials.  Finally, Vickers 
micro-hardness measurements were made across the weld. 

3.1.1 - Chemical Analysis Results – The results from the chemical analyses are shown in  
Table 4.  Both measured and mill specification data are shown for the base materials.  In each 
case, the materials met the limits of their applicable specification, i.e., the carbon steel pipes 
met the specifications of the A106C and the stainless steel pipe met the specifications of 
SA312 Type 316.  The stainless steel pipe came close to meeting the specification for SA312 
Type 316L stainless steel, except that the carbon content was slightly more than the 
specification allowed, i.e., 0.04% by weight as measured versus 0.035% by weight per the 
specification.  Table 4 also shows the Certified Material Test Report (CMTR) data for the 
weld materials (Alloy 182 SMAW butter and Alloy 82 GTAW filler metal). 
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Table 4.  Results of chemical analyses 

Heat C Mn P S Si Cr Cu Mo Ni V 
Ferritc Materials 

SA106C 
Specification 

0.35 
max 

0.29-
1.06 

0.035 
max 

0.035 
max 

0.10 
min 

0.40 
max 

0.40 
max 

0.15 
max 

0.40 
max 

0.08 
max 

Ferritic Side of DMW 
Z40393  
Mill Spec 

0.21 1.06 0.01 0.003 0.24 0.08 016 0.02 0.07 0.003 

Z40393 
Measured  

0.22 1.06 0.014 0.003 0.24 0.076 0.18 <0.038 0.077 <0.01 

Moment Arm Pipe 
262664  
Mill Spec 

0.16 0.83 0.013 0.001 0.23 0.11 0.040 0.020 0.060 0.001 

262664 
Measured 

0.15 0.81 0.019 <0.001 0.23 0.10 0.039 <0.038 0.056 <0.01 

Austenitic Materials 
SA312 
TP316 
Specification 

0.08 
max 

2.0 
max 

0.045 
max 

0.03 
max 

1.00 
max 

16.0 – 
18.0 

NS 2.00 – 
3.00 

11.00– 
14.00 

NS 

SA312 
TP316L 
Specification 

0.035 
max 

2.0 
max 

0.045 
max 

0.03 
max 

1.00 
max 

16.0 – 
18.0 

NS 2.00 – 
3.00 

10.00-
14.00 

NS 

Austenitic Side of DMW 
M0036 
Mill Spec 

0.046 1.68 0.022 0.021 0.48 17.46 NS 2.27 13.09 NS 

M0036 
Measured 

0.040 1.73 0.024 0.020 0.52 17.51 0.11 2.25 13.13 NA 

Weld Materials 
Alloy 182 SMAW Butter Material 

 C Mn P S Si Cr Cu Mo Ni Fe 

CMTR 
Data 

0.044 5.83 0.012 0.007 0.29 14.85 0.26 NS 70.27 6.85 

Alloy 82 GTAW Filler Material 

CMTR 
Data 

0.040 3.00 0.004 0.001 0.10 20.00 0.010 0.018 72.60 1.30 

NS – Not specified 
NA – Not available 

 

3.1.2 - Tensile Test Results - Tensile tests were conducted for all of the base materials 
(carbon and stainless steel test specimen materials and carbon steel moment arm pipes), as 
well as the weld material.  All tests were conducted in accordance with ASTM E21-09 
(Standard Test Methods for Elevated Temperature Tension Tests of Metallic Materials).  All 
tests were conducted a 315 C (600 F).  For the base metal tests, all specimens were machined 
from the pipes in the longitudinal direction.  For the weld metal tensile tests, subsize 
longitudinal specimens were machined and tested.  For these tests, the entire gage section was 
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machined from the weld material, in order to ensure that the failure occurred in the weld 
metal. 

The results of the tensile tests are presented in Table 5.  Table 5 includes the yield and 
ultimate strengths for each test, as well as the Ramberg-Osgood coefficients for each test.  
Except where noted in Table 5, the Ramberg-Osgood equation (see Equation 1) was fit to the 
engineering stress-strain curve data over the range of 0.1 percent strain to the strain 
corresponding to 80-percent of the ultimate strength. 

n









+=

000 σ
σα

σ
σ

ε
ε                                                              (5) 

where, 

σ  = Stress 
0σ  = Reference stress, i.e., yield strength 

ε  = Strain 
0ε  = Reference strain, i.e., 0σ /E 

E = Elastic modulus 
α  = Ramberg-Osgood parameter 
n = Strain-hardening exponent. 

 

Table 5.  Tensile test results (315 C [600 F])  

Specimen ID Pipe Role Yield 
Strength, 
MPa (ksi) 

Ultimate 
Strength, 
MPa (ksi) 

Ramberg 
Osgood 

Parameter (α) 

Strain 
Hardening 

Exponent (n) 

SS-M0036-600F-1 Stainless test specimen 154 (22.4) 476 (69.0) 10.59 3.23 
SS-M0036-600F-2 Stainless test specimen 158 (22.9) 472 (68.4) 9.62 3.48 

Average Stainless test specimen 156 (22.6) 474 (68.7) 10.10 3.35 
CS-Z40363-600F-1 Carbon test specimen 290 (42.0) 622 (90.2) 2.19 4.11 
CS-Z40363-600F-2 Carbon test specimen 289 (41.9) 612 (88.7) 2.19 4.34 
CS-Z40363-600F-3 Carbon test specimen 286 (41.5) 613 (88.9) 2.29 4.06 
CS-Z40363-600F-4 Carbon test specimen 294 (42.6) 613 (88.9) 1.99 4.39 

Average Carbon test specimen 290 (42.0) 615 (89.2) 2.16 4.22 
CS-262664-600F-1 Moment arm pipe 263 (38.1) 492 (71.4) N/A N/A 
CS-262664-600F-2 Moment arm pipe 261 (37.8) 499 (72.4) N/A N/A 

Average Moment arm pipe 262 (37.5) 496 (71.9) N/A N/A 
DMW-Axial-600F-1 Test weld 330 (47.8) 549 (79.6) 1.89 10.6 
DMW-Axial-600F-2 Test weld 310 (45.0) 572 (83.0) 1.20 11.4 

Average Test weld 320 (46.4) 561 (81.3) 1.55 11.0 
DMW-Axial-600F-1* Test weld 330 (47.8) 549 (79.6) 3.69 7.66 
DMW-Axial-600F-2* Test weld 310 (45.0) 572 (83.0) 4.70 6.50 

Average*  Test weld 320 (46.4) 561 (81.3) 4.20 7.08 
*For when the Ramberg-Osgood equation fit over the entire strain range; all other data for when the Ramberg-Osgood equation was 
fit to the stress-strain curve over the range of 0.1 percent strain to the strain corresponding to 80 percent of the ultimate strength 

Figure 14 through Figure 16 present the engineering stress-strain data for the carbon steel, 
stainless steel, and DM weld materials, respectively.  As can be seen from Table 5 and Figure 
14 and Figure 15, the A106 Grade C carbon steel side of the DM weld had higher strength 
than the Type 316 stainless steel side.  The average yield and ultimate strengths for the carbon 
steel side of the DM weld were 290 MPa (42.0 ksi) and 615 MPa (89.2 ksi), respectively, 
while the average yield and ultimate strengths for the stainless steel side were only 156 MPa 
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(22.6 ksi) and 474 MPa (68.4 ksi), respectively.  Also evident from these figures is the fact 
that the fits of the experimental data to the Ramberg-Osgood equation were quite good for the 
carbon and stainless steel pipe materials.  For the weld metal, the Ramberg-Osgood fits of the 
data, when fit over the range of 0.1 percent strain to the strain corresponding to 80 percent of 
the ultimate strength, were quite good for the lower strain values but under-predicted the 
stress for the higher strain values.  When an alternative fit of the data was used (where the 
data was fit over the entire strain range), the fit was much better in the higher strain regime. 

 
Figure 14.  Engineering stress-strain curves for A106 Grade C test specimen pipe 

material 

 
Figure 15.  Engineering stress-strain curves for Type 316 stainless steel test specimen 

pipe material 
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Figure 16.  Engineering stress-strain curves for DM weld material with Ramberg-

Osgood fits of the data 

 
3.1.3 - Fracture Toughness Test Results - Fracture toughness tests were conducted on 
the DM weld in accordance with ASTM E1820 (Standard Test Method for Measurement of 
Fracture Toughness) using ½T specimens (B= 12.7 mm [0.5 inch]).  Both plate weld and pipe 
weld tests were conducted.  (Note, there were three additional 1T CT specimen tests 
conducted from the plate weld material because the amount of crack growth from the ½T 
specimens was limited.)  All tests were conducted at 315 C (600 F).  Figure 17 shows how 
each of the CT (and tensile) specimens were machined from the pipe DM weld to be used for 
the material characterization tests.  
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Figure 17.  Schematic of a cross section of the weld showing how all of the tensile, 

hardness, and CT specimens were machined from one weld 

 

3.1.3.1  Plate Weld CT Test Results – Table 6 shows the test matrix for all of the CT specimen 
fracture toughness tests, for the specimens from both the plate and pipe weld.  Originally, six 
plate weld CT specimens were machined and tested from the two plate welds: Two from the 
15-degree bevel weld and four from the 0-degree bevel weld.  These were ½ T CT specimens 
tested at Edison Welding Institute.  The data from one of the 0-degree specimens (Specimen 
9B) was suspect (excessive noise in crack growth data) so the data from that specimen is not 
included in Figure 18.  Figure 18 shows the results for the other five plate weld CT specimen 
fracture toughness tests. The original 0-degree bevel fracture toughness test (Specimen 9A) 
exhibited lower toughness than the two 15-degree bevel tests (Specimens 10A and 10B), but it 
also appeared that Specimen 9A tore more along the carbon steel side of the fusion line while 
the two 15-degree bevel specimens tore more along the butter side of the fusion line.  As a 
result, two additional ½ T CT specimens were machined from the 0-degree bevel plate weld.  
For one of these specimens (Specimen 9DW), the initial notch was biased (on the order of 
0.25 mm [0.01 inch]) more towards the butter side of the fusion line, while for the other 
specimen (Specimen 9CS), the notch was biased (0.25 mm [0.01 inch]) more towards the 
carbon steel side of the fusion line.  As can be seen from Figure 18, the fracture toughness for 
the 0-degree bevel was lower than for 15-degree bevel when the crack tended to sample more 
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of the carbon steel material (Specimens 9A and 9CS).  However, when the crack for the 0-
degree weld bevel sampled more of the butter metal (Specimen 9DW), like was the case for 
the two 15-degree bevel specimens, then the J-R curves were similar.  Thus, it appears that the 
fusion line toughness is influenced more by the location of the crack with respect to the actual 
fusion line, than it is by the bevel geometry.  Based on this finding, it was concluded that the 
0-degree bevel geometry for the pipe tests would not adversely affect the results of the pipe 
tests.  These results also demonstrate that accurately locating the crack with respect to the 
fusion line in the pipe fusion line tests may be crucial.  Small differences in flaw location with 
respect to the carbon steel and butter material may result in large differences in the results 
from the fusion line pipe tests. 

 

Table 6.  Test matrix of CT specimen fracture toughness tests 

Specimen 
Number 

Notch 
Location 

Specimen 
Size 

Initial 
Geometry 

Starter 
Notch 

Laboratory Remarks/Data Quality 

9A Fusion Line ½ T Plate Weld SMN EWI Good data 
9B Fusion Line ½ T Plate Weld SMN EWI Excessive noise in crack growth data 

9CS Fusion Line ½ T Plate Weld SMN EWI Good data 
9DW Fusion Line ½ T Plate Weld SMN EWI Good data 
10A Fusion Line ½ T Plate Weld SMN EWI Good data 
10B Fusion Line ½ T Plate Weld SMN EWI Good data 
CT1 Butter 1 T Plate Weld SMN Emc2 Good data 
CT2 Weld 1 T Plate Weld SMN Emc2 Good data 
CT3 Weld 1 T Plate Weld SMN Emc2 Good data 
W1 Weld ½ T Pipe Weld SMN EWI Test Machine Instability 
W2 Weld ½ T Pipe Weld Fatigue EWI Good data 
W3 Weld ½ T Pipe Weld Fatigue EWI Good data 
W4 Weld ½ T Pipe Weld SMN EWI Test Machine Instability 
B1 Butter ½ T Pipe Weld SMN EWI Inadequate clip gage travel (1st test) 
B2 Butter ½ T Pipe Weld SMN EWI Good data 
F1 Fusion Line ½ T Pipe Weld SMN EWI Good data 
F2 Fusion Line ½ T Pipe Weld SMN EWI Test Machine Instability 

SMN – Sharp machine notch 
EWI – Edison Welding Institute 
Emc2 – Engineering Mechanics Corporation of Columbus 
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Figure 18.  Fracture toughness results from plate weld CT specimen tests 

Similar results were observed from some fusion line DM weld CT tests from the Short Cracks 
in Piping and Piping Welds program (Ref. 15).  The DM weld from the Short Cracks program 
was a large diameter cold leg weld obtained from a cancelled nuclear power plant.  Figure 19 
shows the location of the notch with respect to fusion line for four CT specimens tested as 
part of the Short Cracks program.  As can be seen, the notches for Specimens F33W-1 and 
F33W-2, Figure 19a and Figure 19b, were offset from the fusion line on the carbon steel side 
of the weld.  Figure 19c and Figure 19d are photographs of Specimens DP2-F33W-3 and 
DP2-F33W-4, respectively, showing that the notches for these two specimens were centered 
almost directly along the fusion line. 
 
Figure 20 shows the J-R curve results from the Short Cracks program welds with various 
offsets from the fusion line.  As can be seen, the J-R curves for the two specimens where the 
notches were offset to the carbon steel side of the fusion line (Specimens F33W-1 and F33W-
2) were considerably lower than the J-R curves for the two specimens where the notches were 
centered in the fusion line (Specimens F33W-3 and F33W-4).   
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Figure 19.  Photograph of notch location with respect to fusion line for four CT 

specimens tested as part of the Short Cracks program (Reproduced from Figure 2.19 
of Reference 15) 
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Figure 20.  J-R curve results from four DMW fusion line CT specimens tested as part of 

the Short Cracks program (Reproduced from Figure 2.23 of Reference 15) 

As stated earlier, the amount of crack growth from the ½T specimens tested as part of this 
program was very limited, so three additional 1T CT specimens were machined from excess 
plate weld material to permit greater crack extension.  These specimens were tested at 
Engineering Mechanics Corporation of Columbus (Emc2).  The machined notch for two of 
the specimens was centered in the main weld, while one was in the butter.  The results of 
those three tests are shown in Figure 21.  As can be seen, the weld metal exhibits a higher J-R 
curve (higher toughness) than does the butter material.  This is probably to be expected 
because the weld metal was fabricated using a GTAW process; while the butter was 
fabricated using a SMAW process (SMAW’s typically exhibit lower fracture toughness than 
GTAW’s).  This is why Appendix C of Section XI of the ASME Code specifies a load 
multiplier, i.e., Z-factor, when analyzing cracks in shielded-metal-arc welds and submerge-arc 
welds to account for the lower toughness of these kinds of welds. 
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Figure 21.  Fracture toughness results from plate weld 1T CT specimen tests 

3.1.3.2  Pipe Weld CT Test Results - A total of 8 CT specimens were machined from one of 
the pipe welds, 2 from the fusion line, 2 from the butter region, and 4 from the main DM 
weld, see Table 6.  For the main DM weld, both fatigue sharpened and sharp machined notch 
specimens were tested, while for the fusion line and butter region, only sharp machined notch 
specimens were tested.  The sharp machined notch geometry was deemed more representative 
of the notch acuity for the pipe tests.  The results of those ½ T pipe weld CT tests are shown, 
along with the results from the ½ T plate weld CT tests, in Figure 22.  Note, there were testing 
issues with a few of the pipe weld CT specimen tests which made the data for those tests 
suspect, see Table 6.  As a result, the data from those tests are not included in Figure 22.  Two 
of the tests for which the data were suspect were the two sharp machine notch weld samples.  
As a result there is no data for a sharp machine notch in a weld provided in Figure 22.  Also 
note that the black lines evident in Figure 22 represent the exclusion lines shown in ASTM 
E1820 and are used for making decisions on the validity of the test.  As can be seen in Figure 
22, with the exception of Specimens 9A and 9CS, the two ½ T plate weld CT specimen tests 
which grew more in the carbon steel material than the weld, the J-R curves are comparable.  
As can be seen, the amount of crack growth was very limited for many of these ½ T CT tests.  
This drove the need for the additional 1T specimen tests discussed above.   
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Figure 22.  J-R curve results for 1/2T CT specimen tests for both the plate and pipe 

welds 

Table 7 is a summary table of the CT specimen fracture toughness test results.  The data are 
presented in SI units, with the crack extension in terms of mm and the fracture toughness in 
terms of kJ/m2.  The “C” and “m” values reported in Table 7 should be used with caution for 
the ½T specimens, due to the limited amount of crack growth in these specimens.   
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Table 7.  Fracture Toughness Results using SI units 

(Crack extension in mm and toughness in kJ/m2) 
 

 
Material 

 
Specimen 

Specimen 
Size 

Initial 
Geometry 

Starter 
Notch 

Ji 
 (kJ/m2) 

 
C 

 
m 

 
Notes 

Butter B2 ½ T Pipe SMN 576.2 205.63 0.7027  
         

Fusion Line F1 ½ T Pipe SMN 649.8 143.49 0.682 1 
         

Weld W2 ½ T Pipe Fatigue 524.7 377.61 0.9503  
Weld W3 ½ T Pipe Fatigue 687.9 479.26 1.0338  

         
Fusion Line 9A ½ T Plate SMN 263.9 177.45 0.6193 2 
Fusion Line 10A ½ T Plate SMN 635.5 106.19 0.3795 3 
Fusion Line 10B ½ T Plate SMN 647.9 154.10 0.5444 4 
Fusion Line 9CS ½ T Plate SMN 285.6 63.07 0.6918 5 
Fusion Line 9DW ½ T Plate SMN 564.8 202.13 0.7587 6 

         
Butter CT-1 1T Plate Fatigue 512.3 392.2 0.589  

         
Weld CT-2 1T Plate Fatigue 909.5 378.7 0.7718  
Weld CT-3 1T Plate Fatigue 785.8 353.8 0.8425  

Notes for Fracture Toughness Tests 
1. Specimen F1 – At COD values, the crack grew out of plane causing closure issues for unloading compliance measurements 
2. Specimen 9A – Fusion Line Plate Data – 0 Degree Bevel 
3. Specimen 10A – Fusion Line Plate Data –  15 Degree Bevel 
4. Specimen 10B – Fusion Line Plate Data –  15 Degree Bevel 
5. Specimen 9CS – Fusion Line Plate Data  –  0 Degree Bevel  / Notch biased closer to Carbon Steel 
6. Specimen 9DW – Fusion Line Plate Data  –  0 Degree Bevel  / Notch biased closer to Butter 

 
 
3.1.4 - Micro-hardness Data - Micro-hardness measurements were made at EWI across 
the center of the weld (mid thickness) starting in the stainless steel pipe, through the weld and 
butter, and ending in the carbon steel pipe, see Figure 23a.  Micro-hardness measurements 
were also made through the thickness of the center of the weld and through the thickness of 
the butter, starting at the root of the weld and ending near the cap of the weld, see Figure 23b 
and Figure 23c.  In addition, micro-hardness measurements were made at three locations (near 
the cap pass, near the mid thickness location, and near the root pass) across the fusion line 
between the butter material and the carbon steel pipe to better define the size of the fusion 
line, see Figure 23d, Figure 23e, and Figure 23f.  Similar shaped curves were observed for 
another DM weld as part of Reference 16.  The weld was slightly harder than the butter region 
and both were harder than the base materials.  The root of the main weld was slightly harder 
than the cap, while the reverse was true for the butter. 
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(a) 

 
(b) 
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(c) 

 
(d) 
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(e) 

 
(f) 

Figure 23.  Results of micro-hardness measurements 
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3.2  Results from Pipe Experiments  

The results of the pipe experiments are presented in Table 8 and Figure 24 through Figure 47.  
Table 8 shows the moments at crack initiation, as well as the maximum moments for all of the 
cracked pipe experiments.  In addition, Table 8 shows the final dimensions of the test 
specimens (outside diameters and wall thicknesses), flaw type, flaw location, and crack 
dimensions (lengths and depths) for each of the cracked pipe experiments. 

In Figure 24 through Figure 32, four separate effects on the moment-rotation data are 
examined: 

• Effect of crack size, 
• Effect of crack location, 
• Effect of crack geometry, and 
• Effect of notch acuity.  

In addition to examining these effects on the moment-rotation data, Figure 33 through Figure 
38 presents similar comparisons looking at the crack-mouth-opening displacement (CMOD) 
data, while Figure 39 through Figure 44 present the crack initiation and crack growth data.  
Figure 47 shows the post-test pipe ovalization data. 

Table 8.  Results of pipe fracture experiments  

Expt. No. 
(Crack 

Location) 

OD,  mm (inches) Wall thickness, mm, 
(inches) 

a/t 2c (OD), 
mm 
(inches) 

Max Moment(1),  
kN-m (in-kips) 

Initiation 
Moment(1),  
kN-m (in-kips) Top - 

Bottom 
Side - 
Side 

Stainless 
Side 

Carbon 
Side 

North South 

DMW1 
(Weld) 

219.7 
(8.610) 

219.7 
(8.610) 

21.7 
(0.854) 

22.3 
(0.879) 

0.2 254 
(10.0) 

93.33 
(826.1) 

92.28 
(816.7) 

N/D(2) 

DMW2 
(Weld) 

217.4 
(8.558) 

217.2 
(8.551) 

21.7 
(0.853) 

21.6 
(0.851) 

0.4 251 
(9.875) 

83.09 
(735.4) 

82.63 
(731.4) 

79.95 (707.6) 

DMW3 
(Weld) 

217.6 
(8.566) 

217.6 
(8.566) 

22.0 
(0.867) 

22.0 
(0.867) 

0.6 254 
(10.0) 

65.06 
(575.8) 

64.65 
(572.2) 

62.15 (550.0) 

DMW4 
(Butter) 

218.4 
(8.599) 

218.4 
(8.599) 

22.8 
(0.898) 

22.1 
(0.871) 

0.2 254 
(10.0) 

94.46 
(836.1) 

94.11 
(833.0) 

93.4 (826.7) 

DMW5 
(Butter) 

217.9 
(8.580) 

217.9 
(8.578) 

22.4 
(0.880) 

22.1 
(0.871) 

0.4 254 
(10.0) 

82.71 
(732.0) 

81.62 
(722.4) 

79.6 (704.5) 

DMW6 
(Weld) 

217.0 
(8.542) 

216.8 
(8.536) 

21.1 
(0.833) 

21.4 
(0.844) 

N/A
(3) 

138 
(5.44) 

187.5 
(1,660.0) 

187.2 
(1,656.6) 

159.3 (1,410) 

DMW7 
(Fusion) 

217.6 
(8.567) 

217.6 
(8.568) 

22.4 
(0.882) 

21.9 
(0.863) 

0.2 256 
(10.09) 

97.09 
(859.3) 

95.78 
(847.8) 

94.85 (839.5) 

DMW8 
(Fusion) 

217.5 
(8.563) 

216.9 
(8.541) 

22.1 
(0.871) 

22.2 
(0.875) 

0.4 253 
(9.97) 

82.18 
(727.4) 

81.91 
(725.0) 

79.95 (707.6) 

DMW9 
(Butter) 

218.4 
(8.599) 

217.5 
(8.562) 

22.0 
(0.865) 

21.7 
(0.855) 

N/A 255 
(10.05) 

105.6 
(934.7) 

104.6 
(926.2) 

92.9 (822.3) 

DMW10 
(Weld) 

217.8 
(8.575) 

217.8 
(8.575) 

22.0 
(0.867) 

21.9 
(0.863) 

N/A 256 
(10.06) 

102.8 
(909.8) 

103.0 
(912.1) 

N/D 

DMW11 
(Weld) 

216.4 
(8.520) 

216.1 
(8.509) 

21.2 
(0.833) 

21.2 
(0.833) 

N/A 256 
(10.06) 

107.2 
(948.9) 

106.3 
(940.9) 

96.25 (851.9) 

DMW12 
(Weld) 

216.9 
(8.539) 

216.9 
(8.539) 

21.3 
(0.840) 

21.8 
(0.857) 

0.6 N/A 221.5 
(1,961) 

218.6 
(1,935) 

N/D 
 

DMW13 
(Weld) 

217.7 
(8.572) 

217.5 
(8.563) 

22.1 
(0.872) 

22.3 
(0.877) 

N/A 257(4) 
(10.11) 

104.1 
(921.8) 

102.4 
(906.7) 

96.4 (853.2) 

(1) Moment values include moment contributions due to dead weight of pipe and fixturing 
(2) N/D – not determined 
(3) N/A- not applicable 
(4) After pre-cracking 
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3.2.1 - Effect of Crack Size – Figure 24 through Figure 27 show the effect of the crack 
size on the resultant moment-rotation data.  Figure 24 is a plot of the moment-rotation data for 
the three weld metal complex crack experiments.  The moment-rotation data for the weld 
metal simple through-wall crack pipe experiment is also shown for comparison purposes.  As 
expected, the deeper the internal surface crack, the lower the moment-rotation curve. 

 

 
 

 
Figure 24.  Moment-rotation data for three weld metal complex cracked pipe 

experiments (20, 40, and 60% deep surface cracks) and one of the weld metal simple 
through-wall cracked pipe experiment 

 
Figure 25 is a plot of the moment-rotation data for the two butter material complex crack 
experiments and the butter material through-wall crack experiment.  A similar observation as 
above can be seen in this figure. 

 



 

42 

 
Figure 25.  Moment-rotation data for two butter metal complex cracked pipe 

experiments and the one butter metal through-wall cracked pipe experiment 

 
Figure 26 is a plot of the moment-rotation data for the two fusion line complex crack 
experiments.  Again, the deeper the surface crack portion of the complex crack, the lower the 
moment-rotation curve. 
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Figure 26.  Moment-rotation data for two fusion line complex cracked pipe experiments  

Figure 27 is a plot of the moment-rotation data for two different size through-wall cracks in 
the center of the weld (20- and 37-percent of the pipe circumference).  As would be expected, 
the moment-rotation curve for the longer though-wall crack is significantly below that of the 
shorter through-wall crack experiment.  Based on pre-test design analysis, the 20-percent long 
through-wall crack was about as short as could be tested, because plasticity in the stainless 
steel side of the specimen would prevent shorter cracks from reaching a moment high enough 
to fail the crack section.  
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Figure 27.  Moment-rotation data for two different size through-wall cracks in the 

center of the weld (20- and 37-percent of the pipe circumference) 

 
3.2.2 - Effect of Crack Location - Figure 28 through Figure 30 show the effect of the 
crack location on the resultant moment-rotation data.  Figure 28 is a plot of the moment-
rotation data for the three medium depth (nominally 40-percent deep surface cracks) complex 
cracked pipe experiments, while Figure 29 is a plot of the moment-rotation data for the three 
shallow (nominally 20-percent deep surface cracks) complex cracked pipe experiments.  The 
results from the two sets of experiments show nearly identical trends.  The maximum 
moments from the experiments for the three crack locations are comparable, with the weld 
metal experiments exhibiting much more rotation past maximum moment.  Furthermore, the 
moment-rotation data from the butter and fusion line experiments practically lie on top of 
each other for both sets of experiments. 
 
Figure 30 shows a comparison of the moment-rotation data for three through-wall cracked 
pipe experiments.  Two of the experiments had cracks in the center of the weld (DMW10 and 
DMW11), while the third had a crack in the butter (DMW9).  The moment-rotation data for 
the two weld experiments were very similar.  As was the case for the complex crack 
experiments, the maximum moment values for the three experiments were comparable, but 
the rotations were much less for the butter experiment than for the two weld experiments.  
The lower moment-rotation data for the butter experiment, as evident by the more negative 
slope of the moment-rotation data past maximum load, when compared with the moment-
rotation data for the weld experiments, is indicative of a lower fracture toughness for the 
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butter than for the weld.  This contention is supported by the 1T CT specimen fracture 
toughness data shown in Figure 21.  Again, the lower toughness butter material was fabricated 
using a lower toughness SMAW process, while the higher toughness weld material was 
fabricated using a higher toughness GTAW process. 

 
 

 

 
Figure 28.  Moment-rotation data for the three 40-percent deep complex cracked pipe 

experiments 
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Figure 29.  Moment-rotation data for three 20-percent deep complex cracked pipe 

experiments  

 

 
 

Figure 30.  Moment-rotation data for three through-wall cracked pipe experiments for 
two different crack locations (two in the weld and one in the butter) 
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3.2.3 - Effect of Crack Tip Acuity – Figure 31 shows a comparison of the moment-
rotation data for three 37-percent long through-wall cracked pipe experiments with cracks in 
the center of the DM weld.  The crack tips for Experiments DMW10 and DMW11 were sharp 
machined notches, while the crack tip for Experiment DMW13 was fatigue pre-cracked.  As 
can be seen in Figure 31, there was very little difference in the moment-rotation data for the 
three experiments, indicating that the sharp machined notch was adequate for these 
experiments.  Also, in comparing the initiation moments for DMW11 and DMW13 from 
Table 8, there did not appear to be much difference in the initiation value for these two 
experiments. 

 
 

 
Figure 31.  Moment-rotation data for two 37-percent long through-wall cracked pipe 

experiments with the cracks in the center of the weld; one sharp machined notch and 
one fatigue pre-cracked  

 
3.2.4 - Effect of Crack Geometry - Figure 32 is a plot of the moment-rotation data for 
three different crack geometries, i.e., a 37-percent long through-wall crack, a 60-percent deep 
complex crack, and a 60-percent deep surface crack, all with the cracks centered in the DM 
weld.  As can be seen in Figure 32, once the 60-percent deep surface crack (blue curve) broke 
through the pipe wall thickness, it began to follow the shape of the curve of the 60-percent 
deep complex crack (orange curve), which is probably expected.  The shift in the two curves 
in the horizontal direction (difference in total pipe rotations of 4.6 degrees, see Figure 32) is 
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essentially equal to the total rotation of the surface crack experiment at the instant that it 
broke through the pipe wall thickness (4.4 degrees). 

 
 

 

 
 

Figure 32. Moment-rotation data for a 37-percent long through-wall crack, a 60- percent 
deep complex crack, and a 60- percent deep surface crack with the cracks all in the 

center of the DM weld 

 
3.2.5 – Crack-Mouth-Opening Displacement Results – Figure 33 is a plot of the 
moment-CMOD (centerline near surface) data for four weld metal experiments; the three 
complex crack experiments (20-, 40-, and 60-percent deep surface cracks) and one of the 37-
percent long through-wall crack experiments (DMW10).  This figure is very similar to Figure 
24 in that the deeper the internal surface crack, the lower the moment-CMOD curve.   
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Figure 33.  Moment-CMOD (centerline near surface) data for three weld metal complex 
cracked pipe experiments and one of the weld metal 37-percent long through-wall 

cracked pipe experiment 

 
Figure 34 is a plot of the CMOD versus north actuator displacement data for Experiment 
DMW2 (40- percent deep complex crack in the weld).  It can be seen that the CMOD at the 
crack centerline is greater than the CMOD at the two crack tips, as would be expected.  Also 
as expected, the crack centerline offset CMOD (25 mm [1 inch] offset from the pipe surface) 
is greater than the crack centerline near surface CMOD (at the pipe outside surface), 
indicative of the crack face rotation that is occurring during these experiments, i.e., more 
CMOD on the outside surface than on the inside surface.  Finally, note that the CMOD at the 
two crack tips are comparable.  This type of CMOD-displacement behavior was consistent for 
each of the experiments.   Figure 35 shows a plot similar to Figure 34, except it is for one of 
the 37-percent of the pipe circumference long through-wall cracked pipe experiments, where 
the crack was centered in the DM weld (DMW11).  Similar plots for each of the thirteen 
cracked pipe experiments can be found in the Data Record Book for this program. 
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Figure 34.  CMOD-north actuator displacement data for Experiment DMW2 (40-

percent deep complex crack in the weld) 

 

 
Figure 35.  CMOD-north actuator displacement data for one of the 37-percent long 

through-wall crack experiments (DMW11) 



 

51 

 
Figure 36 is a plot of the crack centerline (near surface) CMOD as a function of the total 
crack rotation for the seven complex cracked pipe experiments.  From this figure, it is evident 
that the CMOD-rotation data is independent of the crack location within the weld or the depth 
of the surface crack portion of the complex crack. 

 
 

 
 

Figure 36.  Crack centerline (near surface) CMOD as a function of the total crack 
rotation for the seven complex cracked pipe experiments 

 
Figure 37 is a plot of the crack centerline (near surface) CMOD as a function of the total 
crack rotation for three of the 37-percent long through-wall crack experiments and the one 20-
percent long through-wall crack experiment.  Again, the CMOD-rotation data is independent 
of the crack location within the weld, but is dependent on the length of the through-wall 
crack.  The 37-percent long through-wall cracks opened more (larger CMOD values) for the 
same amount of crack section rotation than did the shorter 20-percent long through-wall 
crack. 
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Figure 37.  Crack centerline (near surface) CMOD as a function of the total crack 

rotation for four of the through-wall crack pipe experiments 

 
Figure 38 is a plot of the crack centerline (near surface) CMOD as a function of the total 
crack rotation for one of the complex crack experiments (DMW1), one of the 37-percent of 
the pipe circumference long through-wall crack experiments (DMW11), and the 20-percent 
long through-wall crack experiment (DMW6).  The complex crack experiment experienced 
slightly more CMOD than the through-wall crack experiment with the same through-wall 
crack length (37-percent of the pipe circumference).  In addition, as was observed for Figure 
37, the longer through-wall crack experienced more CMOD than the shorter one.   
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Figure 38.  Crack centerline (near surface) CMOD as a function of the total crack 
rotation for one of the complex crack experiments (DMW1), one of the 37-percent of 
the pipe circumference long through-wall crack experiments (DMW11), and the 20-

percent long through wall crack experiment (DMW6) 

 
3.2.6 – Crack Initiation and Crack Growth Data – The d-c electric potential (d-c EP) data 
was used to infer the instant of crack initiation for each of the experiments for which good d-c 
EP data were available.  The change in the d-c EP data (difference in d-c EP voltages between 
when the power supply was turned on and when it was turned off) was plotted against the 
crack centerline (near surface) CMOD data.  Figure 39 is such a plot for Experiment DMW11 
(37-percent long through-wall crack in the center of the weld). 
 
The change in slope of the d-c EP versus CMOD curve is indicative of crack initiation.  From 
the post-test measurements of the crack extension at each of the unloading points, see Figure 
40, it was possible to obtain a measure of the crack growth.  Post-test measurements of these 
unloading marks allowed determination of the crack extension at each of these unloading 
points using two distinct measures of crack growth: The total actual crack growth and the 
projected crack growth, i.e., the total crack growth projected onto the original circumferential 
plane of the crack.  For the complex crack experiments, where there was little out of plane 
crack growth due to the internal surface crack, the difference between the two measures was 
minor.  However, for the through-wall crack experiments, where there was significant out of 
plane crack growth, see Figure 41, the total actual crack growth (in 3-dimensional space) 
could be significantly longer than the projected crack growth.   
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Figure 39.  Change in d-c electric potential voltage (power supply on minus power 
supply off voltage) as a function of the crack centerline (near surface) CMOD for 

Experiment DMW5 (40-percent deep complex crack in the butter) 

 

 
 

Figure 40.  Fracture surface for Experiment DMW11 (37-percent long through-wall 
crack in the center of the weld) showing a number of the unloading marks on the 

fracture surface 
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Figure 41.  Fracture surface for Experiment DMW10 (37-percent long through-wall 
crack in the weld) showing the significant out of plane crack growth, as well as a 

number of the unloading marks on the fracture surface 

Figure 42 and Figure 43 are plots of the projected crack growth versus crack centerline (near 
surface) CMOD data for four pipe experiments where the cracks were centered in the weld, 
and three pipe experiments where the cracks were centered in the butter, respectively.  As can 
be seen from these two figures, the deeper the internal surface crack, the less the crack opened 
for the same amount of crack growth.  This may be the result of an apparent loss of toughness 
due to the complex crack geometry.  (Less crack opening for the same amount of crack 
growth implies a lower crack opening angle which in turn implies a lower toughness.)  Figure 
44 shows a comparison of the projected crack growth versus crack centerline CMOD (near 
surface) between the experiments when the cracks were centered in the weld and when they 
were in the butter material for three comparable crack sizes/geometries: 37 percent long 
through-wall crack, 20 percent deep complex crack, and 40 percent deep complex crack.  In 
each case, when the cracks were in the butter material, they experienced less crack opening 
for the same amount of crack growth than they did when the cracks were centered in the weld 
metal.  This again may be a consequence of the fact that the weld metal was tougher than the 
butter material.   
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Figure 42.  Crack growth versus crack centerline (near surface) CMOD for three 

complex cracked pipe experiments and one through-wall cracked pipe experiment 
where the cracks were centered in the weld   

 
 
Figure 43.  Crack growth versus crack centerline (near surface) CMOD for two complex 

cracked pipe experiments and one through-wall crack pipe experiment where the 
cracks were centered in the butter 
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Figure 44.  Comparison of crack growth versus centerline (near surface) CMOD 
between weld metal and butter experiments for three different flaw geometries 
(through-wall crack, 20% deep complex crack, and 40% deep complex crack) 

3.2.7 – Crack Face Rotation Data – Figure 45 is a plot of the total crack face rotations as 
a function of the total crack section rotations for two weld metal through-wall crack 
experiments and three weld metal complex crack experiments.  Figure 46 is a similar plot 
except it is for the butter experiments.  In all cases, the through-wall crack length, for both the 
through-wall crack experiments and the complex crack experiments, was nominally 37 
percent of the pipe circumference.  As can be seen in Figure 45 and Figure 46 there does not 
seem to be a big effect of the depth of the surface crack on the crack face rotations for either 
the weld metal or butter experiments.  For the weld metal experiments, the data for 4 of the 5 
experiments practically lay on top of each other.  The exception is the 20 percent deep 
complex crack experiment.  For that experiment the data lies below that of the other weld 
metal experiments.  Likewise for the butter experiments, the data for the 20 and 40 percent 
deep complex crack experiments are very similar, but the data for the through-wall crack 
experiment is somewhat higher.   
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Figure 45.  Total crack face rotations as a function of the total crack section rotations for 

two weld metal through-wall crack experiments and three weld metal complex crack 
experiments 

 
Figure 46.  Total crack face rotations as a function of the total crack section rotations for 

one butter through-wall crack experiment and two butter complex crack 
experiments 
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3.2.8 - Ovalization Data - Figure 47 is a plot of the post-test pipe ovalization data for the 
13 DM weld pipe fracture experiments.  Ovalization is defined as the difference between the 
post-test pipe outside diameter (measured in both the top-to-bottom and side-to-side 
directions) and the pre-test pipe outside diameter divided by the pre-test pipe outside 
diameter.  As evident in Figure 47, the pipe diameter increased in the top-to-bottom direction 
and decreased in the side-to-side direction for all 13 experiments.  Also of note from Figure 
47, are the consistent trends in ovalization data for similar flaw geometries.  The four 37% 
long through-wall cracks (DMW9, DMW10, DMW11, and DMW13) all exhibited about the 
same amount of ovalization.  Likewise, the three shallow complex cracks (DMW1, DMW4, 
and DMW7) all exhibited about the same amount of ovalization.  The short through-wall 
crack experiment (DMW6) exhibited the most ovalization, while the deeper complex crack 
experiments (DMW2, DMW3, DMW 5, and DMW8) and deep surface crack experiment 
(DMW12) exhibited the least ovalization.  
  

 
Figure 47.  Post-test pipe ovalization data for 13 DM weld pipe fracture experiments 
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4.0  CONCLUSIONS 

Thirteen pipe fracture experiments were conducted during the course of this program.  The 
cracks for all of the experiments were located in the vicinity of a DM weld.  Some were 
centered in the main weld, some were in the butter material, and some were along the fusion 
line between the butter material and the carbon steel pipe material.  Three different crack 
geometries were evaluated as part of this program: A simple through-wall crack, an internal 
part-through surface crack, and a complex crack.  In addition to the pipe fracture experiments, 
a number of material characterization tests were conducted.  These included tensile tests on 
both the base materials, as well as the weld metal, fracture toughness tests on the weld 
material, and Vickers hardness tests across the weld.  Separate fracture toughness tests were 
conducted to evaluate the fracture toughness of the main weld, the butter material, and the 
fusion line.   

The key findings from these pipe experiments and material characterization tests are: 

• Pre-test design analysis suggested that the single actuator test frame (see Figure 2) 
used in many of the prior 4-point bend experiments may not be suitable for testing 
dissimilar metal welds where the material strength and elastic properties on each side 
of the weld were different.  As a result, a specially designed test frame was built for 
these experiments.  Data from the surface cracked pipe experiment indicated that the 
south actuator (stainless steel side) displaced almost 10 percent more than the north 
actuator (carbon steel side) for the same applied load.   

• The maximum moment from the experiments was independent of the crack location 
within the weld region (main weld, butter, or fusion line) for the same crack 
geometries (see Figure 28 through Figure 30).  This implies that the same combination 
of material strength properties can be used to predict the maximum moment of a 
cracked DM weld, regardless of where the crack is located within the weld. 

• The main weld exhibited higher fracture toughness than did the butter or fusion line 
regions, which exhibited comparable fracture toughness levels.  This observation was 
evident from both the compact (tension) fracture toughness tests (see Figure 21 and 
Figure 22), as well as from the moment-rotation data from the pipe tests (see Figure 28 
through Figure 30). 

• The notch acuity had little effect on the results from the pipe experiments (see Figure 
31).  The moment-rotation data for comparable crack locations and crack 
geometries/sizes were nearly identical for both the case of a sharp machine notch and 
a fatigue pre-cracked notch.   

These experiments will be analyzed in detail as part of a future effort at Battelle.  The results 
from these experiments (moment-rotation data) will be compared with predictions using both 
limit-load analyses and available elastic-plastic fracture mechanics (EPFM) J-estimation 
scheme analyses.  As part of this assessment, both the role of the carbon steel and stainless 
steel strength properties and the weld metal fracture toughness properties on the load-carrying 
capacity of the cracked pipe sections will be evaluated.  The analyses will establish a 
“blended” stress-strain curve that properly predicts the crack-driving force as estimated by 
finite element analyses.  An assessment will be made as to whether or not a simple 
modification can be made to one of the existing J-estimation schemes for making accurate 
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moment-rotation data predictions of DM welds.  If not, recommendations will be made as to 
what modifications to these estimation schemes might be needed.   
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