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of the longitudinal compressive strain and can be applied to the existing burst pressure equations 
for corroded pipes, which do not consider the effect of the longitudinal strain.   
Dents 

The CSC of a pipe was found to be reduced by all types of dents (i.e., formed in construction 
vs. formed in service, restrained vs. unrestrained).  For dents of the same depth, the unrestrained 
dents formed in construction show the highest reduction to the CSC.  The CSC reduction under 
zero internal pressure is much larger than that under high internal pressure.  In addition, the CSC 
decreases as the dent depth increases.     

Assessment equations were developed to calculate the CSC for pipes containing dents under 
high internal pressure.  The equations were based on the CRES CSC equations for plain pipes 
and the dents were simplified as equivalent geometry imperfections.  An equation was developed 
to determine the equivalent geometry imperfections for given dents. 
Wrinkles 

Under static loading, the wrinkles (if free of cracks or other types of defects) of reasonably 
large sizes and longitudinal compressive strain (e.g., height of 4% of pipe diameter and average 
compressive strain of 2%) were found to have negligible effects on the burst pressure of the pipe.  
Even severe wrinkles of extremely large sizes (e.g., a wrinkle folded onto itself) showed very 
limited effects on the burst pressure (i.e., < 15% reduction) as long as the wrinkles did not form 
any cracks or other types of defects in the pipe wall.  In addition, the reduction of the burst 
pressure was found to be caused by the increase of the pipe longitudinal compliance due to the 
severe wrinkles, not the strain and stress concentration near the wrinkles.   

Therefore, it was concluded that the wrinkles, that are free of cracks or other types of defects, 
experiencing longitudinal compressive strain may not negatively affect the pipe burst pressure in 
the absence of cycle loads in the form of lateral bending or pressure fluctuation.  Cycle loads can 
initiate or cause growth of flaws, which in turn may change the stiffness of the pipeline segment, 
potentially leading to high-cycle or low-cycle fatigue failures.  The effects of fatigue loads were 
not in the scope of the project and not examined in this project.  
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1 Introduction 
1.1 Overview of Strain-Based Design and Assessment (SBDA) 
1.1.1 Application of SBDA 

Strain-based design and assessment (SBDA) of pipelines focuses on potential failures driven 
by or in presence of high longitudinal strain.  In most cases, failures driven by longitudinal stress 
or strain are associated with ground settlement/movement or other unusual upsetting events, 
which can have serious life safety and environmental consequences.   

Although the development of the SBDA has been primarily targeted for the applications in 
the design and construction of new pipelines [1,2,3], the principles of the SBDA can be applied 
to the assessment of in-service pipelines as well.  For instance, the fitness-for-service principles 
embedded in the SBDA can be applied to guide the maintenance of vintage pipelines [4]. 
1.1.2 Framework of SBDA 

The two predominant limit states (or failure modes) associated with high longitudinal stress 
and strain are tensile rupture (or leak) and compressive buckling (see Figure 1-1).  The tensile 
rupture is considered as an ultimate limit state due to the breach of the pipe wall.  On the other 
hand, the compressive buckling is usually considered as a service limit state, since the buckling 
typically results in distortion of pipe cross sections without the breach of pipe walls.  However, 
excessive distortion of the pipe cross section can interfere with the operation of ILI tools and 
even cause the breach of the pipe wall. 

 
Figure 1-1  Possible failure models of a pipeline due to mine subsidence  
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The SBDA consists of two key components: strain demand and strain capacity.  The strain 
demand measures the load applied to the pipeline and the strain capacity measures the resistance 
of the pipeline to failures.  For each failure mode (or limit state), there exist corresponding strain 
demand and strain capacity.  For example, for tensile rupture, tensile strain demand and tensile 
strain capacity are used.  Additional discussions about the strain demand and strain capacity can 
be found in Section 1.1.3.   

The fitness of the pipeline subjected to high longitudinal strain can be assessed by comparing 
the strain demand with the strain capacity, as shown Figure 1-2.  If the capacity is determined to 
be greater than the demand by a sufficient margin of safety, the pipeline is deemed safe.  The 
comparison of the demand and capacity needs to be conducted for all possible failure modes.   

In addition to the tensile and compressive failure modes, under certain circumstances, e.g., 
pipes with corrosion anomalies, burst is another limit state which needs to be considered for the 
SBDA.  The burst pressure can be compared with the maximum allowable operating pressure 
(MAOP) of the pipeline to check if adequate safety margin can be maintained. 

 
Figure 1-2  Schematic illustration of the relationship between strain demand and strain capacity 

in SBDA 

1.1.3 Key Components of SBDA  
1.1.3.1 Strain Demand 
1.1.3.1.1 Nature and Characteristics of Strain Demand 

The loadings applied to a pipeline can be broadly categorized as displacement-controlled and 
load-controlled.  A loading is considered load-controlled if the magnitude of the loading is not 
affected by the displacement of the pipe.  Some examples of such loadings are internal pressure, 
free span loading, and dead weight loading.  One important characteristic of the load-controlled 
loading is that if the load is beyond the maximum load carrying capacity of a pipe, instantaneous 
failures (collapse or rupture) will take place. 

Under a strict definition, a loading is considered displacement-controlled if the magnitude of 
the pipe displacement is not affected by the stiffness of the pipe.  Some good examples of such a 
displacement-controlled loading are pipe bending by a mandrel and reeling-on a pipe string in 
spool-based installation.   
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On the other hand, for onshore buried pipelines, the displacement-controlled loading is often 
loosely defined as the condition, in which the loading is applied through soil movement of given 
magnitude.  Although the soil displacement is set, the pipe displacement does vary with the pipe 
stiffness.  An important characteristic of this type of displacement-controlled loading is that the 
actual load applied to the pipe decreases with the pipe displacement.  Therefore, instantaneous 
failures (collapse or rupture), in general, do not take place even if the applied load is beyond the 
maximum load carrying capacity of the pipe. 

It should be noted that for buried pipelines, under certain circumstances, the displacement-
controlled loading can change to a load-controlled loading.  For example, the load due to slow-
moving and small-magnitude ground movement is primarily displacement-controlled.  However, 
under large-magnitude soil movement, especially for loose sandy conditions, the soil can flow 
around the pipe.  Under this circumstance, the load becomes load-controlled.  As a result, for 
most buried pipes, strictly speaking, the soil loading is a combination of displacement- and load-
controlled.         
1.1.3.1.2 Determination/Estimation of Strain Demand 

A number of methods are available for estimating strain demand.  The most frequently used 
methods are inertial measurement units (IMU), strain gauges, fiber optical cables, and numerical 
simulations (e.g., using pipe-soil interaction models).  Other measurement techniques are being 
developed.  Various techniques for the estimation and monitoring of strain demand can be found 
in a JIP report [5]. 

Each strain estimation method offers certain advantages and disadvantages.  For instance, the 
strain measured by strain gauges is considered highly reliable.  However, the strain gauges can 
only monitor very small localized areas.  On the other hand, pipe and soil interaction models can 
be used for long or short segments of pipelines.  However, the strain computed from such models 
highly depends on the accuracy of the parameters representing soil properties.  Site-specific soil 
properties are generally not available and can change over time or even from season to season 
because the water content and its state in the soil can affect soil properties. 
1.1.3.2 Strain Capacity 
1.1.3.2.1 Tensile Strain Capacity Models 

The tensile strain capacity (TSC) refers to the highest tensile strain a pipe or weld can sustain 
without leaking or rupturing.  A number of tensile strain models are available for estimating the 
TSC, including the models from PRCI-CRES [6,7,8,9], ExxonMobil [10,11,12], and many other 
organizations [13,14,15,16,17,18,19].   

Almost all models developed in the last decade were targeted at new pipeline constructions, 
in which the concept of strain-based design was used at the start of the pipeline projects.  Some 
of these models, such as the PRCI-CRES models, can be adapted to assessing in-service 
pipelines (including vintage pipelines), since they can use Charpy impact energy as a measure of 
toughness.  The models using CTOD or J-resistance curves exclusively as the toughness measure 
are less adaptive. 
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However, the focus of those efforts was on longitudinal corrosion defects under 
predominantly hoop stress.  Although an assessment method was given for the situation where 
the pipe experiences both hoop and longitudinal stresses [41], the method is stress-based and the 
maximum allowable longitudinal stress is limited to the yield strength of the pipe. 
1.2.2 Assessment of Mechanical Damage 

Dents and gouges (often associated with dents) are some of the most frequently found 
anomalies.  The existing assessment models for dents and gouges mainly focus on the potential 
failures induced by internal pressure, i.e., burst under static pressure and fatigue under cyclic 
pressure (e.g., CSA Z662 [21], ASME B31.8 [42], Q-factor [43], and British Gas [44]).   

Some of the most recent research activities include a joint industry project which produced 
the PDAM [45] and a number of projects sponsored by PHMSA and PRCI [46,47,48,49,50,51].  
Most of the existing work does not address the effect of the longitudinal stress/strain on the burst 
pressure and fatigue life.  In addition, under high longitudinal stress/strain, the failures due to 
tensile rupture and compressive buckling have not been studied.   

For plain dents, it is believed that the burst is not a critical concern for the SBDA, while the 
critical concerns are fatigue failures and compressive buckling. 
1.3 Gaps in SBDA and Incentives for this Project 
1.3.1 Gaps in SBDA with respect to Pipeline Fittings 

While the PRCI-CRES tensile strain and CRES compressive strain models are technically 
advanced and supported by a substantial body of large-scale experimental test data 
[6,7,8,26,28,52,53,54,55,56], these models, similar to almost all other models, were developed 
for and are applicable to regular girth welds (welds joining pipes of equal wall thicknesses).  
Most pipelines contain fittings such as hot bends, elbows, tees, and valves.  The manual welds 
connecting those fittings to the adjacent linepipes usually have lower strength and toughness than 
mechanized GMAW welds.  Some of these fittings, such as hot bends and elbows, may be 
located in the areas of high strain demand due to the topography of the right-of-way.  The 
geometry of the fitting welds introduces strain concentrations due to wall thickness transitions 
and/or high-low misalignment.  In summary, fitting welds are potentially subjected to higher 
longitudinal strains and have less desirable properties than mainline welds.  The strain capacity 
of these welds is largely unknown and a corresponding assessment methodology has not yet been 
developed. 
1.3.2 Gaps in SBDA with respect to Anomalies in Pipelines 

Most pipelines have anomalies, such as corrosion and mechanical damage, in their lifetime.  
The current methodologies for assessing and mitigating those anomalies were developed for 
pipelines for which hoop stress is the primary driver for potential failures.  The validity of these 
current methods has not been established for pipelines under conditions of high longitudinal 
strain. 
1.4 Project Overview 
1.4.1 Overall Objective 

The primary objective of the project is to develop practical and easy-to-use guidelines and 
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tools for the strain-based design and assessment (SBDA) of pipeline segments, which contain 
transition girth welds or anomalies (including corrosion anomalies, dents, and wrinkles).  The 
work in this project involves collaborative development, generation, and promotion of new 
technologies for the strengthening of industry consensus standards. 
1.4.2 Project Scope 

The project covers transition welds (typically associated with fittings), metal loss corrosion 
anomalies, plain dents, and wrinkles.  For each feature listed above, various limit states relevant 
to the SBDA are investigated.  The technical work includes finite element analysis, small-scale 
material characterization tests, and large-scale tests.   

The focus of this project is to fill the critical technology gaps in the existing SBDA methods, 
specifically (shown in Figure 1-3):  

(1) Tensile strain capacity (TSC) and compressive strain capacity (CSC) of transition welds,  
(2) Tensile strain capacity (TSC), compressive strain capacity (CSC), and burst pressure of 

pipes containing metal loss corrosion anomalies, 
(3) Compressive strain capacity (CSC) of pipes containing plain dents, and 
(4) Burst pressure of pipes containing wrinkles. 

 
Figure 1-3 Project scope 

As shown above, the scope of the project includes the limit states for static loadings only.  
The limit states for cyclic loadings are not in the project scope.  However, it should be noted that 
for the pipeline segments subjected to longitudinal strain, the fatigue behaviors of the pipes 
under cyclic loadings need to be further investigated, especially for pipes containing dents.   
1.4.3 Deliverables 

The major deliverables for the project are provided in two main documents: 
(1) a guideline reference document for the SBDA and  
(2) a comprehensive technical report.   

Corrosion Dents WrinklesGirth Welds

TSC

CSC

TSC

CSC

CSC Burst

Burst
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determination of the burst pressure of pipes containing wrinkles are presented in Section 3.4.  
The full-scale tests for the determination of the tensile strain capacity of pipes containing 
corrosion anomalies are presented in Section 3.5.  The curved-wide-plate tests for the 
determination of the tensile strain capacity of pipes containing transition welds are presented in 
Section 3.6. 

Section 4 provides the details of the studies for the assessment of transition welds and 
summarizes the assessment guidelines and models for transition welds.  The studies for the 
tensile strain capacity and compressive strain capacity are given in Section 4.2 and Section 4.3, 
respectively.   

Section 5 provides the details of the studies for the assessment of corrosion anomalies and 
summarizes the assessment guidelines and models for corrosion anomalies.  The studies for the 
tensile strain capacity, compressive strain capacity, and burst pressure are given in Sections 5.2, 
5.3, and 5.4, respectively.   

Section 6 provides the details of the studies for the assessment of dents and summarizes the 
assessment guidelines and models for dents.  The focus of the studies is given to the compressive 
strain capacity. 

Section 7 provides the details of the studies for the assessment of wrinkles and summarizes 
the assessment guidelines for wrinkles.  The focus is given to the burst pressure. 

Section 8 summarizes the main conclusions and discusses future work.  
Appendices A and B present the details of the small-scale tests and test results.  Appendix C 

presents the details of the CWP tests and results.  Appendix D-F present the details of the full-
scale pipe tests and results.  
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procedure and consumables were selected by the team member as a part of its welding procedure 
qualification process with a major goal of achieving highly overmatching weld strength.  More 
details of the pipe and girth welds are summarized in Table 2-2 and Table 2-3, respectively.   

Table 2-2 Pipes used in curved wide plate tests 

 
Table 2-3 Girth welds used in curved wide plate tests 

 
2.2 Properties of Pipe Materials Used in Full-Scale Pipe Tests 
2.2.1 Overview of Small-Scale Material Tests 

A series of small-scale tests were conducted in this project to measure and verify the actual 
material properties for the pipes used in the full-scale pipe tests (see Table 2-1).  The small-scale 
tests included uni-axial tension and compression tests as well as limited optical microscopy and 
microhardness tests.  Duplicate tests were used to help with understanding of the consistency 
and/or variations in measured properties.   

The following sections summarize the mechanical properties of the pipe materials obtained 
from those uni-axial tension and compression tests.  The results from the microhardness testing 
and optical microscopy are included in Appendix A, along with the details for the small-scale 
tests.   
2.2.2 Tensile Testing of Selected Pipes 

The full-scale tests involved the use of four small diameter pipe materials, i.e., X65 ERW-1, 
X65 ERW-2, X70 ERW-3, and X80 DSAW (as shown in Table 2-1).   

For X65 ERW-1, three pipe joints were used in all the full-scale tests.  It was originally not 
known if the three pipe joints were from the same heat.  Therefore, the small-scale un-axial 
tensile tests were conducted for all three joints, i.e., X65 ERW-1 (a), (b), and (c).  The test results 
showed that the properties of the three pipe joints are very similar (see Section 2.2.3).  

Pipe OD
Pipe Wall 
Thickness

mm (inch) mm (inch)

X70-DSAW-1 X70 UOE 914 (36.0) 16.0 (0.625)
Curved wide plate tension tests 
(Regular and transition welds)

X70-DSAW-2 X70 UOE 914 (36.0) 19.0 (0.750)
Curved wide plate tension tests 

(Transition welds)

Pipe   
Material ID

Pipe Grade 
and Type

Large-Scale Tests 
(Corresponding features)

Pipe 1 Pipe 2

Weld-1
Curved wide plate tension tests 

(Regular welds)

Weld-2 X70-DSAW-1 X70-DSAW-2
Curved wide plate tension tests 

(Transition welds)

Large-Scale Tests 
(Corresponding features)

Pipe Material ID

X70-DSAW-1

Weld 
Material ID
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For X70 ERW-3, two pipe joints were used in all the full-scale tests.  The two joints were 
from the same heat and their properties were expected to be similar.  Therefore, the un-axial 
tensile tests were conducted for one pipe joint. 

For X65 ERW-2 and X80 DSAW, only one pipe joint of each material was used in the full-
scale tests.  Therefore, for each pipe material, the un-axial tensile tests were conducted for one 
pipe joint. 

All the materials used for the small-scale tests were taken near the end of the corresponding 
pipe joint.  Duplicate sub-size strip tensile and full-thickness strap tensile specimens were cut 
and machined from the selected pipe joints.  Both transverse and longitudinal specimens were 
cut from close to the 3:00 (or 9:00) and 6:00 clock positions, where the seam weld is at 12:00 
clock position.  The details of the specimens are shown in Appendix A. 

The small-strip specimens were machined in the transverse-to-pipe-axis (TPA) direction with 
the maximum possible thickness used for the small diameter pipes and their respective wall 
thicknesses. The full-thickness strap tensile specimens were waterjet profiled with a longitudinal-
to-pipe-axis (LPA) orientation from the same clock positions.  Table 2-4 provides the details of 
the gauge dimensions for the TPA and LPA tensile specimens.  The details of individual TPA 
tensile specimens and the LPA specimens are provided in Figures A2 and A3 in Appendix A.  

All testing was preformed using a hydraulic universal testing machine with the required 
capacity and appropriate sized wedge grips for the TPA and LPA specimens.  All tensile testing 
was performed at room temperature following general guidelines provided in ASTM E8M [58].  
The reported tensile property data includes 0.2% offset and 0.5% underload yield strengths, 
ultimate tensile strengths (UTS), Y/T ratios, uniform strains, and total elongations (measured by 
the extensometer and by gauge marks after testing).  Stress vs strain curves were created to allow 
comparisons of selected tests for the different orientations (TPA and LPA) and clock positions.  
2.2.3 Tensile Property Data for Selected Steel Pipes 

Since the data from the duplicate tests were generally very consistent, the average tensile 
properties are reported in Table 2-5 and Table 2-6 to show the trends with respect to the different 
specimen orientations (TPA and LPA) and their corresponding clock positions.  Further specific 
examples of the tensile properties obtained for the selected pipe steels are presented in Table 2-7 
to Table 2-10 and graphically in corresponding stress-strain curves in Figure 2-1 to Figure 2-4.   

For the three X65 ERW-1 steel pipe sections (a, b, and c), the results were very consistent 
and repeatable and followed the same overall trends.  The results showed an unexpectedly large 
difference in yield strengths and post yielding behavior (discontinuous and continuous) as a 
function of clock position (3:00 versus 6:00) for both TPA and LPA specimen orientations 
(Table 2-7 and Figure 2-1).  Along with the higher yield strengths and Y/T ratios for the 6:00 
position, the UTS values were marginally higher, while the uniform strains and total elongations 
were considerably lower than those for the specimens from the 3:00 position.   

The X65 ERW-2 pipe steel exhibited tensile properties that were very similar as a function 
clock position (3:00 and 6:00) for a given specimen orientation, i.e., TPA or LPA (Table 2-8 and 
Figure 2-2).  The specimens from the TPA orientation exhibited a more roundhouse type stress-
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strain curve compared to the LPA orientation.  This resulted in the later exhibiting higher yield 
strengths and Y/T ratios in conjunction with lower uniform strain and total elongation values.   

The tensile property results for the X70 ERW-3 pipe steel in Table 2-9 and Figure 2-3, show 
relatively consistent trends with respect to specimen orientation and clock position. In this case, 
the yield strengths were higher for the LPA specimens, while the UTS values were lower 
compared with the TPA specimens.  This resulted in higher Y/T ratios, but similar uniform 
strains and total elongation values.   

Table 2-10 lists the tensile properties obtained for the X80-DSAW pipe steel, while Figure 
2-4 shows the corresponding stress-strain curves as a function of specimen orientation and clock 
position. In contrast to the ERW pipes, the X80 DSAW pipe revealed a trend of higher tensile 
properties for the TPA orientation, i.e., yield and ultimate strengths, Y/T, uniform strain and total 
elongation.  Again, the results for the 6:00 specimens revealed higher yield strengths, UTS, and 
Y/T values, with lower values for uniform strain and total elongation compared to the 
corresponding specimens from the 3:00 position.  

Table 2-4  Detail of Pipes and Corresponding Tensile Specimens 

Pipe ID 
Pipe Diameter 

and 
Wall Thickness 

Specimens Gauge Section Dimensions 
Width x Thickness 

mm 
TPA LPA 

ERW-1(a), 1(b), and 1(c) 
324 mm OD x 6.35 mm W.T. 

(12.75 in OD x 0.250 in W.T.) 
6 x 4.0 25.4 x 6.4 

ERW-2 
324 mm OD x 9.52 mm W.T. 

(12.75 OD in x 0.375 in W.T.) 
10 x 6.7 25.4 x 9.5 

ERW-3 
324 mm OD x 7.14 mm W.T. 

(12.75 in O.D. x 0.281 in W.T.) 
7.25 x 5.0 25.4 x 7.25 

X80-DSAW 
610 mm OD x 12.7 mm W.T. 

(24 in OD x 0.5 in W.T.) 
14.1 x 9.5 25.4 x 12.7 
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Table 2-5  List of Average Tensile properties for X65 Pipes 

Pipe ID 
Specimen 
Orientation 

Specimen 
ID 

Yield 
0.2%             
MPa 
(ksi) 

Yield 
0.5%           
MPa 
(ksi) 

UTS 
MPa 
(ksi) 

0.2% 
Y/T 

0.5% 
Y/T 

uEL       
% 

EL- 1    
% 

EL- 2   
% 

X65 
ERW- 

1 
  

TPA 
  

03:00 
453 
(66) 

457 
(66) 

556 
(81) 

0.82 0.82 13.9 30 31 

06:00 499 
(72) 

512 
(74) 

578 
(84) 

0.86 0.89 7.5 24 25 

LPA 
  

03:00 
464 
(67) 

468 
(68) 

527 
(76) 

0.88 0.89 14.7 34 35 

06:00 
542 
(79) 

545 
(79) 

557 
(81) 

0.97 0.98 5.0 29 29 

X65 
ERW- 

2 
  

TPA 
  

03:00 
428 
(62) 

439 
(64) 

535 
(77) 

0.80 0.82 11.6 39 41 

06:00 
447 
(65) 

456 
(66) 

531 
(77) 

0.85 0.86 10.8 39 40 

LPA 
  

03:00 469 
(68) 

477 
(69) 

528 
(76) 

0.89 0.91 9.1 35 36 

06:00 
491 
(71) 

496 
(72) 

526 
(76) 

0.94 0.94 7.7 34 34 

 

Table 2-6  List of Average Tensile properties for X70 and X80 Pipes 

Pipe ID 
Specimen 
Orientation 

Specimen 
ID 

Yield 
0.2%             
MPa 
(ksi) 

Yield 
0.5%           
MPa 
(ksi) 

UTS 
MPa 
(ksi) 

0.2% 
Y/T 

0.5% 
Y/T 

uEL       
% 

EL- 1    
% 

EL- 2   
% 

X70 
ERW- 

3 

TPA 03:00 
548 
(79) 

556 
(81) 

675 
(98) 0.82 0.83 10.1 29 31 

  06:00 
546 
(79) 

556 
(81) 

677 
(98) 0.81 0.82 9.3 26 29 

LPA 03:00 
565 
(82) 

568 
(82) 

635 
(92) 0.89 0.90 9.9 28 30 

    06:00 
577 
(84) 

580 
(84) 

645 
(93) 0.90 0.90 9.4 28 29 

  
TPA 03:00 

648 
(94) 

647 
(94) 

695 
(101) 0.93 0.93 6.0 34 39 

X80 
DSAW 

  06:00 
702 

(102) 
701 

(102) 
715 

(104) 0.98 0.98 4.2 32 38 

LPA 03:00 
616 
(89) 

614 
(89) 

683 
(99) 0.90 0.90 4.0 25 29 

    06:00 
642 
(93) 

637 
(92) 

693 
(100) 0.93 0.92 3.1 16 28 
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Table 2-7  Typical Tensile Properties of X65 ERW-1(c) Pipe Body 

Specimen 
Orientation/ 

Clock Position 

Yield 0.2% 
MPa 
(ksi) 

Yield 0.5 % 
MPa 
(ksi) 

UTS 
MPa 
(ksi) 

0.2%Y/T 
Uniform 
Strain 

% 

Elongation 
% 

TPA-3:00 
430 
(62) 

448 
(65) 

554 
(80) 

0.78 13.2 29 

TPA-6:00 
498 
(72) 

512 
(74) 

577 
(84) 

0.86 8.7 23 

LPA-3:00 
458 
(66) 

461 
(67) 

525 
(76) 

0.87 13.9 34 

LPA-6:00 
543 
(78) 

545 
(79) 

559 
(81) 

0.97 3.4 26 

  

 

 
Figure 2-1  Representative stress-strain curves for X65 ERW-1(c) pipe body as a function of 

orientation (TPA and LPA) and clock position (3:00 and 6:00) 
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Table 2-8  Typical Tensile Properties of X65 ERW-2 Pipe Body 

Specimen 
Orientation/ 

Clock Position 

Yield 0.2% 
MPa 
(ksi) 

Yield 0.5 % 
MPa 
(ksi) 

UTS 
MPa 
(ksi) 

0.2%Y/T 
Uniform 
Strain 

% 

Elongation 
% 

TPA-3:00 
432 
(63) 

442 
(64) 

539 
(78) 0.80 11.2 38 

TPA-6:00 
440 
(64) 

450 
(65) 

526 
(76) 0.84 11.3 39 

LPA-3:00 
473 
(68) 

480 
(69) 

529 
(77) 0.89 9.3 33 

LPA-6:00 
490 
(71) 

495 
(72) 

524 
(76) 0.94 7.1 33 

 

 

 
Figure 2-2  Representative stress-strain curves for X65 ERW-2 pipe body as a function of  

orientation (TPA and LPA) and clock position (3:00 and 6:00) 
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Table 2-9  Typical Tensile Properties of X70 ERW-3 Pipe Body 

Specimen 
Orientation/ 

Clock Position 

Yield 0.2% 
MPa 
(ksi) 

Yield 0.5 % 
MPa 
(ksi) 

UTS 
MPa 
(ksi) 

0.2%Y/T 
Uniform 
Strain 

% 

Elongation 
% 

TPA-3:00 
551 
(80) 

558 
(81) 

672 
(97) 0.82 10.2 30 

TPA-6:00 
543 
(79) 

553 
(80) 

674 
(98) 0.81 9.1 28 

LPA-3:00 
564 
(82) 

568 
(82) 

632 
(92) 0.89 9.2 27 

LPA-6:00 
575 
(83) 

578 
(84) 

644 
(93) 0.89 9.3 28 

 

 

 
Figure 2-3  Representative stress-strain curves for X70 ERW-3 pipe body as a function of  

orientation (TPA and LPA) and clock position (3:00 and 6:00) 
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Table 2-10  Typical Tensile Properties of X80 DSAW Pipe Body 

Specimen 
Orientation/ 

Clock Position 

Yield 0.2% 
MPa 
(ksi) 

Yield 0.5 % 
MPa 
(ksi) 

UTS 
MPa 
(ksi) 

0.2%Y/T 
Uniform 
Strain 

% 

Elongation 
% 

TPA-3:00 
645 
(94) 

645 
(94) 

699 
(101) 0.92 6.0 35 

TPA-6:00 
699 

(101) 
698 

(101) 
714 

(104) 0.98 3.7 30 

LPA-3:00 
615 
(89) 

614 
(89) 

680 
(99) 0.90 4.1 26 

LPA-6:00 
641 
(93) 

635 
(92) 

693 
(100) 0.92 2.8 24 

 

 

 
Figure 2-4  Representative stress-strain curves for ERW-3 pipe body as a function of  

orientation (TPA and LPA) and clock position (3:00 and 6:00) 
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2.2.4 Compression Testing of Selected Pipes 
The uni-axial compression tests were conducted for three pipe joints: X65 ERW-1 (c), X70 

ERW-3, and X80 DSAW.  The X65 ERW-2 pipe was not tested.  The X65 ERW-2 pipe was 
only used as the thick pipe of the transition weld in the full-scale bending tests, the strain in the 
X65 ERW-2 pipe was elastic and the compressive stress-strain curve was not needed.  

For the X65 ERW-1 pipes, all three pipe joints, i.e., X65 ERW-1 (a), (b), and (c), showed 
similar tensile properties.  Because it was expected that the compressive properties of the three 
joints would also be similar, only X65 ERW-1 (c) was tested. 

Cylindrical specimens with diameters as close to the pipe wall thicknesses as possible were 
machined from longitudinal to pipe axis (LPA) strips cut from the 3:00 and 6:00 positions of 
selected ERW and DSAW pipes.  The specimens were machined to their respective diameters 
with a constant length to diameter ratio of 3:1 (see Figure A8 in Appendix A). All testing was 
performed at room temperature ~25 °C.  Further details regarding the compression testing are 
provided in Appendix A. 
2.2.5 Compression and Tension Properties of Selected Pipes  

The yield strength results obtained for the pipe steels are listed in Table 2-11 to Table 2-13, 
while corresponding true stress versus true strain curves are shown in Figure 2-5 to Figure 2-7.  
In general, the compression yield strengths and true stress strain curves were very consistent for 
a given pipe steel and the respective 3:00 or 6:00 clock positions.   

For the X65 ERW-1(c) pipe steel (Table 2-11), near identical yield strengths were obtained 
for both compression and tension tests from the 3:00 position.  The trend for higher yield 
strengths obtained for the tension specimens from 6:00 position was also observed for the 
corresponding compression tests.  In this case, the results were slightly lower than for the 
corresponding tension tests.  Figure 2-5 clearly shows that the compression and tension curves 
were very close at or just beyond yield, but that the compression curves tended to be marginally 
higher for larger strains.   

The results (Table 2-12) for the X70 ERW-3 pipe steel were very consistent for both 
compression and tension tests.  The trend of marginally higher yield strength results for the tests 
from the 6:00 position is evident in the true stress-true strain curves shown in Figure 2-6.    

Very consistent and similar trends for both tension and compression tests were observed for 
the X80 DSAW pipe steel, as show in Table 2-13 and Figure 2-7.  The trend of slightly higher 
yield strengths for the test specimens from the 6:00 position is also clearly evident. 

From the comparison of tension and compression tests conducted on the selected pipe steels 
the following trends were observed.  In all cases the tension and compression data matched very 
well, including the marked difference in behavior observed for the ERW-1 pipe, where the 
specimens from 6:00 exhibited much higher strengths.  For the X70 ERW and X80 DSAW the 
results were extremely close between tension and compression revealing consistent trends of 
slightly higher strengths for the specimens from the 6:00 position. 
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Materials [58] and met the requirements also found in ASTM A370: Standard Test Methods and 
Definitions for Mechanical Testing of Steel Products [59]. Detailed machine drawings for 
sectioning and specimen machining are found in Appendix B.   

 
Figure 2-8  Schematic view of small scale base metal specimen sectioning (relative to the CWP 

specimen)   

The engineering stress-strain curves for the strap tensile tests are shown in Figure 2-9.  Each 
plot shows the resultant data for the four specimens associated with each pipe and each 
circumferential location within the pipe.  The reduced data for each of the 16 mm wall thickness 
specimens are given in tabular form in Table 2-15.  The reduced data for each of the 19 mm wall 
thickness specimens are given in tabular form in Table 2-16. 
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(a) (b) 

  
(c) (d) 

Figure 2-9  Engineering stress-strain plots for strap tensile specimens.  Plot (a) is for the 16-mm 
WT pipe specimens (X70-DSAW-1) sectioned coaxially with 236-CWP-1, plot (b) is for the 16-
mm WT pipe specimens (X70-DSAW-1) sectioned coaxially with 236-CWP-3, plot (c) is for the 
19-mm WT pipe specimens (X70-DSAW-2) sectioned coaxially with 233-CWP-4 and plot (d) for 

the same (X70-DSAW-2) but coaxial with 233-CWP-2.   

. 
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(a) (b) 

  
(c) (d) 

Figure 2-10  Engineering stress-strain plots for round tensile specimens.  Plot (a) is for the 16 
mm WT pipe (X70-DSAW-1) transversely oriented specimens sectioned from panels coaxially 
with 236-CWP-1 (solid lines) and 236-CWP-3 (dashed lines), plot (b) is for the 16 mm WT pipe 

(X70-DSAW-1) longitudinally oriented specimens sectioned from panels coaxially with 236-
CWP-1 (RL-1 thru RL-3) and 236-CWP-3 (RL-4 thru RL-6), plot (c) is for the 19 mm WT pipe 

(X70-DSAW-2) transversely oriented specimens sectioned from panels coaxially with 233-CWP-
4 (solid lines) and 233-CWP-2 (dashed lines) and plot (d) for the same as (b) but are for 19 mm 

WT specimens (X70-DSAW-2). 
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Table 2-21  CVN impact energies for WMC (WCL) testing of Weld 1 and Weld 2 

Test 
Temperature  

Weld 1 (236) Weld 2 (233) 

WMC 
Absorbed Energy 

WMC 
Absorbed Energy 

oC J J 

24 117 (114, 110, 128) 104 (107, 107, 97) 

0 68 (64, 73, 67) 96 (101, 98, 89) 

-18   55 (56, 50, 59) 94 (81, 96, 104) 

-45 31 (43, 19, 32) 45 (47, 43, 44) 

-60 24 (24, 19, 29) 33 (31, 32, 35) 

Note: avg. (individual values) 
 

 
Figure 2-13  Charpy impact transition curves for the WMC (WCL) of Weld-1 (236) and Weld-2 

(233) 
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Table 2-22  CVN impact energies for HAZ testing of Weld 1 and Weld 2 

Test 
Temperature  

Weld 1 (236) Weld 2 (233) 

HAZ 
Absorbed Energy 

HAZ 
Absorbed Energy 

oC J J 

-18 259 (261, 267, 249) 317 (348, 304, 300) 

-30 - 198 (129, 258, 207) 

-45 258 (261, 255, 258) 193 (66, 284, 228) 

-50 113 (49, 231, 60) 79 (58, 58, 121) 

-60 55 (48, 55, 61) 92 (91, 36, 149) 

-75 28 (28, 216*, 29) 41 (40, 30, 54) 

-75 44 (272*, 51, 38) - 

Note: avg. (individual values) and *High values recorded at -75 °C were  
excluded from average due to possible inconsistent notch positioning. 

 

 
Figure 2-14  Charpy impact transition curves for the HAZ of Weld 1 (236) and Weld 2 (233) 
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236 SET-1 (a) 236 SET-2 (b) 236 SET-3 (c) 

Figure 2-19  Metallographic cross-sections from specimen 236 SET-1 (a), 236 SET-2 (b) and 
236 SET-3 (c) 
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3 Large-Scale Tests and Testing Results 

3.1 Overview of Large-Scale Testing Program 
This section describes the large-scale tests performed to support the model development and 

calibration process. The large-scale tests consisted of four full-scale pipe testing programs and 
one curve-wide-plate testing program.  Each testing program was intended to address a different 
aspect of pipe performance in response to high longitudinal strain. The specific testing programs 
are shown in Table 3-1. 

The line pipes used for the large-scale tests and the corresponding girth welds associated with 
each test can be found in Table 2-1, Table 2-2, and Table 2-3. 

Table 3-1 List of large-scale testing programs 

 
3.2 Full-Scale Bending Tests of Pipes with Transition Welds and Anomalies (Task 9) 

The purpose of the Task 9 tests was to evaluate how the compressive strain capacity of line 
pipes is affected by geometric and material property discontinuities associated with transition 
welds, metal loss from corrosion and mechanical damage in the form of plain dents. 
3.2.1 Specimen Configuration 

NPS 12 pipe joints (see Figure 3-1) were cold-cut at C-FER to obtain ten test specimens 
approximately 2,855 mm (112 inches) in length.  All specimens were fabricated from 324 mm 
OD x 6.35 mm WT (12.75 x 0.25 inch), Grade X65, ERW line pipe, except for the Task 9.a 
specimens involving thickness transitions, for which 324 mm OD x 9.5 mm WT (12.75 x 
0.375 inch) Grade X65 line pipe was also used for the thicker sections (see Table 2-1). 

Specimens were numbered and measured, after which they were sent for fabrication (i.e. 
girth welding and end fixture installation).  All specimens were welded to short, thick-walled end 
sections, which in turn were welded to flat-plate end caps.  (The thick pipe end sections were 
incorporated to minimize the potential for premature specimen buckling near the ends and to 
facilitate a heavier and thereby more robust weld between the specimen and the end caps.)  

Task 9 Full-scale bending tests
Transition welds, metal 

loss corrosions, and dents
Compressive strain 

capacity 

Task 10
Full-scale bending-burst 

tests 
Metal loss corrosions Burst pressure

Task 11
Full-scale compression-

burst tests
Wrinkles Burst pressure

Task 12 Full-scale tension tests Metal loss corrosions Tensile strain capacity 

Task 13
Curved-wide-plate tension 

tests
Transition welds Tensile strain capacity

Testing Program 
ID

Type of Tests Limit States Tested
Features or Anomalies 

Tested
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Nine of the ten specimens in this test series were subject to additional fabrication or 
treatment to simulate the presence of geometric and/or material property discontinuities 
associated with either pipe fittings, metal loss corrosion, or plain dents.  A baseline specimen, 
without anomalies or discontinuities, was also included in the series to provide a basis for 
quantifying the relative change in compressive strain capacity attributable to the anomalies or 
discontinuities introduced in the other specimens.  

 
Figure 3-1  Pipes Received at C-FER for Specimen Fabrication 

Table 3-2 summarizes the ten specimens fabricated for testing in this series.  Figure 3-2 
depicts two specimens, one with and one without welded end caps. 

Table 3-2  Specimens for Task 9 Tests 

Specimen 
Identification C-FER Specimen Number Anomaly Loading Type* 

9 (baseline) X65-ERW-1-3-9BL None Bend 

9.a.i X65-ERW-1-3-9AI to 
X65-ERW-1-3-9ASP 

Weld Transition Bend 

9.aii 
X65-ERW-1-3-9AII to 

X65-ERW-2-9AII 
Weld & Thickness 

Transition Bend 

9.a.iii X65-ERW-1-3-9AII to 
X65-ERW-2-9AIII 

Weld & Thickness 
Transition 

Bend 

9.b.i X65-ERW-1-2-9BI Corrosion Feature Bend 

9.b.ii X65-ERW-1-2-9BII Corrosion Feature Bend 

9.b.iii X65-ERW-1-2-9BIII Corrosion Feature Bend 

9.c.i X65-ERW-1-1-9CI Plain Dent Pressure Cycle and 
Bend 

9.c.ii X65-ERW-1-1-9CII Plain Dent 
Pressure Cycle and 

Bend 

9.c.iii X65-ERW-1-1-9CIII Plain Dent Pressure Cycle and 
Bend 
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Figure 3-2  Specimens Before and After End Cap Installation 

3.2.2 Specimen Anomalies 
Geometric and material property discontinuities associated with fittings were simulated in the 

three Task 9.a specimens by girth welding pipe sections of differing wall thickness and yield 
strength (i.e. pipe grade).  Specimen 9.a.i was fabricated by welding together two joints of the 
same 6.35 mm (0.25 inch) wall thickness. The girth weld joint geometry is shown in Figure 3-3.  
Two additional specimens were fabricated by welding together two joints of dissimilar thickness 
to create a wall thickness transition from 6.35 mm to 9.53 mm (0.25 inch to 0.375 inch).  One 
specimen (9.a.ii) was fabricated with a bevel as shown in Figure 3-4.  The other specimen 
(9.a.iii), shown in Figure 3-5, was prepared with a counterbore and bevel.  The transition welds 
were made using a gas metal arc welding (GMAW) procedure. 

 
Figure 3-3  6.35 mm-to-6.35 mm (0.25 inch-to-0.25 inch) Wall Thickness Match (Dimensions in 

mm) 
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Figure 3-4  6.35 mm-to-9.53 mm (0.25 inch-to-0.375 inch) Wall Thickness Step with Bevel 

(Dimensions in mm) 

 
Figure 3-5  6.35 mm-to-9.53 mm (0.25 inch-to-0.375 inch) Wall Thickness Step with 

Counterbore (Dimensions in mm) 

Metal loss associated with corrosion was simulated in three of the Task 9.b specimens by 
machining material from the outer pipe surface at specimen mid-length at a circumferential 
position on the pipe that would later correspond to the location of the extreme compression fiber 
under bending load.  Feature dimensions are detailed in Table 3-3 and an example of a machined 
metal loss feature is shown in Figure 3-6. 

Table 3-3  As Installed Metal Loss Feature Dimensions 

Specimen Identification Anomaly Description 
Feature Dimensions (mm) 

Length Width Depth 

9.b.i Shallow General 
Metal Loss 

64.0 65.0 1.45 

9.b.ii 
Shallow Circumferential 

Groove 16.0 65.0 1.55 

9.b.iii Deep General 
Metal Loss 

65.0 65.0 2.49 
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control of the applied bending moment and axial force and the ability to automatically 
compensate for the axial force generated on the specimen end caps by internal pressure.  For 
these tests, the system was configured to fully compensate for the pressure-induced end cap 
forces; thereby enabling the specimens to be subjected to a pure bending load. 

 
Figure 3-10  Bend Test Apparatus 

3.2.4.1 Instrumentation 

The instrumentation employed for testing is summarized below (see also Figure 3-11). 

 
 

Figure 3-11  Instrumentation Diagram for Task 9 and Task 10 Tests 

A B 

Compression Face 

Tension Face 
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(a) 

 
(b) 

Figure 3-13  VIC System Used for Displacement and Strain Measurements: (a) VIC Strain 
mapping cameras and cable potentiometer above specimen; (b) Speckle pattern 

painted on compression face of test specimen. 
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gauges do not provide a good representation of the membrane strain (i.e. the average through-
thickness axial strain) in the pipe wall because the surface strains include significant levels of 
through-thickness, bending-induced strain associated with the developing buckle. 

Given the above limitations inherent in compressive axial strain estimation using discreet 
instruments, complimentary estimates of the average compressive membrane strain were 
obtained using the VIC 3D system.  The approach taken was to process digital images obtained 
at discrete points in time to first determine the axial separation distance between two prescribed 
reference points on the pipe surface.  The average compressive strain between those two points at 
each point in time was then obtained by dividing the change in separation distance, relative to 
that at the start of testing, by the initial separation distance. 

Average compressive strains based on discrete instrument readings are necessarily associated 
with the 1D gauge length defined by the chosen clinometer spacing, whereas average 
compressive strains obtained from the VIC system can be determined for any desired gauge 
length.  For these tests, VIC strains based on 1D and 2D gauge lengths centered on the buckle 
location were chosen1.  Figure 3-15 shows the relationship between the various gauge lengths 
typically employed for compressive strain estimation in the bending tests.  Note that the axial 
start and end points of the gauge lengths used for 1D strain estimation based on discrete 
instruments and 1D strain estimation using the VIC system do not necessarily align.  This, 
combined with the other issues associated with strain estimation based on discreet instruments 
described above, suggests that 1D gauge length strain estimates obtained using discreet 
instrument and the VIC system are not likely to agree. 

 
Figure 3-15  Gauge Lengths for Average Compressive Strain Estimation 

                                                 
1 For specimens with girth welds and thickness transitions (i.e. 9.a.i, 9.a.ii and 9.a.iii), one-sided VIC strains 

were also determined over gauge lengths positioned such that one end was centered on the buckle location and the 
other end was located 1D away on the side of the specimen containing the thinner-walled pipe. 
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In general, the average compressive strain estimates obtained using the VIC system are 
preferred, however, verified VIC strain data was not typically available in real-time during 
testing and test control actions that relied on strain readings were, therefore, necessarily based on 
strain estimates obtained from discrete instrument readings. 
3.2.6 Test Procedure 

Specimens were installed in the test frame and split-ring assembles were clamped to each end 
of the test section (inboard of the thickened end sections) to prevent buckle formation at the 
specimen ends (see Figure 3-2).  Instrumentation was attached and specimens were filled with 
water at ambient temperature.  All specimens were pressurized to a prescribed internal pressure 
of 12.7 MPa (1,835 psi) prior to the application of bending load (The target pressure was chosen 
to produce a nominal hoop stress level equal to 72% of SMYS.).  Prior to pressurizing the Task 
9.c pipes to their prescribed level they were pressurized to a nominal hoop stress level equal to 
90% of SMYS, to induce the plastic re-rounding of indentations expected to result from a pre-
service hydrotest, and then to an additional five pressure cycles to a hoop stress level of 72% of 
SMYS to stabilize the dents. 

The specimen loading sequence was as follows: 
1. Specimens were pressurized at approximately 1.4 MPa/min (200 psi/min) until the 

prescribed pressure level was achieved while counteracting the end cap forces by 
applying a net compressive axial force with the bending control system.  During the 
pressurization step (and the pressure cycling stage where applicable), the total 
bending moment on the specimen was kept near zero. 

2. Bending moment was then progressively applied by stroking the top strut at a fixed 
rate of 5.1 mm/min (0.2 in/min), while simultaneously adjusting the load on the 
bottom strut using a LabVIEWTM based control program to compensated for end cap 
forces and increment the bending load. 

3. Bending continued until the deformation limitations of the test apparatus were 
reached or specimen failure occurred due to loss of pressure containment, after which 
the system was unloaded. 

3.2.7 Test Results 
The key results for the Task 9 tests include the peak local bending moment and the average 

compressive membrane strain at peak moment over prescribed gauge lengths bridging the buckle 
location.  As discussed in Section 3.2.5, the reported average compressive strains were calculated 
two ways: first using tension-side strain gauges and clinometers, referred to here as 1D Strain 
(DI), and second, using the VIC data from images of the compression face, referred to here as 1D 
and 2D Strain (VIC). 

Selected results for the Task 9 tests are summarized in Table 3-6 together with a description 
of the specimen condition at the end of each test.  Complete results for each test are included in 
Appendix D. 

The test end points for the Task 9.a specimens containing wall thickness transitions intended 
to represent the presence of fittings are shown in Figure 3-16.  The test end points for the Task 
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Figure 3-16  Test End Points for Task 9.a Specimens Containing Girth-welded Thickness 

Transitions in Comparison to the Baseline Specimen without Transitions 

 
Figure 3-17  Test End Points for Task 9.c Specimens Containing Dents in Comparison to 

the Baseline Specimen without a Dent 

 

Baseline

No dent

Specimen 9 (baseline) Specimen 9.a.1

Specimen 9.a.ii Specimen 9.a.iii

No transition weld Transition weld - equal thickness

Transition weld - thickness step with
Counterbore and bevelTransition weld 

Specimen 9 (baseline) Specimen 9.c.i

Specimen 9.c.ii Specimen 9.c.iii

Shallow dent

Moderate dent Deep dent

No dent
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(a) 

 
(b) 

Figure 3-18  Test End Points for Task 9.b Specimens Containing Metal Loss in Comparison to 
the Baseline Specimen without Metal Loss (a) Side view and (b) Top view 

Baseline
Dent 1

Dent 2 Dent 3

Dent depth 

Baseline
Dent 1

Dent 2 Dent 3

Dent depth 
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3.3 Full-Scale Bending-Burst Tests of Pipes with Corrosion Anomalies (Task 10) 
The objective of the Task 10 tests was to evaluate the effect of high longitudinal compressive 

strain on the burst capacity of line pipe containing metal loss corrosion. 
3.3.1 Specimen Configuration 

Four test specimens were cold-cut at C-FER from a single joint of NPS 12 pipe into sections 
approximately 2,855 mm (112 inches) in length (see Figure 3-1).  The source pipe was 324 mm 
OD x 7.14 mm WT (12.75 x 0.281 inch), Grade X70, ERW line pipe (see Table 2-1). 

Specimens were numbered and measured, after which they were sent for fabrication (i.e., end 
fixture installation).  The Task 10 specimens were welded to short, thick-walled end sections, 
which in turn were welded to flat-plate end caps (see Figure 3-2 for general configuration).  

Three of the four specimens in this test series were subject to additional fabrication to 
simulate the presence of metal loss corrosion.  A baseline specimen, without metal loss, was also 
prepared to provide a basis for quantifying the relative change in burst capacity attributable to 
the anomalies and pre-strain introduced in the other specimens.  Table 3-7 summarizes the four 
specimens fabricated for testing. 

Table 3-7  Specimens for Task 10 Tests 

Specimen 
Identification C-FER Specimen Number Anomaly Loading Type 

10 (baseline) X70-ERW-3-10bl None Pressure 

10.a X70-ERW-3-10a 
Corrosion 
Feature Pressure 

10.b X70-ERW-3-10b 
Corrosion 
Feature Bend & Pressure 

10.c X70-ERW-3-10c 
Corrosion 
Feature Bend & Pressure 

3.3.2 Specimen Anomalies 
The metal loss associated with corrosion was simulated by machining material from the outer 

pipe surface at specimen mid-length at a circumferential position on the pipe that would later 
correspond to the location of the extreme compression fiber under bending load. Feature 
dimensions are detailed in Table 3-8 and an example of a metal loss feature is shown in Figure 
3-6. 

Table 3-8  As Installed Metal Loss Feature Dimensions 

Specimen Identification Anomaly Description 
Feature Dimensions (mm) 

Length Width Depth 

10.a Axial Groove 65.0 16.0 2.74 

10.b Axial Groove 66.0 16.0 2.72 

10.c General Metal Loss 65.0 65.0 2.62 
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3.3.3 Specimen Grid Layout and Measurements 
Prior to end fixture attachment and testing, specimens were grid marked and measured 

according to the same marking layout used for the Task 9 specimens (see Figure 3-9).  As for the 
Task 9 specimens, the specimen measurements recorded included: length, diameter, ovality and 
wall thickness (see Section 3.2.3 for details).  Selected measurements are summarized in Table 
3-9.  The full set of measurements can be found in Appendix E. 

Table 3-9  Selected Task 10 Specimen Geometry Measurements 

Specimen Identification Average OD 
mm (in) 

Average Wall 
Thickness 

mm (in) 

Ovality (%) 

Station Positions 

4 5 6 

10 (baseline) 324.91 (13) 7.14 (0.281) 0.10 0.06 0.13 

10.a 324.95 (13) 7.15 (0.281) 0.09 0.13 0.13 

10.b 324.97 (13) 7.12 (0.280)  0.13 0.14 0.12 

10.c 324.94 (13) 7.11 (0.279) 0.12 0.18 0.21 

3.3.4 Test Setup 
The Task 10 tests were performed in the same custom-designed bend frame used for the 

Task 9 tests (see Figure 3-10).  The instrumentation employed for the Task 10 tests was identical 
to that used for testing in Task 9 (see Section 3.2.4.1).  The deployment of the VIC system for 
the Task 10 tests was identical to that used for testing in Task 9 (see Section 3.2.4.2). 
3.3.5 Test Procedure 

Specimens were installed in the test frame and split-ring assembles were clamped to each end 
of the test section (inboard of the thickened end sections) to prevent buckle formation near the 
specimen ends (see Figure 3-2).  Instrumentation was attached and specimens were filled with 
water at ambient temperature.  The two specimens subjected to internal pressure with no axial 
pre-strain (Specimens 10 and 10.a) were pressurized at approximately 1.4 MPa/min (200 
psi/min) until loss of containment by burst failure occurred.  The two specimens subjected to 
internal pressure and axial pre-strain (Specimens 10.b and 10.c) were similarly pressurized to 
burst, but prior to that, they were first pressurized to a prescribed pressure of 15.3 MPa (2,222 
psi) and then bent until the target axial pre-strain level was obtained.  (The 15.3 MPa pressure 
was chosen to produce a nominal hoop stress level equal to 72% of SMYS). 

A more detailed description of the loading sequence for Specimens 10.b and 10.c is as 
follows: 

1. Specimens were pressurized at approximately 1.4 MPa/min (200 psi/min) until the 
prescribed pressure level was achieved while counteracting the end cap forces by 
applying a net compressive axial force with the bending control system. During the 
initial pressurization step, the total bending moment on the specimen was kept near 
zero. 

2. Bending moment was then progressively applied by stroking the top strut at a fixed 
rate of 5.1 mm/min (0.2 in/min), while simultaneously adjusting the load on the 
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(a) 

 
(b) 

Figure 3-19  Test End Points for Task 10 Specimens Containing Metal Loss in Comparison to 
the Baseline Specimen without Metal Loss: (a) Side view and (b) Top view 

Baseline
Dent 1

Dent 2 Dent 3

Dent depth 

Baseline
Dent 1

Dent 2 Dent 3

Dent depth 
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3.4 Full-Scale Compression-Burst Tests of Pipes with Wrinkles (Task 11) 
The purpose of the Task-11 tests was to experimentally evaluate the burst pressure of the line 

pipes with compression-induced wrinkles/buckles and the impact of high axial compressive pre-
strain on burst pressure.  
3.4.1 Specimen Configuration 

Specimens were obtained from girth welded sections of NPS 24 pipe; more specifically, 
610 mm OD x 12.7 mm WT (24 x 0.5 inch), Grade X80, DSAW line pipe (see Table 2-1). 

Pipe preparation involved cutting specimens to a length of approximately1,830 mm (72 inch) 
and welding flat-plate end caps to each end to provide contain pressure containment and 
facilitate the application of concentric axial load to the specimen.  Specimens were cut from the 
girth welded source pipe such that a weld was located at specimen mid-length.  Table 3-11 
summarizes the three specimens fabricated for testing. 

Table 3-11  Test Specimens for Task 10 

Specimen 
Identification C-FER Specimen Number Anomaly Loading Type 

11.a X80-DSAW-M5a None Pressure without 
axial pre-strain 

11.b X80-DSAW -M5b None 
Pressure with moderate 

axial pre-strain 

11.c X80-DSAW -M5c None Pressure with high 
axial pre-strain 

3.4.2 Specimen Grid Layout and Measurements 
Pre-test geometry measurements were taken of each test specimen in accordance with the 

marking layout shown in Figure 3-20.  Measurements included specimen length, circumference 
at each end, diameter at each axial station along the length of the specimen, and wall thickness at 
each grid intersection point. 

Selected parameters are summarized in Table 3-12.  The full set of measurements can be 
found in Appendix F. 

Table 3-12  Selected Task 11 Specimen Geometry Measurements 

Specimen 
Identification 

Average 
Diameter mm (in) 

Average Wall 
Thickness mm (in) 

11.a 610.4 (24) 12.94 (0.509) 

11.b 610.4 (24) 13.07 (0.514) 

11.c 610.4 (24) 12.97 (0.510) 
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3.5 Full-Scale Tension Tests of Pipes with Corrosion Anomalies (Task 12) 
The purpose of the Task 12 tests was to evaluate how the tensile strain capacity of the line 

pipes is affected by geometric discontinuities associated with metal loss from corrosion.  
3.5.1 Specimen Configuration  

Four test specimens were cold-cut at C-FER from a single joint of NPS 12 pipe into test 
sections approximately 1,780 mm (70 inches) in length.  The source pipe was 324 mm OD x 
7.14 mm WT (12.75 x 0.281inch), Grade X70, ERW line pipe material (see Table 2-1). 

Specimen fabrication involved welding flat-plate end caps to each end to provide pressure 
containment and facilitate the application of concentric axial tensile load to the specimen.  Three 
of the four specimens in this test series were subjected to additional fabrication to simulate the 
presence of metal loss corrosion.  A baseline specimen, without metal loss, was also prepared to 
provide a basis for quantifying the relative change in strain capacity attributable to the anomalies 
introduced in the other specimens.  Table 3-14 summarizes the four specimens fabricated for 
testing. 

Table 3-14  Test Specimens for Task 12 

Specimen 
Identification 

C-FER Specimen Number Anomaly Loading Type* 

12 (baseline) X70-ERW-3-12bl None Axial Tension 

12.a X70-ERW-3-12a Corrosion 
Feature 

Axial Tension 

12.b X70-ERW-3-12b 
Corrosion 
Feature Axial Tension 

12.c X70-ERW-3-12c Corrosion 
Feature 

Axial Tension 

* Loading in addition to internal pressure maintained during axial extension. 

3.5.2 Specimen Anomalies 
The metal loss associated with corrosion was simulated by machining material from the outer 

pipe surface at specimen mid-length. Feature dimensions are detailed in Table 3-15 and photos 
of each feature prior to testing, after application of the speckle pattern required for optical strain 
measurement, are shown in Figure 3-25. 

Table 3-15  As Installed Metal Loss Feature Dimensions 

Specimen 
Identification 

Anomaly Description Feature Dimensions (mm) 

Length Width Depth 

12 (baseline) None n/a n/a n/a 

12.a Shallow General Metal Loss 64.8 62.7 1.70 

12.b Shallow Circumferential Groove 15.7 63.0 1.55 

12.c Deep General Metal Loss 63.5 64.5 2.67 
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(a) (b) 

  
(c) (d) 

Figure 3-29  Test End Condition for Task 12 Specimens with and without Metal Loss: (a) 
Specimen 12 Baseline; (b) Specimen 12.a; (c) Specimen 12.b; (d) Specimen 12.c 
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3.6 Curved Wide Plate Tension Tests of Transition Welds (Task 13) 
3.6.1 Overview of Testing Setup  

The curved wide plate (CWP) tests were conducted on two welds; the first on a 16-mm wall 
thickness (WT) API-5L X70 PSL2 pipe joint (Weld-1) and the second on a transition weld 
between 16 mm and 19 mm wall thickness API-5L X70 PSL2 pipes.  The 19 mm WT pipe was 
internally counterbored for 100 mm (~ 4 in), to an ID closely matching the 16 mm WT pipe.  
The bevel angle at the end of the counterbore was 15 degrees.   The counterbore resulted in a 
slightly thinner wall thickness than the mating 16 mm WT pipe, where the average wall 
thickness remaining in the counterbore was 15.69 mm and the average wall thickness of the 16 
mm WT pipe was 16.89 mm.   

Four specimens were taken from each welded section, the details of the pipe sectioning, 
specimen machining and testing procedures are provided in detail in Appendix C.  Each of the 
specimens was notched in either the weld along the weld center-line (WCL) or the adjacent heat 
affected zone (HAZ).  The prepared specimens were tension tested in a 4.45 MN (1 Mlbf) 
capacity servo-hydraulic test frame while measuring the applied force, remote strain, cross-weld 
strain and the crack mouth opening displacement.  Each specimen was tested at ambient room 
temperature. 

The test matrix presented in the next section was used to determine the tensile strain capacity 
of the flawed welds under tensile loading.  The data were used to validate the tensile strain 
capacity models developed in Section 4.2.   
3.6.2 Testing Matrix 

The CWP test matrix presented in Table 3-18 includes two welds, four specimens per weld, 
notch location and geometry as well as the coincident specimen from the other pipe.  The matrix 
had only three variables, the weld, the clock position of the specimen (See Appendix B) and the 
notch location.  The matrix was designed to have a mixture of duplicate and unique data sets.  
For example, 233 CWP-1 and 236 CWP-4 are close in clock position but not exact so they 
represent unique data sets, whereas 233 CWP-4 and 236 CWP-1 have the same clock position 
with different notch locations and represent unique data sets.  Specimens 233 CWP-2, 233 CWP-
3 and 236 CWP-3, 236 CWP-2 are respectively coincident and with the same notch locations 
allowing a duplication or direct comparison of data sets.   
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(a) (b) 

  
(c) (d) 

Figure 3-30  Stress-strain curves for Weld-2; showing upper and lower remote strains and the 
cross-weld strain for specimen 233 CWP-1 (a), 233 CWP-2 (b), 233 CWP-3 (c) and 233 

CWP-4 (d).     
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(a) (b) 

  
(c) (d) 

Figure 3-31  Stress-strain curves for Weld-1; showing upper and lower remote strains and the 
cross-weld strain for specimen 236 CWP-1 (a), 236 CWP-2 (b), 236 CWP-3 (c) and 236 

CWP-4 (d).     
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(a) (b) 

Figure 3-32.  Force vs. CMOD plots for Weld-2 (a) and Weld-1 (b). 
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thickness) flaw growth was used to determine the CTODA from the CTOD resistance curve.  The 
CTODA obtained from different tests showed reasonable variations.  For simplicity, the median 
CTODA were used to calculate the TSC.   

In addition to the strength and toughness properties, in the calculations, the flaw depth was 
5.0 mm, the flaw length was 30.0 mm, the weld high-low misalignment was zero, the pipe wall 
thickness (thin pipe) was 16 mm, and the internal pressure was zero. 

The calculated TSC for the CWP tests are shown in Table 4-3.  Due to duplicated tests, only 
four TSC values were calculated.  For both the regular and counterbore-tapered welds, the TSC 
for the HAZ flaw is about 7% and the TSC for the weld center line (WCL) flaw is about 3%.  It 
should be noted that the TSC equations, i.e., Eq. (4-1), were developed based on HAZ flaws.  For 
WCL flaws, the equations can significantly under-estimate the TSC if there is significant weld 
strength overmatching.  Therefore, due to the high weld overmatching for those two welds, it is 
believed that the TSC of the WCL flaws were under-estimated. 

It should be noted that the calculated TSC is beyond the recommended applicable range of 
the TSC equations, i.e., half pipe uniform strain.  When the strain is greater than half of the pipe 
uniform strain, the pipe stress-strain curve usually becomes very flat, i.e., a small change in the 
stress can lead to a large change in the strain.  Due to the flat stress-strain curve, the TSC can be 
very sensitive to the pipe strength variation [8,52].  As a result, for experimental tests, the TSC 
often show very large scatters and for equation calculations, the large scatter in the TSC cannot 
be reproduced since the pipe strength variation is not captured by the equations. 

Based on the discussions, it can be expected that the TSC of all the tests (regular or transition 
welds and HAZ or WCL flaws) are similar and greater than half pipe uniform strain.  However, 
the precise prediction of the TSC of each individual test can be very difficult.     

The TSC measured from the tests are shown in Section 3.6.  The measured TSC appeared not 
depend on the weld (regular vs. transition) or flaw location (HAZ or WCL) and all tests failed in 
the pipe materials.  For the regular girth weld (Weld-1), the TSC varied from 3.5% to 7.0%.  For 
the transition girth weld (Weld-2), two tests failed in the thin pipe, of which the measured TSC 
varied from 6.9% -11.9%.  The other two tests failed in the counterbore area of the thick pipe, of 
which the measured TSC varied from 2.6% - 4.4%.  The measured TSC showed large scatters 
and showed good agreement with the discussions given above.     

Table 4-1 Average pipe properties for CWP tests 

 

Yield Tensile Y/T

(mm) (MPa) (MPa)

X70-DSAW-1 15.88 510 623 0.82

X70-DSAW-2 19.05 508 627 0.81

Average Pipe Longitudinal Properties (Strap)Pipe  
Material ID

Pipe Wall 
Thickness
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Table 4-2 Strength and toughness properties for TSC calculation 

 
Table 4-3 Calculated TSC for the CWP tests 

 
4.2.4 Assessment of Back-Beveled Transition Welds 
4.2.4.1 Overview of the Analysis Approach 

Finite element analyses (FEA) were conducted to determine the crack driving force (CTODF) 
curves of the back-beveled transition welds.  The CTODF curve shows the relationship between 
the crack tip opening displacement (CTODF) and the nominal/remote strain applied to the pipe 
[28].  The details on the CTODF curve can be found in Section 4.2.4.2.   

The CTODF of the back-beveled transition welds was compared with that of the regular girth 
welds.  A TSC reduction factor was developed by comparing the CTODF of the back-beveled 
transition welds and regular girth welds.  The TSC of the back-beveled transition welds can be 
determined by applying the TSC reduction factor to the TSC equations of regular girth welds in 
Eq. (4-1).     
4.2.4.2 Overview of Finite Element Analyses 

4.2.4.2.1 Weld Profiles and Finite Element Analysis Models 

Finite element analyses were conducted to determine the CTODF curves for various pipe and 
weld parameters.  Commercial finite element software ABAQUS® was used in the analysis.  
The pipe was modeled with three-dimensional hybrid eight-node solid elements with reduced 
integration (C3D8RH).  The effect of mesh sizes on the analysis results was thoroughly 
examined.  Adequate mesh refinement was used to obtain converged (i.e., mesh independent) 
solutions.   

Average Weld 
Properties

Yield 
Strength

Tensile 
Strength

 Y/T
Tensile 

Strength
From 
CVN

From 
CTOD

From SENT R-
Curve  

(

HAZ 6.95

WCL 2.88

HAZ 7.80

WCL 2.84

Weld-1 Regular   

Weld-2
Counterbore-

Tapered

TSC from 
Assessment 
Equation (%)

Weld  
Material ID

Weld Type Flaw Loacation






















































































































































































































































