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ABSTRACT

Continuous growth in energy demand is driving oil and natural gas production to areas that are often
located far from major markets where the terrain is prone to earthquakes, landslides, and other types of
ground motion. Transmission pipelines that cross this type of terrain can experience large longitudinal
strains and plastic circumferential elongation as the pipeline experiences alignment changes resulting
from differential ground movement. Such displacements can potentially impact pipeline safety by
adversely affecting structural capacity and leak tight integrity of the linepipe steel.

Planning for new long-distance transmission pipelines usually involves consideration of higher strength
linepipe steels because their use allows pipeline operators to reduce the overall cost of pipeline
construction and increase pipeline throughput by increasing the operating pressure. The design trend for
new pipelines in areas prone to ground movement has evolved over the last 10 years from a stress-based
design approach to a strain-based design (SBD) approach to further realize the cost benefits from using
higher strength linepipe steels.

This dissertation presents an overview of SBD for pipelines subjected to large longitudinal strain and high
internal pressure with emphasis on the tensile strain capacity of high-strength microalloyed linepipe steel.
The technical basis for this dissertation involved engineering analysis and examination of the mechanical
behavior of Grade X80 linepipe steel in both the longitudinal and circumferential directions. Testing was
conducted to assess effects on material processing including as-rolled, expanded, and heat-treatment
processing intended to simulate coating application. Elastic-plastic and low-cycle fatigue analyses were
also performed with varying internal pressures. Proposed SBD models discussed in this dissertation are
based on classical plasticity theory and account for material anisotropy, triaxial strain, and microstructural
damage effects developed from test data. The results are intended to enhance SBD and analysis methods
for producing safe and cost effective pipelines capable of accommodating large plastic strains in
seismically active arctic areas.

KEY WORDS: anisotropy, strain-based design, tensile-strain capacity, Grade X80 linepipe, low-cycle
fatigue, plastic strain, pipeline
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NOMENCLATURE

cross-sectional area

exponent constant for stress-life curve

exponent constant for a Walker method stress-life fit

exponent constant for a plastic strain versus life curve

exponent constant for a plastic strain versus Walker-equivalent-life curve

outer diameter

Young’s elastic modulus in the i direction

Cyclic elastic modulus in the i direction

Shear modulus in the / direction on the plane whose normal is in the i* direction
Monotonic intercept constant for a stress amplitude versus plastic strain amplitude curve
in the i direction

Cyclic intercept constant for a stress amplitude versus plastic strain amplitude curve in
the /" direction

length

work hardening coefficient (Ramberg-Osgood)

Strain hardening coefficient that is estimated from the ratio of the engineering yield to
tensile

work hardening coefficient

fatigue life; cycles to failure

value of N* from the Walker method; Walker equivalent life

internal pressure

stress ratio (R = Gpmin/Omax)

Final mean pipe radius

Final mean pipe radius after expansion

Original mean pipe radius

wall thickness

Davis-Connelly triaxiality factor

material constant dependent on metallurgical (crystallographic) structure
Effective Strain

alternating strain in the /” direction for the k™ cycle

applied strain

allowable strain

strain demand

elastic strain
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1. INTRODUCTION

1.1 BACKGROUND

Oil and natural gas have been important energy resources for over 100 years. Continuous growth in
energy demand is estimated to increase total world natural gas consumption from 100 trillion ft’ in 2004
to 128 trillion ft’ in 2015 and 163 trillion ft’ in 2030 [1]. Although the first experiment in hydraulic
fracturing (fracking) occurred in Kansas in 1949, fracking boomed after Congress enacted the Energy
Policy Act of 2005, exempting fracking from compliance with the Safe Drinking Water Act, the Clean
Air Act, and the Clean Water Act, and has enhanced oil and natural gas recovery from deep underground
formations, helping to meet the increasing demand for low-cost energy.

Large oil and natural gas reserves are often located far from major markets. Consequently, products
recovered from these reserves must be transported long distances, sometimes hundreds of miles, to ports,
refineries, and distribution hubs. Improving long-distance transportation economics is a critical factor in
determining whether oil and natural gas recovery from remote reserves is cost effective with an
acceptable return on investment. Pipelines are generally recognized as the safest and most economical
method for transporting oil and natural gas over long distances. However, the cost of pipeline
construction can have a significant effect on the final product price paid by the end user.

Development of oil and natural gas resources is highly dependent on the economics and technical
feasibility of transporting the recovered resources to the marketplace. This reality is constantly pushing
industry towards construction of larger diameter pipelines with higher operating pressures, especially
pipelines that transport oil and natural gas from reserves located in remote areas. A key factor in reducing
the construction cost of such pipelines requires the use of thinner wall, higher strength linepipe.

Use of higher strength linepipe permits higher allowable operating pressures with increased throughput. A
thinner pipe wall minimizes the overall volume of steel needed to construct a pipeline and the volume of
weld metal required to connect adjoining linepipe segments. Minimizing the volume of steel and weld
metal results in lower material, transportation, and construction costs. To maximize cost savings, the wall
thickness is often reduced so that the operating pressure produces a stress state that approaches 80% of
the specified minimum yield stress (SMYS) of the linepipe steel. For these reasons, use of high strength
steels is considered an economic necessity to supply large volumes of gas at pressures above 1,450 psi
over long distances in a competitive manner [1].

From a feasibility viewpoint, lower yield strength thick-wall linepipe cannot be manufactured in a mass
production process [2], so producing the required amount of this material needed to construct long
pipelines is potentially problematic. Therefore, development of as-rolled steel or thermo-mechanically
controlled processed (TMCP) high-strength steel linepipe without heat treatment is essential [2].

1.2 PIPELINE HISTORY

Until the early 1960s, linepipe steels with relatively low yield strengths were used for pipeline
construction. Types X52 and X56 linepipe with yield strengths of 52,000 psi and 56,000 psi, respectively,
were used almost exclusively. Then, around 1970, Types X65 and X70 linepipe with yield strengths of
65,000 psi and 70,000 psi, respectively, began to gain acceptance but were not widely used because of
limitations in welding technology. During the 1970s, linepipe manufacturers began using
thermomechanical treatment of steel to improve its mechanical properties. In the 1980s, manufacturers
produced Types X60 and X70 linepipe with yield strengths of 60,000 psi and 70,000 psi, respectively, as
the dominant steel type.



Around the year 2000, to meet the demand for increased operating pressures in excess of 1,500 psi, and
thereby achieve the desired higher throughput, steel manufacturers began producing Type X80 linepipe
with a yield strength of 80,000 psi. This steel is produced using thermomechanical processing techniques
and is poised to become the next dominant material for new pipeline construction. To date, a number of
prominent pipelines have been constructed using Type X80 linepipe, including over 1,000 miles of the
Cheyenne Plains natural gas pipeline completed in 2005. Efforts are also under way to develop suitable
processing techniques for manufacture of types X100 and X120 linepipe with yield strengths of

100,000 psi and 120,000 psi, respectively. These high-strength steels have been highly recommended for
construction of the anticipated Arctic pipelines due to improved transportation efficiency and construction
cost savings [3]. However, current manufacturing techniques produce Types X100 and X120 linepipe
with insufficient toughness and poor welding ability. Until there are advancements in manufacturing
technology that make Types X100 and X120 linepipe more reliable for construction, Type X80 linepipe
will continue to be more universally used for new pipeline construction [4].

1.3 PIPELINE DESIGN AND CONSTRUCTION ISSUES

New oil and natural gas reserves tend to be located in northerly regions of North America where the
terrain is prone to earthquakes, landslides, and other types of large differential ground movement events.
Transmission pipelines that traverse these regions can experience large longitudinal strains and plastic
circumferential elongation as the pipeline experiences alignment changes [5]. When these events occur,
buried pipelines are subject to a number of loading conditions such as internal pressure changes caused by
the fluid action, axial forces induced by thermal effects, and bending caused by differential soil
movement that can adversely affect the structural capacity and leak-tight integrity of the transmission
pipeline. The Trans-Alaska Pipeline System (TAPS), shown in Fig. 1, was constructed in the arctic region
of Alaska in the 1970s. Pipelines are designed to operate based on a location class. Design factors are
established by the geographic area along the pipeline based on the expected human concentration and
proximity to other structures. Often pipelines that are designed with lower safety margins are allowed to
continue to operate as the population encroaches and improvements take place.

Pipelines constructed with relatively low-strength, high-ductility linepipe steel have historically proven to
safely accommodate large strains generated by differential ground movement. These linepipe steels are
capable of deforming plastically and maintaining their structural capacity and leak-tight integrity [6, 7].
Recently, differential soil movements have been identified as an important consideration in the design and
assessment of buried pipelines for the higher strength steels. This concern is supported by the 1964
earthquake in Anchorage, Alaska, that caused a shift in the ground surface of up to 66 ft. According to the
United States Geological Survey, as recently as 2002 the Denali fault in Alaska generated a magnitude 7.9
earthquake with horizontal offsets as large as 29 ft. At locations with saturated, low density, or
uncompacted sandy soils, seismic events of this magnitude can result in soil liquefaction, a phenomenon
whereby a saturated or partially saturated soil loses strength and stiffness and behaves like a liquid.
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Fig. 1. Trans-Alaskan Pipeline System (TAPS).

A pipeline is a non-redundant structure (i.e., there is no alternate load carrying path to compensate for
failure). Consequentially, there is an increased need for ensuring ductile material behavior during
installation and operation. Strain-based design (SBD) is used for many situations for pipelines where the
loadings from forces other than the internal pressure can be the largest generators of stress and strain in
the pipe wall. Such loadings can be generated by either permanent or transient ground deformation caused
by seismic activity, soil subsidence, slope instability, frost heave, thermal expansion and contraction,
landslides, pipe reeling, pipe laying, and other types of environmental loading [7]. Deep water pipelines
can also experience large lateral displacement in start-up and shutdown operations because of thermal and
pressure variations. Traditional allowable stress design methods address scenarios where the global
response is mainly elastic and is not sufficient for design of pipelines experiencing large strains in
challenging arctic environments and seismic events [8]. For these cases, design methods based on strain
have an advantage over design methods based on stress because these loading conditions tend to apply a
given displacement rather than a given force to the linepipe. Use of SBD for pipelines began in the 1980s
with the use of high-strength (Type X70 and higher) linepipe for pipeline construction in arctic regions
[6]. Use of SBD methods is often cost-effective and sometimes necessary when displacement-controlled
loading is expected, especially in areas prone to excessive ground movement [6].

SBD of pipelines refers to design methodologies that have a specific goal of maintaining pipeline service
and integrity under large longitudinal plastic deformation (often defined as longitudinal strain greater than
0.5%) [9]. Plastic deformation is frequently displacement controlled, although combined displacement-
and load-controlled events are possible. In contrast, traditional pipeline design methods are stress-based,
where the applied stress must remain below SMYS. As SMYS is typically defined as the yield strength
measured at 0.5% total strain, stress-based design limits the longitudinal strain to less than 0.5% [10]. The



ultimate goal of SBD is to prevent plastic instability of the pipe structure undergoing large imposed
strains caused by imposed displacements.

In recent years, pipelines have been constructed in discontinuous permafrost areas and earthquake prone
regions where the pipeline can experience plastic strains caused by ground settlement or upheaval. Plastic
design methods such as SBD are applicable to pipelines in such hostile environments [11, 12].
TransCanada Pipelines Ltd. installed a 1 kilometer trial section of pipeline using Type X100 linepipe in
the fall of 2002 and a 2 kilometer section of pipeline using Type X100 linepipe in the winter of 2003-
2004. A 5.5 kilometer pipeline section of Type X100 linepipe was constructed in 2006 consistent with
SBD requirements [9]. Recently, construction of a pipeline consistent with SBD requirements in an area
of discontinuous permafrost has been discussed [11]. Specifications have been developed for construction
of a west-to-east natural gas transmission pipeline in China using Type X80 linepipe. However, design
compliance problems, such as material anisotropy and strain-aging effects, have been identified
regarding the ability of the pipeline to accommodate large deformations [6].

Current planning for transmission pipelines includes the need to design, construct, and operate oil and
natural gas pipelines in seismically active and arctic areas where significant ground movements can
occur. A multi-disciplinary team of engineers and scientists knowledgeable in seismology, soil
mechanics, and soil-pipe interaction is required to establish the design basis for onshore pipelines in these
areas. Estimating strain demand for specific design-basis events is necessary to account for postulated
ground movement that could occur during an anticipated 50-year service life of a pipeline.

14 SCOPE AND OBJECTIVES

This dissertation presents an overview of SBD with emphasis on the strain capacity of pipelines,
specifically the tensile strain capacity of high-strength microalloyed steel linepipe governed by low cycle
fatigue. This research also summarizes recent experimental and analytical work aimed at refining tensile
strain capacity prediction methods. The effects of anisotropy on tensile strain capacity and operating
pressures are evaluated under both uniaxial and bi-axial loading conditions.

Evaluation results are intended to produce design and analysis methods for constructing safe and cost-
effective pipelines in seismic and arctic areas, where the pipelines must be designed to accommodate
large plastic strain. Topics discussed in this research apply to both onshore and offshore pipelines,
including buried and above-ground pipelines.



2. PIPELINE DESIGN AND CONSTRUCTION RULES

Rules for design and construction of pipelines are published by the US Department of Transportation’s
Pipeline and Hazardous Materials Safety Administration (PHMSA) and by industrial organizations
including the American Society of Mechanical Engineers (ASME), the American Petroleum Institute
(API), and the Canadian Standards Association (CSA). These rules are typically customized for either
natural gas or hazardous liquid transmission pipeline applications.

Federal pipeline safety standards that are developed by PHMSA are codified in the Code of Federal
Regulations (CFR): 49 CFR 192—Transportation of Natural and Other Gas by Pipeline: Minimum
Federal Safety Standards and 49 CFR 195—Transportation of Hazardous Liquids by Pipeline. These
regulations, which reflect years of safe operating experience for pipelines constructed with common
linepipe, require operators of transmission and distribution pipeline systems to use linepipe manufactured
in accordance with an approved material specification and rules that comply with minimum requirements
for design, selection, qualification, and construction of pipelines and components. In addition, federal
pipeline safety standards contain both performance-based and prescriptive requirements in all areas of a
pipeline life cycle including materials, design, welding, construction, operations, and integrity
management. When design considerations extend beyond the fundamental engineering principles used as
the technical basis for current rules, supplementary requirements, specifications, and procedures can be
authorized by PHMSA through a special permitting process. This process involves ensuring that the
design and construction satisfy minimum federal pipeline safety standards.

ASME is a nonprofit professional association that, among many ventures, promotes the development of
codes and standards through research, conferences, publications, and government relations. It was
founded in 1880 in response to numerous steam boiler pressure vessel failures and is now one of the
world’s largest technical publishing operations (www.asme.org). The Board on Pressure Technology
Codes and Standards is responsible for the B31 series of Pressure Piping Standards and the Boiler and
Pressure Vessel Codes. Design rules in ASME B31 codes as well as codes and standards developed by
other industrial organizations are incorporated by reference into the federal pipeline safety standards.

Codes and standards that are incorporated by reference into federal pipeline safety standards are the
primary vehicles for implementing design, construction, and suggested guidelines developed by industry.
In some cases, the entire text of a code or standard is incorporated by reference, but in other cases, only a
portion of the text is incorporated. When an entire code or standard is not incorporated by reference, the
regulations might contain supplementary rules to address specific safety issues. Sometimes, however,
there are no regulations or rules to cover all possible situations. In the absence of specific requirements,
industry codes and standards would generally apply, but other methods might also be justified from a
technical or safety viewpoint. Current federal pipeline safety standards and industry codes limit internal
pressure for natural gas pipelines based on SMYS of the linepipe steel and a design margin based on a
prescribed percentage of SMYS that varies depending on pipeline location.

Industry codes and federal pipeline safety standards provide limited guidelines on how to produce safe
designs for pipelines in northern climates where ground movement is likely. In addition, they rarely
provide explicit design requirements or performance criteria for achieving this objective. Quite often,
operators considering construction of pipelines in such areas find it necessary to supplement the
guidelines found in existing codes and standards with project-specific design criteria. These criteria must
be carefully selected to be consistent with the intent of existing codes and standards while providing
designers with more direct guidance on how to achieve the desired performance and safety objectives.

Increased availability of alternative guidance and recommended practices could help simplify the design
and qualification process for future pipelines [13]. However, different standards and regulations allow



different design limits and might contain conflicting rules. In addition, they do not always reflect
experience with newer types of linepipe steel or advanced design criteria being proposed for future
pipeline construction. Rules for design and construction of these future pipelines are beyond the intended
scope of those currently published in federal regulations and applicable codes and standards.
Consequently, there is a recognized need for advanced design and construction rules for pipelines that use
newer types of linepipe steel and alternative design methods.

The state-of-the-art design approach for pipelines, which uses stress-based design methods that are
currently reflected in federal pipeline safety standards, is described in Sect. 2.1. Details of SBD methods,
which might be required to design pipelines in northern climates, are discussed in Sect. 2.2. Properties for
newer linepipe steels needed to design pipelines using SBD methods are discussed in Sect. 3.

2.1 STRESS-BASED DESIGN

Conventional pipeline design methods primarily rely on a stress-based approach. This approach focuses
on load-controlled or stress-controlled events where the objective is to ensure that the pipeline is designed
to prevent yielding. In a load-controlled event, the magnitude of the load is analyzed completely
independently from the deformation or displacement of the structure. Design rules for pipelines typically
concentrate on limiting internal pressure to a specified percentage of SMYS of the material. Stress-based
design is limited to purely elastic behavior in a material where stress is directly proportional to strain
consistent with the principle of Hooke’s law:

o=EFs

The design margin, or factor of safety, is the difference between the allowable stress and SMYS. The
shape and properties of the plastic portion of the material response is not a consideration in stress-based
design. Key parameters for the stress-based design approach are illustrated in the stress-strain diagram in
Fig. 2.
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Fig. 2. Basisfor stress-based design approach [14].

Almost all codes and regulations provide simplified stress analyses that assume a pipeline to be under
plane stress. Plane stress analyses are often assumed for thin, flat plates that are only acted upon by forces
that are parallel to the plate. In certain cases, a gently curved thin plate may also be assumed to have plane
stress for the purpose of stress analysis. It is important to note that the stress components that are



perpendicular to the cylinder wall are never zero. However, in the case of a large diameter, thin-walled
cylinder with fluid under pressure, stress components that are perpendicular to the plate may be
considered negligible compared to stresses that are parallel to the cylinder and the embedded safety factor
applied to the allowable material stress.

Traditional pipeline design approaches found in most codes and standards are dependent on ductile,
isotropic linear elastic linepipe steels with corresponding elastic-plastic stress-strain curves. For isotropic,
homogeneous materials, only one set of material properties is required. It is assumed that stresses are
distributed uniformly and sufficiently throughout the material in such a way that there is not any material
dependence on coordinate rotation or translation. Design life is typically not a consideration and not part
of the design calculations. When a pipeline operates in the elastic region and is not subject to cyclic
loading, it has been stated that a properly protected and maintained pipeline can provide service
indefinitely [15].

The focus of the ASME codes and standards is primarily on stress-based analysis using many of the
assumptions listed previously, including plane stress analysis using isotropic, linearly elastic,
homogeneous materials where displacements are small and the strains are below the elastic limit. In
addition, geometry and loading are axisymmetric, stress and strain are assumed not to vary along the
length of the pipeline under consideration, and the pipe is assumed to be straight. Basic design factors
limit the circumferential stress to a maximum of 80% of SMYS, which is defined as 0.5% total strain for
steel grades up to X80. ASME B31.4 [16] and B31.8 [15] do not list materials with a SMY'S greater than
80 ksi but refer the user to the specific pipe specification. Loads that introduce primary stress (i.e., not
self-limiting) must satisfy the basic design criteria that can also be based on factors derived from
regulatory requirements. Primary stresses that exceed the yield strength will result in distortion or failure
and cannot be relieved by local deformation such as stress in the linepipe wall caused by internal pressure.
Locally, high circumferential stresses are sometimes disregarded when they are caused by secondary
stresses (i.e., self-limiting).

While conventional stress-based design can be used for axial strain less than the yield stress, it cannot
account for the effect of larger axial strain on the allowable operating pressure. Effects of axial strain
must therefore be considered in determining the limit-load carrying capacity of the pipeline. If the
pipeline is restrained in the longitudinal direction (i.e., anchors, soil over-burden, or frozen soil conditions
that fully restrain the pipe), the tendency for the pipeline to contract will be limited and will increase the
circumferential stress in the linepipe because of the Poisson effect.

Most stress-based pipeline design rules are based on a form of the von Mises yield criterion for an
isotropic material under multiaxial loading. The von Mises equivalent tensile stress, used to predict
yielding of materials under multiaxial loading conditions using results from uniaxial tensile tests yield
criterion based on principle stresses, can be written as follows:

1 2 PRV 2
Ge—ﬁﬂ(q—%) +(0,—03) +(0,—-0;)

This is accomplished by mandating a maximum design ratio of allowable stress to SMYS. ASME B31.8
[15] allows a maximum sum of primary and secondary stresses of 90% of the minimum yield strength in
the circumferential direction, or by a combined biaxial stress state for restrained pipe. Poisson’s ratio is
embedded in the stress equations as 0.3. The way the stress equations are presented, a Poisson’s ratio of
0.3 would apply to all steel pipeline in all directions based on the ASME B31.4 [16] and B31. 8 [15]
analysis rules.



The mechanics of materials approach to stress-based analysis presented in most codes and regulations
fails when the previous assumptions are not valid. When pipelines experience large strains and
displacements, particularly in the plastic region, the material behavior is no longer linearly elastic. This
problem is compounded when material properties vary, such as anisotropic materials where large cyclic
plastic displacements are anticipated.

2.2 STRAIN-BASED DESIGN

An SBD approach is a design methodology that focuses on strain limits in conjunction with stress limits
as opposed to only stress limits. Expressed another way, an SBD is considered a limit-based design. The
theory of strain is based on geometrical concepts of extensions and rotations. To relate the strain at a
particular point to stress, material properties are required. The corresponding stress-strain relationship and
coefficients can be used to analyze the deformation and displacement of the structure and predict the
initiation of the inelastic, or plastic, response of materials.

SBD encompasses both strain demand (applied strain) and strain capacity (strain limit). It also allows a
more effective use of the pipeline’s longitudinal strain capacity while maintaining the circumferential
pressure containment capacity. This is accomplished by ensuring that materials have adequate strain
capacity while mitigating strain demand, whenever possible, to ensure an acceptable design or safety
margin. The shape and associated properties of the material’s plastic stress-strain response are central to
SBD. Key parameters for the SBD approach are illustrated on a stress-strain diagram in Fig. 3.
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Fig. 3. Basisfor SBD approach [14].

The SBD approach was developed as a new technology for supplementing stress-based design for
ensuring pipeline operational safety. Research shows that large axial strain can result in a pipeline failure
at a critical tensile strain where the operating pressure might be less than its allowed value using
conventional stress-based design [17]. Consequently, the SBD approach is under active study because the
conventional stress-based design approach cannot be applied in cases where applied strain greatly exceeds
the yield strain [18]. The goal of SBD is to maintain pipeline service and integrity under large
longitudinal plastic strains generally defined as greater than 0.5% [9] or longitudinal stress over the yield
strength.



SBD applies to a subset of the limit states where displacement-controlled loads dominate the pipeline
response. Besides operational loadings such as internal pressure, pipelines can also experience large
displacements from permanent or transient ground deformation caused by seismic activity, soil
subsidence, slope instability, frost heave, thermal expansion and contraction, landslides, pipe reeling, pipe
laying, and other types of environmental loading. During construction, pipelines can experience large
axial strains as the pipeline is lowered into the trench. These loading conditions apply displacement rather
than force to the pipeline and require alternative SBD methods to ensure an acceptable level of safety [5].
Large deformations are typically displacement controlled, although combinations of displacement and
load-controlled scenarios are possible. Regulations in 49 CFR 192 Subpart C addresses pipe design.
Paragraph 192.103 states:

Pipe must be designed with sufficient wall thickness, or must be installed with adequate
protection to withstand anticipated external pressures and loads that will be imposed on
the pipe after installation.

The cyclic stress from environmental loading and operational parameters (pressure, temperature, etc.)
must also be considered. Paragraph 195.110(a) states:

Anticipated external loads (e.g.), earthquakes, vibration, thermal expansion, and
contraction must be provided for in designing a pipeline system.

From a safety viewpoint, pipeline longitudinal strain can be allowed to exceed the specified yield strain
under displacement load provided the pipeline can adequately meet the operating requirements without
rupture. In these situations, it is possible to supplement the stress-based design method with the SBD
method to satisfy stress, strain, and economic concerns [19]. The fundamental criteria equation for SBD is
the comparison of the applied strain, or strain demand (€4) to the permissible strain, or strain capacity (€.)
based on the following relationship: [20].

(€)= (&) -

There are two ultimate limit states normally associated with SBD: tensile rupture and compressive
buckling. A complete design evaluation and analysis requires consideration of both compressive and
tensile behavior, although the compressive strain capacity has been extensively investigated and is
associated with a limit state that does not involve catastrophic failure or loss of pressure containment as
does the tensile limit [21]. Different limit states can exist for specific design criteria such as construction,
operation, upset conditions, and maintenance.

The limiting failure mode for a pipeline subjected to axial tension is fracture or plastic collapse. The
limiting failure mode for a pipeline subjected to axial compression is buckling. In cases where a pipeline
is subjected to global bending, fracture or collapse can occur on the tensile side of the pipe and buckling
can occur on the compression side of the pipe. Tensile strain and compressive strain for a pipeline
subjected to global bending are illustrated in Fig. 4.
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Fig. 4. Linepipeloading.

The objective of an SBD is to ensure a factor of safety comparable to that of existing, state-of-the-art
code-based allowable stress designs. To achieve this, there must be adequate separation between the
distribution of strain demand expected over the length of the pipeline and the distribution of strain
capacity. The overlap between the demand and capacity distributions is related to the probability of
failure of the pipeline. Uncertainty in estimates of demand and capacity must be taken into account when
determining the probability of failure. In cases where strain demand accumulates slowly, such as for
permafrost heave and thaw, the ability to monitor the development of strains and implement corrective
measures to reduce the maximum strain demand can have a significant impact on reliability [14].
Allowable strain demand means strain limitation, which includes strain limit and safety factor and can be
described as:

&4 (strain demand) <f (safety factor) x e.(strain capacity) .

SBD is currently addressed in a number of regulations and design codes. Some have prescriptive
requirements that apply to SBD of pipelines, including:

e DNV-0OS-F101, Submarine Pipeline Systems,

e (CSA-Z662, Oil and Gas Pipeline Systems,

APIRP 1111, Recommended Practice for the Design, Construction, Operation, and Maintenance of
Offshore Hydrocarbon Pipelines (Limit State Design),

ASME B31.4, Pipeline Transportation Systems for Liquids and Slurries,

ASME B31.8, Gas Transmission and Distribution Piping Systems,

API 1104, Welding of Pipelines and Related Facilities,

ABS 2001, (American Bureau of Shipping), Design and Certification of Offshore FRP Piping
Installations, and

e NEN3650, Design of Buried Pipelines.

Some provide a comprehensive overall pipeline standard that includes requirements both for stress and
SBD such as Det Norske Veritas (DNV) and Canadian Standards Association (CSA) standards. Others
allow for SBD but do not provide much guidance for analysis related to SBD, such as ASME B31.8 and
API 1104. Still others provide information on SBD related to a specific subgroup of pipelines such as
ABS 2001 or API RP 1111. Several organizations sponsor current research projects that will be released
to the public domain after their completion in areas that directly or indirectly impact SBD of pipelines.
For instance the Minerals Management Service and the Office of Pipeline Safety cofounded EWi to
provide a general guidance on SBD for pipelines in both on- and off-shore environments [19].

The most recognized procedures for tensile strain capacity (TSC) designs have been published by DNV in
DNV-0OS-F101 and DNV-RP- F108 for offshore pipeline installations. DNV-OS-F101 Submarine
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Pipeline Systems offshore standard provides design and construction criteria for submarine pipeline
systems. In 1982, the DNV proposed the combined use of stress-based and SBD criteria. In 1996, the
DNV published a subsea pipelines limit state design criteria in which there are many analytical methods
based on a variety of load conditions [19].

DNV-RP-F108 Fracture Control for Pipeline Installation Methods Introducing Cyclic Plastic Strain [22]
is a recommended practice developed to give detailed guidance for testing and analysis for fracture
control of pipelines with large plastic strains. It is intended to complement DNV-OS-F101 and give more
detailed guidance for engineering critical assessment procedures and a validation test program. This
standard is based on limit state design and recognizes four kinds of limit states: service ability, ultimate,
fatigue, and accidental. The appropriate limit state method is applied to the pipeline design, and
appropriate design criteria are presented to make the design safety factors less conservative with more
flexibility to the designers [19].

In DNV-0OS-F101, linepipe subjected to large strains that exceed the actual yield strength in the
longitudinal direction are limited to not exceed SMYS by more than 120 MPa nor exceed the specified
minimum tensile strength in the longitudinal direction. The yield/tensile (Y/T) ratio in the longitudinal
direction shall not exceed the maximum specified value in the circumferential direction by more than 0.02
for standard material [6]. For the base materials whose minimum yield stress is 415 MPa (Grade X60) or
more, DNV recommends that Y/T in transverse is a maximum of 0.92; while for less than 415 MPa, DNV
recommends a maximum of 0.90. The tensile strain limits may decrease with the increase of Y/T.
However, for the base material whose accumulated plastic strain might be more than 2%, DNV
recommends that Y/T is lower than 0.85 [19]. Allowable strain values are given up to 5%. Supplemental
material testing requirements are given where “the total nominal strain in any direction from a single
event is exceeding 1% or accumulated nominal plastic strain is exceeding 2%. The requirements are only
applicable when single event strains below 5% are expected.”

There are certain limitations to the DNV standard. The referenced procedure, a British Standard BS7910,
is a stress-based approach in the form of a failure assessment diagram (FAD). When the material response
is in the plastic range, a small change in stress can result in a large change in strain because of the almost
perfectly plastic behavior of the material. This is particularly true for modern high-strength linepipe
materials, which typically exhibit low strain hardening. A procedure intended to determine stress limits is
therefore fundamentally insensitive in determining strain limits when the material response is in the
plastic range [10].

DNV requires several additional material tests to account for strain-aging effects on strength, ductility,
and toughness on materials where the accumulated plastic strain will exceed 2%. The material must be
tested after tension and compression loading has been applied to reach at least the design-accumulated
plastic strain and after an artificial age at 250°C for one hour to account for pipe coating temperatures
[13]. DNV recommends that pipe expected to encounter accumulated plastic strain of 2% or more have a
minimum elongation of 25%. API Specification 5L and DNV-OS-F101 have the requirement of 15.6%
minimum elongation for Grade X80 linepipe.

In 1996, the CSA published CSA Z662-96 Annex C, which comprises SBD criteria for submarine
pipeline design using a limit state design. It has become the most recognized procedure for TSC design
for onshore pipelines [19]. Chapter 11 of CSA Z662-96 allows for a maximum permissible strain in the
pipe wall of 2.5%. It is noted that the maximum permitted strain for pipe other than seamless may be less.

The CSA Z662-96 Annex C Limit State Design and SBD criteria are given for rupture (governed by

tensile) and local buckling (governed by compressive strain). The proposed generalized complex
equations are based on key material and geometric parameters for welded pipelines based on past relevant
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test data [10, 23]. For the development of these models, there are no limits on pipe grade and the models
are intended to be a one-size-fits-all approach. Tensile properties are represented by the longitudinal
uniaxial, monotonic Y/T ratio, which serves as the strain-hardening capacity [9]. Internal pressures can
accelerate the crack growth, but its quantitative approach to tensile strain limit has not been found [19].
Based on a generalized parametric study, a generalized tensile strain capacity equation is expressed as a
function of several factors [9, 24].

Y
E = f(a,C,e,/l,t,?,UELpL-pe,&r],P) ,

where:
a = Flaw depth
C = Y% flaw length
e = Misalignment
A = Weld overmatch
t = wall thickness
Y/T = Yield strength to tensile strength ratio
UEL = Uniform elongation
on = R-curve parameters
P = Internal pressure

Other factors not explicitly considered in the Annex C equations were later found to also have a strong
impact such as internal pressure [25]. The effects of internal/external pressure on the longitudinal strain
capacity are an area of ongoing research [26].

ASME B31.4 and B31.8 provide limited guidance to strain-based applications. ASME guidance limits
strain to a maximum of 2% and specifically excludes pipelines that could experience cyclic displacement.
ASME B31.4-2012 paragraph 403.3.3 Strain Criteria for Pipelines states:

When a pipeline may experience a noncyclic displacement of its support (such as fault
movement along the pipeline route or differential support settlement or subsidence along
the pipeline), the longitudinal and combined stress limits may be replaced with an
allowable strain limit, so long as the consequences of yielding do not impair the
serviceability of the installed pipeline. The permissible maximum longitudinal strain
depends upon the ductility of the material, any previously experienced plastic strain, and
the buckling behavior of the pipe. Where plastic strains are anticipated, the pipe
eccentricity, pipe out-of-roundness, and the ability of the weld to undergo such strains
without detrimental effect should be considered. Maximum strain shall be limited to 2%.

ASME B31.8-2012 paragraph A842.2.3 Alternate Design for Strain states:

In situations where the pipeline experiences a predictable noncyclic displacement of its
support (e.g., fault movement along the pipeline route or differential subsidence along
the line) or pipe sag before support contract, the longitudinal and combined stress limits
need not be used as criteria for safety against excessive yielding, so long as the
consequences of yielding are not detrimental to the integrity of the pipeline. The
permissible maximum longitudinal strain depends on the ductility of the material, any
previously experienced plastic strain, and the buckling behavior of the pipe. Where
plastic strains are anticipated, the pipe eccentricity, pipe out-of-roundness, and the
ability of the weld to undergo such strains without detrimental effect should be
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considered. Similarly, the same criteria may be applied to the pipe during construction
(e.g., pull-tube or bending shoe risers).

ASME B31.8-2012 paragraph 833.5(b) Design for Stress Greater than Yield states:
The maximum permitted strain is limited to 2%.

There are additional standards that mention SBD, but they add little additional technical insight. The
Australian Standard AS2885 A Modern Standard for Design, Construction, Welding, Operation and
Maintenance of High Integrity Petroleum Pipelines has the status of a “National Standard” for Australia.
It allows the use of recognized alternative standards such as American Petroleum Institute (API) 1111 or
DNV-0S-F101 for the design of new pipelines but does not contain any additional guidance on large
strain design of pipelines. The NEN3650 Design of Buried Pipelines is a Dutch pipeline standard
introduced in 1992. The stress and strain analyses were based on the ASME codes and a method for
defining limit states based on empirical factors only. It has been concluded that a research project is
required to define the safety margins more clearly to derive a new stress criterion [27]. The API
Recommended Practice 1111-2011 contains an informative design example in Appendix D regarding
buckling limit state bending strains. This example derives the limit state equations based on the
assumption of small strains and might not be realistic for large strains.

Current research suggests that the SBD approach for pipeline applications is only viable when the
linepipe steel is ductile and has high deformability as measured by a low-yield-to-tensile-strength ratio, a
high work-hardening rate (n-value), and a high uniform elongation (UEL). The intent is to ensure high
material toughness characteristics rather than higher ultimate strength [28], thus the material is more
suited to deform plastically before crack initiation or fracture. Low Y/T ratio, adequate uniform
elongation, and the shape of the stress-strain curve are of vital importance and are the focus for material
development [29].

An SBD evaluation and analysis must address all aspects of the pipeline’s life cycle including design,
materials, construction, and operations and maintenance such as:

¢ longitudinal and compressive strain capacity for all parameters in the pipeline’s life cycle,

e cyclic stresses and strains from environmental loading and operational parameters such as internal
and external pressure, and

e adequate strain capacity to accommodate variations in Y/T ratio, elongation, tensile strength, linepipe
chemical composition, microstructures, and steel making practices.

The target anticipated strain demand range for pipeline projects is from 1.0% to one-half of the pipe’s
UEL. The predictive models have no inherent safety factor, and many of the tensile strain models assume
the materials to have uniform and isotropic properties. The potential impact of material anisotropy on the
tensile strain capacity is not considered in the models [9]. Most high strength steel linepipe materials
exhibit orthogonal anisotropy, meaning the tensile strength is often different between the longitudinal,
circumferential, and radial directions [30]. Major model variables not explored in the models are weld
joint misalignment, wall thickness, pipe diameter, and effects of cyclic service [9]. This technology is not
yet sufficiently validated. Significant further work is required. The prediction models need to be evaluated
using anticipated pressure and longitudinal strain ranges to ensure that the model is appropriate for the
material, design, construction, and operational and environmental conditions.
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3. MATERIAL PROPERTIESAND MECHANICAL BEHAVIOR

Effective use of the SBD approach for pipeline applications compared to the more traditional stress-based
design approach requires greater knowledge and understanding of the material properties and mechanical
behavior of linepipe steels. In particular, complete stress-strain curves and strain-aging response
parameters are needed to implement the SBD approach. As most strains of interest in strain-based
analysis are longitudinal, it is critical that both longitudinal and circumferential mechanical properties of
the linepipe steel are reliably determined and readily available. Consequently, the field of SBD with the
appropriate material characterization is an evolving engineering discipline [9].

Federal pipeline safety regulations in 49 CFR §192.55 (e) for natural gas pipelines state that new steel
linepipe, which has been cold expanded, must comply with mandatory provisions in API Specification
SL—Specification for Line Pipe [31]. Additional regulations in 49 CFR §192.112 (a)(4) follow for
pipelines that are authorized to operate at higher allowable pressures through a special DOT-issued SBD
waiver.

The pipe must be manufactured using API Specification 5L, product specification level 2
(incorporated by reference, see § 192.7) for maximum operating pressures and minimum
and maximum operating temperatures and other requirements under this section.

Standards committees and task groups within API are comprised of industry experts much like the
standards committees in ASME. The API pipeline standards committees charter is to create and maintain
standards that facilitate safe operation and maintenance of pipelines. Requirements adopted by API for
steel linepipe for use in petroleum and natural gas industries are provided in API Specification 5L.
Corresponding requirements adopted by API for pipeline welding are provided in API Standard 1104—
Welding of Pipelines and Related Facilities [32]. This standard also covers nondestructive examination
(NDE) procedures. Both of these API standards are cited references in 49 CFR 192 and 49 CFR 195.

API Specification 5L was initially issued in the 1920s. In 2007, requirements in API Specification 5L and
ISO 3183 were combined into a single international standard that includes requirements for higher pipe
grades X90, X100, and X120. The current edition of API Specification 5L contains requirements for pipe
grades, steel grades, and delivery conditions including chemical composition, strength properties, and
NDE procedures for both seamless and welded linepipe intended for transmission pipeline applications.
Linepipe grades are designated as either product specification level (PSL) 1 or PSL 2. Requirements for
PSL 1 linepipe include minimum yield strength, minimum ultimate tensile strength (UTS), and minimum
elongation determined from pipe body test data. Requirements for PSL 2 linepipe include those for PSL 1
linepipe as well as maximum yield strength, maximum UTS, and maximum Y/7 ratio. Tensile testing of
linepipe fabricated to API Specification 5L requirements must be conducted in accordance with ASTM
A370—Standard Test Methods and Definitions for Mechanical Testing of Steel Products [33] and ASTM
E 8—Standard test Methods for Tension Testing of Metallic Materials [34].

Most pipeline design codes permit use of mechanical properties specified in API Specification 5L along
with a property known as flow stress, which is the average of yield strength and UTS [9]. These
mechanical properties are generally used to establish circumferential stress limits in accordance with the
stress-based design approach. Design codes for stress-based design applications are not concerned about
stresses in the longitudinal direction because the magnitude of pressure-induced circumferential stress is
twice the magnitude of the corresponding longitudinal stress. Consequently, the rules in design codes for
stress-based design applications, which do not include longitudinal stress limits, cannot be used for SBD
applications that are primarily governed by longitudinal strains.
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API Specification 5L and the ASME B31 codes provide rules that address the material testing and
determination of mechanical properties for use in design. In dealing with the modes of failure from the
plastic limit, material mechanical properties must be properly determined and adequately reflected in the
design process. As the design margins decrease and allowable pressures in relation to yield stress
increase, yield and UTS determinations of the linepipe materials in the final product form are crucial.
Most codes and standards list material property specifications based on small-scale, monotonic, uniaxial,
smooth bar testing. In almost all cases, the materials are assumed to be isotropic and homogeneous.

31 MICROSTRUCTURE AND CHEMISTRY

Numerous alloy designs are used to produce linepipe with higher strength. These designs are categorized
by their microstructure as either ferrite/pearlite (F/P) or ferrite/acicular ferrite (F/AF). Each
microstructure behaves fundamentally differently depending on the pipe-making process [35]. The
approach to alloy designs for linepipe steels that conform to API Specification 5L requirements starts
with a basic low carbon-manganese-silicon (C-Mn-Si) base. This alloy design is used for lower strength
pipe grades SLB and X42. Additions of a single microalloy or a dual microalloy in amounts less than
0.065% each, along with low amounts of various solute alloys of copper (Cu), nickel (Ni), and chromium
(Cr), depending on plate thickness and rolling mill power, are used to produce pipe grades X52 to X70.
When additional strength is required, the main microalloy of choice is niobium (Nb) with vanadium (V)
playing a supporting role. The C-Mn-Si base along with microalloy additions produces the F/P
microstructure regardless of rolling practice. This alloy-microstructure design combination tends to have
the lowest production cost [35].

Alloy designs for higher strength pipe grades X70 and above (or for X65 when compensating for lower
plate mill power) start with the C-Mn-Si plus microalloy base and then add small quantities of solute
alloys such as Cu, Ni, or Cr, either singly or in combinations to a maximum combined content of about
0.6%, and molybdenum (Mo) to about 0.3%. These additions, particularly Mo, coupled with appropriate
rolling and cooling practices result in the F/AF microstructure. Microalloy additions of up to 0.11% Nb,
without Mo, can also produce the desired F/AF microstructure. This latter approach is termed high-
temperature processing (HTP) because the steel can typically be finish rolled at higher temperatures.
Increased additions of the solute alloys (Mn, Cu, Ni, Cr, and Mo) along with boron (B) are used to
produce pipe grades X100 and X120. These richer additions produce other forms of bainite along with
small quantities of martensite and yield steel with reduced weldability at an increased cost [35].

In general, the F/P microstructure leads to a drop in yield strength between the TMCP skelp (coil or plate)
and pipe, while an acicular structure can lead to an apparent yield strength increase. There is generally
less scatter in the relationship between pipe tensile strength and skelp tensile strength, with the shift in
tensile strength during pipe making being always neutral or positive. As such, the shifts between skelp
and pipe yield and tensile strengths can each be in different directions. Toughness also changes during
pipe making while behaving somewhat similarly to strength.

In summary, pipe grades up to X70 with an F/P microstructure can be produced using a basic low C-Mn-
Si-Nb-V microalloy design, regardless of hot rolling practice. As the strength level or wall thickness
increases, additional alloying and more stringent rolling and cooling processing practices must be used to
produce steels with an F/AF microstructure [35]. Knowing the reasons for strength change from skelp to
pipe is important because F/AF steel is fundamentally different from F/P steel because of yielding
behavior, which is largely driven by microstructural composition.

There is a practical significance to grain size and grain boundaries. Grain boundaries are regions between

grains where atoms try to accommodate the crystal lattice misalignment between grains (Fig. 5).
Therefore, grain size does affect the mechanical properties, and material strength will increase as the
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grain size decreases. Grain size will also influence forming properties and fatigue strength. Grain size can
be modified by use of mechanical and thermal treatments such as a thermomechanically controlled
process or heating to apply a corrosion resisting protective coating.

ORNL 2013-G00906/chy
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Fig. 5. Typical grain boundary.

Dislocations, or irregularities, within the crystal structure can also strongly influence the mechanical
properties of the material. Material strength depends on the ease with which dislocations move through
the metal. The stress required for dislocations to move depends on several factors such as grain size,
number of dislocations present, and the size and shape of the dislocations. As the material deforms, the
number of dislocations increases. Dislocations will generate new dislocations under strain. As the number
of dislocations increases, the amount of stress required for deformation increases. At stresses above the
yield strength, dislocations start to move. More dislocations are generated as the strain increases. The
dislocations interfere with each other’s motion, so increased stress is required to continue to yield, or
strain the material. This is known as work hardening. There comes a point at which no more dislocations
can occur, and the sample begins to thin with potentially catastrophic results. This is referred to as the
ultimate strength of the material. For strains greater than the strain required to reach the ultimate strength,
there is a decrease in the stress required to continue the deformation.

It is well known that the phase constituents in a microstructure have a strong effect on the shape of the
stress-strain curve and therefore on the determination of the yield strength of the steel [3]. This strain-
aging effect can result in an increase in the yield strength as much as 60 MPa. In a worst case scenario,
this can change the shape of the stress-strain curve from continuous yielding to discontinuous yielding.
The processes for steel making and pipe forming should be optimized to minimize the strain aging effect
[1]. Recent research seems to suggest that while strain aging has an effect on the yield strength, it does
not have much effect on the ultimate strength [21].

Changes to microstructure can also have an impact on fatigue strength. Fatigue resistance is generally
enhanced by reducing voids in the material, decreased grain size, and a dense network of dislocations.
Processing improvements aimed at changing the microstructure might not be successful unless it can be
accomplished without substantially decreasing the ductility [36].
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Requirements for chemical composition and tensile test results are given in API Specification 5L. The
minimum uniform elongation requirement is 18% for steels with SMYS > 415 MPa and 20 to 22% for
steels of lower strength. A common specification limit is 0.92 for Y/T. API Specification 5L restricts the
Y/T of cold-expanded steel pipe to 0.93 [13]. These limits are intended to ensure a ductile rather than
brittle response to overpressure events.

3.2 PHYSICAL PROPERTIES

The physical properties of microalloyed high-strength linepipe are affected by plate and pipe forming
operations and the coating application process.

321 Forming

Steelmaking facilities that produce slabs for API Specification 5L [31] pipe grades typically consist of a
starting metallic process (blast furnace—pig iron, direct reduced iron, or scrap), melting furnaces, ladle
metallurgy furnaces or stations, vacuum degassing (might or might not be used depending on desired end
characteristics), and continuous casters. The main goals in producing slabs of suitable quality for natural
gas transmission pipeline applications are to:

e Maintain tight chemistry control to promote consistent microstructure and mechanical properties.

e Maintain good internal cleanliness to promote high toughness, good weldability, hydrogen-induced
cracking (HIC) resistance, and formability.

e Minimize centerline conditions to promote consistent thru-thickness properties and microstructure,
HIC resistance, and internal lamination issues.

e Maintain good surface quality to minimize pipe surface defects.
e Maintain dimensional control to enhance downstream processing efficiencies.

Conventional rolling involves either hot rolling or controlled rolling operations. In hot rolling, the product
finishes at its prescribed final thickness with no regard to the final reduction temperature, that is, it
finishes naturally based on the mill’s capability (number of passes, draft/pass, etc.) to make the final
thickness. Controlled rolling involves setting a desired finish temperature or invoking a mild (two times
the final thickness) intermediate hold temperature along with a desired finish temperature.
Thermomechanical rolling involves either TMCP or HTP. These rolling process routes are used for both
coil and plate. After hot rolling, the steel is air or water cooled to achieve the desired microstructure,
hence strength.

Thermomechanical processing or rolling is commonly performed in two rolling processes. Steel billets are
heated to over 2000°F and then are progressively rolled to reduce the billets to the final plate thickness.
The plate is shifted back and forth on the roller table, gradually leading to a finer microstructure, until the
final forming temperature is achieved. Final forming begins in a temperature range between 800 and
900°C. The homogenously heated slab from the heating furnace will produce a course-grained
microstructure that integrates work hardening and heat-treatment into the forming process by controlling
temperatures and rolling reductions during the hot rolling and the control of cooling after rolling. Final
forming below these temperatures will lead to higher ultimate strength and low toughness levels. The
final plate produced using the thermomechanical rolling process will achieve mechanical properties that
cannot be achieved or repeated through heat treatment alone. Steels produced using this process are
characterized by excellent combinations of strength, toughness, and weldability. The lower carbon
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equivalent of TMCP steels compared with conventional normalized grades of equivalent strength means
easier welding with increased strength, as well as an increased safety margin against hydrogen cracking
and lower preheat temperatures. Also, the low carbon and impurity content means that they are well
suited to cold forming [37]. API Specification 5L cautions that subsequent heating above 580°C (1075°F)
can lower the strength.

A limitation to TMCP steels of practical importance is that they cannot be normalized [37], and there is a
variation in mechanical properties [38]. If TMCP steels behaved in the same way as conventional steels,
they would be unusable in high-strain applications. However, previous experience has shown that TMCP
steels can meet relevant strength and toughness requirements in pressure vessel applications. The surface
layer will be strong and tough, while the center will exhibit more ductile properties. TMCP plate for high-
strength linepipe will often display high anisotropy with different behaviors in the longitudinal and
circumferential directions [39]. The fiber texture produced in the steel plate manufacturing process can
cause significant plastic property anisotropy, as does the tensile property in whole wall thickness [40].

Grade X80 welded pipe is produced by forming plates in several steps until the required geometrical and
mechanical properties discussed above are achieved. The pipe fabrication process begins with adding
welding run-off tabs to the four corners of the plate material. The longitudinal edges are crimped to the
desired pipe radius to allow for a round geometry in the vicinity of the longitudinal weld. The pipe is
formed using a variety of methods including UOE/JCOE (U/JC forming, O-pressing, expansion), pyramid
forming, and 3-roll bending. The deformation is applied to the plates in a compression and superposed
bending mode that is dependent on the geometry, namely diameter and wall thickness. The strains in the
outer fibers can be approximated by the wall thickness to diameter ratio. Whereas the intrados is
deformed in compression, the extrados is exposed to tensile strains [1]. In general, the yield strength of
the plate material increases as the pipe forming ratio (D/t) increases. In the typical forming range of large-
diameter pipe, a plate-to-pipe strength increase of about 13 MPa per 0.2% forming ratio has been
observed [35]. The inside and outside seam welding is typically performed using the submerged arc
process.

The last forming step consists of the mechanical expansion that improves the geometry of the pipe and
corrects deformations such as out-of-roundness or bending that might have occurred during the welding
process (Fig. 6). As the pipe is expanded from the inside, uniform diameter, straightness of the pipe, and
homogeneous mechanical properties through reduction of residual stresses can be obtained. Expansion
leads to circumferential tensile strains throughout the pipe wall, typically in the range of 1% plastic
deformation. Cold expansion up to 1.5% might be necessary to ensure the roundness and proper outer
diameter (D) of pipe [41]. By the time the process of pipe production is completed, different fibers have
been exposed to different load cycles. Although cold expansion up to about 1.5% is typically used to
improve the pipe’s diametrical dimensional conformance and increase yield strength, a high rate of cold
deformation is also considered to be detrimental to the ageing resistance of the steel [1].

18



ORNL 2013-G00907/chj

Fig. 6. Mechanical expansion.

After expansion, the finished linepipe is subjected to a hydrostatic test. Depending on the actual pressure
applied, the pipe under testing could experience a moderate cold expansion. This could consequently
change the tensile properties of the pipe. A test pressure equivalent to 100% SMY'S can be used
depending on the final design pressure, which could boost the transverse pipe axis yield strength slightly
[1]. Typically, all strength levels of linepipe in diameters up to nominal pipe size (NPS)72 and
thicknesses up to 2 in. can be produced by one or more of these pipe-making processes. However,
production of spiral pipe from coil with strengths higher than pipe grade X80 could be challenging or
alloy additions undesirably costly [35].

Work hardening of the pipe material is a consequence of a combination of elastic and plastic deformation.
Work hardening leads to an increase in the yield strength with a corresponding decrease in ductility. The
strain history incurred at each point in the pipe forming can significantly alter the yield strength of the
pipe relative to the steel plate. This implies that it is necessary to understand the work hardening, which
governs the changes of strength from plates to pipes [42]. A greater work hardening rate provides greater
resistance to strain localization but can also lead to anisotropic properties and residual stresses [41].
Pipeline steel strain hardening capacity has historically been controlled by placing a minimum
requirement on the elongation to failure of the pipe material and of the weld material and by requiring a
minimum difference between the yield and ultimate strength of the pipe steel [13].

3.2.2 Coating
Regulations in 49 CFR §192.112 (f)(1) state that:
The pipe must be protected against external corrosion by a non-shielding coating.

Subsequent to pipe making, most pipe is coated with a fusion bond epoxy (FBE) coating before shipment
to the installation site. This coating is typically a one-part, heat curable, thermosetting, powdered epoxy-
based coating widely used to protect pipelines from corrosion. It comes in a powder form and will remain
in a powder form under normal storage conditions. These coatings can be used to protect both external
and internal surfaces of the pipe to provide corrosion protection. Abrasive resistant overcoating (ARO) is
a hard top coat intended to protect the underlying FBE coating from damage during installation and
operation. This coating is typically used for bores, directional drills, and rocky terrain where additional
protection for the coating is required. The application or ARO is performed while the FBE is still in the
gelatinous stage. Field application of coating is performed after girth welds are made.
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A typical heat-curable coating process involves heating the pipe to temperatures of 200 to 250°C for
several minutes. The powder is then “flocked” (sprayed) on the hot pipe. As the powder contacts the pipe,
it liquefies and flows onto the surface. The residual heat in the pipe will work to cure the coating within
just a few minutes with air cooling. This process is known as “fusion-bonding.” Because it is a thermoset
polymer, the coating cannot be remelted with the application of additional heat. The pipe girth welds are
typically coated at the installation site using a variety of methods involving reheating of the local area that
is then flocked.

The strain accumulated during the pipe-forming process combined with the thermal process of applying
corrosion-resistant coating causes aging effects in the formed pipe. Both plastic straining and temperature
exposure lead to changes in the material that affect the final mechanical properties of the pipe [1, 6].
Diffusion of free interstitial carbon and nitrogen atoms is activated by these processes. These atoms tend
to move into dislocation cores forming what are called Cottrell atmospheres. The dislocations are pinned,
and their mobility is much reduced.

Strain aging results in the reduction of ductility and toughness that can occur after plastic deformation has
been applied in carbon-manganese steels. The change in pipe tensile properties associated with coating
application is the result of strain age embrittlement where free nitrogen and free carbon in the steel diffuse
to new dislocation sites formed during the plastic strain cycle of the pipe expansion process. Changes in
material properties in the longitudinal direction are of particular interest [43, 44, 45].

Strain aging is particularly noted in steels that exhibit discontinuous yielding with an upper yield point, a
lower yield point, and a yield plateau before strain hardening begins. As a result, yielding and work
hardening behavior of the pipe body is modified [41]. The mechanical properties such as yield strength,
tensile strength, Y/T ratio, and the stress-strain curve shape also change due to thermal aging [13, 46, 47].
The coating process has been shown to alter the yield strength by as much as 8% [48]. The uniform
elongation decreases with the increase of the aging temperature. This decrease is caused by the decrease
of the work-hardening rate [12]. Strain age embrittlement often leads to [14, 49]:

Changes in yield behavior (from continuous to discontinuous yielding),
Increase in yield strength,

Increase in Y/T ratio,

Increase in tensile strength,

Decrease in ductility, and

Decrease in toughness.

Aging effects on tensile properties during the coating process must be minimized and fully characterized.
It is important to understand the effect of the coating conditions on the thermal aging phenomenon [30].
Thus, there is a strong demand for a high strength, high deformability linepipe with resistance to strain-
aged hardening for high-strain applications [47]. The strain-aging resistance of the coated linepipe
decreases as the increase of tensile pre-strain induced during pipe making. Also, it was found that strain
aging behavior of pipe was different along the through thickness direction [50].

Since it is rare for linepipe to not be coated before installation and operation, it is important to consider
the effects of thermal aging on the pipe properties to ensure that the properties remain acceptable after
coating. Uniform elongation has been shown to decrease by thermal ageing at temperatures of 200°C and
higher. Obvious Luders elongation has been observed at an aging temperature of 160°C and higher in the
circumferential direction [12]. After having been exposed to elevated temperatures as usual for coating
applications cold formed material changes the shape of the stress-strain curve and could result in a yield
plateau [1, 32].

20



3.3 MECHANICAL PROPERTIES

Mechanical properties of linepipe steel needed as input for the SBD approach involve monotonic tensile
testing and cyclic fatigue testing.

3.3.1 Monotonic Tensile Testing

The tensile test is the most fundamental test method used to determine mechanical properties. The
standard tension tensile test is based on the Saint-Venant Principle (after Barre de Saint-Venant, 1864),
which states that localized stress concentrations disappear a short distance from the concentration. This
means that the stress is uniform in a uniaxial loaded bar away from the ends. Figure 7 illustrates the stress
distribution at various locations along the length of a square bar that is pulled using friction grips at both
ends. The grips introduce the tensile load on the surface of the bar, but in a very short distance the stress

is evenly distributed through the bar. The relationship of uniform tensile stress (force per unit area) is only
valid away from boundary conditions that introduce stress concentrations.
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Fig. 7. Saint-Venant principle.

Standard tensile tests for linepipe mechanical properties are straightforward. The monotonic stress-strain
diagram and mechanical properties are obtained by recording the stress-strain relationship during the
tensile testing to characterize material properties including the elastic limit, yield strength, and ultimate
strength. It is important to understand the elastic region where the strain disappears when the loading is
removed, and the plastic region where permanent deformation occurs. The tensile, or ultimate, strength of
the material is typically defined as maximum load divided by the original cross-sectional area. The Y/T
ratio is an indicator of the work hardening capacity of a material. Materials with a high work hardening
capacity (low Y/T) will have higher uniform elongation and are therefore better able to dissipate strain,
avoid local strain accumulation, and avoid localized thinning.

The measured value of Y/T is critically dependent on the direction of testing and the procedures for
extracting a tensile specimen [13].The measurement of tensile properties in pipe material using small
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scale testing is usually performed at room temperature for production testing but is often influenced by
specimen geometry and test method. Monotonic, uniaxial stress-strain curves up to the minimum uniform
elongation limit provide a characterization of yield and ultimate strength to demonstrate the ability to
meet the specified requirements. The following properties can be obtained from tensile testing:

engineering and true stress-strain curves,
yield strength,

ultimate strength,

maximum uniform elongation,

total elongation,

true fracture strength, and

reduction of area.

Key parameters for the determination of mechanical properties are illustrated in the stress-strain diagram
in Fig. 8.
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Fig. 8. Mechanical properties.

Stress-strain curves can exhibit different yield point characteristics (Fig. 9). A roundhouse-type stress-
strain curve exhibits a smooth, continuous yielding of the material. A knee-type stress-strain curve
displays a very sharp transition at the proportional limit when the material begins to deform plastically.
The yield type exhibits discontinuous yielding behavior, and might even drop slightly after reaching a
maximum yield point.
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Fig. 9. Stress-strain curve definitions.

W. Liiders first reported noticing localized bands of plastic deformation in certain materials before
fracture. These bands resulted in a drop below the initial yield strength. The overall range might show a
slight decrease or flat yield in the stress-strain curve. The yield-type stress-strain curve exhibits clear
Liiders elongation, an uneven yielding phenomenon where areas of yielding originate in segregated areas
and sweep to adjacent material. This usually creates a sharp yield point, and could even cause a drop in
stress immediately following the proportional limit. Full stress-strain curves are needed for SBD,
particularly in light of the problem with yield strength definition and different shapes of stress strain
curves between linepipe material and weld metal [10]. The shape of the stress-strain curves are typically
very different for higher grade linepipe materials, especially those produced using the TMCP process.

The initial portion of the stress-strain curve is primarily elastic, meaning that if the stress is removed the
strain will essentially return to zero. The proportional limit is defined as the point where stress is no
longer proportional to the strain. The point at which deformation becomes permanent is the elastic limit of
the material. When the yield strength is not easily defined from the stress-strain curve, the yield point is
arbitrarily defined. The 0.5% extension under load method (UEL, often abbreviated in European
publications as Ry s) is typically used for linepipe steel grades less than Grade 555 (X80). The 0.2% offset
method (abbreviated in European publications as Ry ) is widely used for defining the yield strength of
many steels but is not a standard method for linepipe steels (Fig. 10). Studies have shown that the 0.5%
extension under load method used for a lower grade might not be the best method to determine the yield
point for grades greater than Grade 555 [3, 1]. API Specification 5L uses the 0.2% offset method for
linepipe grades greater than Grade 625 (X90) (Fig. 10).

23



ORNL 2013-G00811/es

Tensile Strength |~ . —— —=

Yield Strength — — — —

I
I
@ Plastic / l
g Strain |
® / |
o] I /
B | Total / . |
- ’ Strain y o
/ | Swan :
/ | /
r’ | , |
0.002 0.005
g, Strain

Fig. 10. Yield strength definitions.

Determination of the yield stress is sensitive to specimen preparation and measurement techniques.
Tensile testing operations allow the test to be controlled in terms of stress rate (load control) or strain rate
(displacement control). In the case where the operation is controlling the stress rate, the strain rate will
increase as the specimen begins to yield and will continue to increase when the specimen no longer
elongates uniformly (i.e., strain becomes localized along the gage length). In the case of high-strength,
low work hardening materials, controlling the stress rate will produce very high strain rates beyond yield,
which results in dynamic tensile strength elevation and a low Y/T ratio [21]. Therefore, tensile specimens
for high-strength linepipe materials should be tested based on strain rate (displacement) control [21].

Although some codes specify a specific standard to be followed for small-scale testing, API

Specification 5L permits the use of many specimen geometries including round bar, flattened strap, or
ring expansion. Circumferential test specimens must be rectangular and represent the full wall thickness
of the linepipe. Round bar test specimens are allowed for circumferential tensile tests with varying
requirements for the gage diameter of the test specimens within the gage length. The gage diameter of test
specimens is given as a function of pipe diameter and wall thickness in API Specification 5L. The ring
expansion test is another method for determining the tensile strength of linepipe steel. In this test method,
yield strength in the circumferential direction is determined using the relationship between internal
pressure and circumferential expansion as the ring expands radially. Although the ring expansion test is
allowed by API Specification 5L “if agreed,” no testing specifications are given. A standard test method
for performing ring expansion tests is presented in ASTM A370—Standard Test Methods and Definitions
for Mechanical Testing of Steel Products or ISO 6892 Metallic Materials—Tensile Testing. For pipe
grades above X70, the longitudinal tensile test requirements would be outside the scope of API
Specification 5L. Table 7 (e) states:

For pipe requiring longitudinal testing, the maximum yield strength shall be <495 MPa
(71, 800 psi).
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Requirements stated in API Specification 5L paragraph 10.2.3.2 follow.

Rectangular test pieces, representing the full wall thickness of the pipe, shall be taken in
accordance with ISO 6892 or ASTM A 370 and ... transverse test pieces shall be
flattened.

Longitudinal tensile tests of pipe with t > 19.0 mm (0.748 in), such test pieces shall be
12.7 mm (0.500 in) in diameter.

Round bar test specimens are allowed for transverse tensile tests with varying requirements for the
diameter of the test specimens within the gage length depending on the wall thickness of the linepipe.
Flattened straps are by far the most common and most economical when testing is done in production.
API Specification 5L paragraph 10.2.3.2 states:

[T]ransverse test pieces shall either have a rectangular or round cross-section.
Rectangular cross-section test pieces shall be from flattened samples, while round cross-
section test shall be from non-flattened samples.

Flattening of test pieces shall be carried out according to documented procedures.

Alloys with a smaller Y/T ratio seem to produce a smaller Bauschinger effect [51]. For X80 linepipe
steels, the Bauschinger effect increases as the deformation increases. When axial loading is applied, X80
steel has the characteristics of elastic, perfectly plastic within the range of 2.5% deformation and work-
hardening characteristics exceeding 2.5% deformation [52].

Procedures for flattening vary widely and can have a significant effect on the measured yielding behavior.
The final yield strength through the pipe wall after pipe forming can be different from the measured yield
strength after flattened specimen preparation. Flattened strap samples will permit the full pipe wall
thickness to be tested but the plastic deformation required to flatten the specimen will introduce reversed
strain resulting in the potential for lower measured yield strength known as the Bauschinger effect. The
Bauschinger effect, named after Johann Bauschinger, describes the phenomena where the yield strength
decreases when the direction of the strain is changed and materials are strained into the nonlinear stress-
strain area in one direction followed by straining in the opposite direction (Fig. 11). The effect of such
cycling is that the reversed yield strength is decreased [53] and is more notable in the high strength pipe
grades (i.e., greater than X70) [48]. For linepipe materials, work hardening is dominant on the inner
surface of the pipe while the Bauschinger effect is dominant on the outer surface. The final yield strength
is an interaction between work hardening and the Bauschinger effect. Because of this interaction, hoop
yield strength for high-strength linepipe (specifically pipe grades X70 through X120) cannot be
accurately measured using full thickness tensile test specimens because the curvature of the linepipe must
be removed before testing. The flattening process alters the material’s strength by introducing additional
strain history [54].

25



ORNL 2013-G00912/chj

Yield Strength in
Monotonic Tension

a, Stress

£, Strain

) / Yield Strength on Strain
Yield Strength / — / Reversal Exhibiting
in Monotomc / Bauschinger Effect
Compression (early yielding)

__—7-""'

Fig. 11. The Bauschinger effect [53].

Machined round bar test specimens do not add a plastic deformation step inherent in flattening, but the
entire cross-section cannot be tested. Round bar specimens have their own issues in preparation and
testing because of pipe curvature, especially for small diameters, and thin wall linepipe. They also tend to
be more expensive than flattened straps. A round bar specimen is exposed to the same strain history as
that of the ring expansion specimen but has a reduced residual stress because of machining. The change in
shape of the stress-strain curve and apparent modulus can be attributed to the removal of material. A
small-sized round bar specimen measures a lower strength because of some fine-grained surface material
being machined off during sample preparation [1]. Round bar specimens tend to be expensive and time
consuming when used as a material and production qualification tool. Because of the setup restriction, the
strain in the ring expansion test is limited to a maximum of 2%, thus limiting the stress-strain curve for a
ring expansion test to stress associated with approximately 2% strain [55]. Ring expansion tests are
usually restricted to 0.6% strain because of the limitations of the test specimen and equipment.

There is currently a joint industry project among material and pipe suppliers regarding tensile testing.
Twenty-two companies are involved in a round robin study of material characterization of the various
methods. However, in the past few years, the round bar specimen has been recommended for the
transverse pipe axis tensile testing, and the strap specimen has been recommended for the longitudinal
pipe axis testing [1]. Although research is under way to develop suitable alternatives, pressurized full-
scale tension testing remains the only fully validated method to confirm tensile strain capacity. The goal
is to confirm that the design meets the strain demand requirement when the key parameters are at the
extremes of the acceptable construction envelope [56].

Total elongation at failure (i.e., the total extension of the specimen at plastic collapse) is the sum of both

uniform and nonuniform elongation. Uniform elongation is the strain at the ultimate engineering stress.
Uniform elongation is associated with uniaxial stress, whereas the nonuniform elongation occurs during
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localized strain (i.e., necking) and is associated with triaxial stress. Uniform elongation is determined by
evaluation based on a large strain. This material property will provide insight into the ability to undergo a
large strain demand without discrete cross-sectional changes and while avoiding strain localization.

The nonuniform elongation is highly dependent on geometry, particularly the ratio of gage length to
cross-sectional area. ASTM E8/E8M and ASTM A370 provide geometry dimensions for various
specimen types. Both elongation and reduction of area are typically expressed as a percentage.

Uniform elongation, as well as the Y/T ratio, is a measure for the ductility of materials. Plastic
deformation depends on the work hardening behavior of the steel. Higher strength material typically has
lower uniform elongation. which means lower deformability before failure [28]. It is to be expected that
the ductility is diminished in response to plastic straining during the forming process. Although both
parameters are used to characterize the ductility, they do not respond uniformly to cold forming [1]. Also,
the appearance of expressed Liiders plateaus leads to an increase in uniform elongation [1]. Experimental
data show that the uniform elongation can be affected by both ultimate tensile strength and Y/T for
materials with yield strength in the 56 to 70 ksi range. In general, the uniform elongation decreases as the
Y/T and yield strength increase.

Requirements for the number of specimen tests are prescribed in ASME B31.4 [16] and B31.8 [15]. The
minimum frequency for testing in ASME B31.8 is one per 50 lengths of pipe at random. Because tensile
strain limits usually have much larger natural variations than stress limits, the lack of multiple tests under
the same test condition makes it difficult to determine the natural variation [10].

3.3.2 Cyclic Fatigue Testing

Cyclic strains often affect the material’s mechanical properties when a material is placed in service where
displacement enters the plastic region. Under conditions of cyclic loading, pipelines can suffer the effects
of ratcheting, which is the process of accumulating additional deformation because of a combination of
static and cyclic loading [4]. The material properties can be vastly different from those obtained at the
material qualification phase using monotonic, uniaxial testing. Evolution of the material property as a
function of cyclic strain should be considered for SBD [9]. Large plastic deformation can impair the
usefulness of the material by introducing residual stress that remains after unloading. Residual stresses
can either increase (work hardening) or decrease (work softening) after unloading. Cyclic strain
hardening/softening is the effect seen if a material is strained in one direction followed by unloading
before the material is strained in the same direction once more. The effect of such cycling is that the yield
stress is increased and the strain-hardening is decreased [53]. Improved understanding and analysis of
permanent deflections, residual stress, and yielding during cyclic loading is made possible through a
study of plastic deformation using cyclic fatigue testing.

High-cycle fatigue usually refers to fatigue when peak stresses are well below the yield strength of the
material. However, low-cycle fatigue deals primarily with the effects of plastic deformation associated
with SBD. Low-cycle fatigue discussed in many standards is typically below 10,000 load cycles [57].
Low-cycle fatigue in pipelines is normally understood to be less than 1000 with stress/strain ranges in the
elastic-plastic region [53]. There are few methods for assessing tensile failure resistance of pipelines
when the plastic strain exceeds 0.005 (0.5%). More validation trials are needed in the open literature to
support the use of the existing methods assessing high axial strains (Fig. 12) [13]. Therefore, a well-
defined, validated, and generally accepted procedure for assessing low-cycle fatigue in pipelines does not
currently exist, especially when strains exceed 2%.
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Fig. 12. Common S-N curve [57].

Ideally, fatigue tests are conducted on full-scale structural components under conditions that closely
approximate the actual loading conditions. However, full-scale testing of large-diameter, high-strength
linepipe is costly, time-consuming, and difficult to conduct. To predict the effects of fatigue behavior, the
stress-life and strain-life approaches using smooth bar specimens under load-controlled or strain-
controlled conditions are used. Data obtained from these tests can be used to evaluate the fatigue
resistance of materials, plot stress vs the number of cycles to failure (S-N curves), quantify the cyclic
yield strength, and determine strain-hardening.

It is useful to know and understand the fatigue life including fatigue crack initiation and growth to the
point of fracture to predict failure. However, it is beneficial to quantify the cycles required to initiate a
fatigue crack and propagate a crack from subcritical dimensions to a critical size that can be detected
using post-construction inspection equipment. This is also an active area of research to detect smaller
flaws to better determine fitness for service.

The ASME codes and standards caution that low-cycle, high-strain fatigue must be considered in the life-
cycle design and construction assessment, including the determination of accumulated damage
(ratcheting). To achieve the overall design safety objective, it is prudent to consider the use of a life-cycle
engineering approach that includes operational controls, strain-based limit state design, site-specific
design, construction mitigation, and operational monitoring and intervention [56]. A special laboratory
test methodology described in the ASTM Standard E606/E606M—Standard Test Method for Strain-
Controlled Fatigue Testing [58] has been developed for characterizing cyclic stress-strain behavior during
low-cycle fatigue testing. Additional standards for fatigue testing include ASTM E466—Conducting
Force Controlled Constant Amplitude Axial Fatigue Tests for Metallic Materials and ASTM E468—
Presentation of Constant Amplitude Fatigue Test Results for Metallic Materials.
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4. ANALYSISAND LIFE PREDICTION

To predict the structural integrity and safety of a pipeline against ductile rupture caused by large plastic
deformation it is necessary to know the magnitude of strain demand (applied strain) and strain capacity
(strain limit) of two limit states: tensile rupture and compressive buckling. Tensile rupture is an ultimate
limit state that is related to the breach of the pressure boundary. Compressive buckling could be either a
service limit state resulting from excessive displacement or an ultimate limit state caused by the
compressive limits of the material.

With the exception of offshore pipe reeling in which the strain demand is easily computed from the
geometry of the lay vessel, determining strain demand can be a very complex undertaking. For onshore
pipelines estimating strain demand involves multiple disciplines such as seismology, soil mechanics, as
well as soil and pipe interaction. Strain demand could be a one-time event such as the strain at a fault
crossing in a seismic event, but most often the strain demand can vary and/or accumulate over time (a
time-dependent accumulative event) such as in the case of frost heave and differential settlement.

Several tensile strain capacity prediction models are available that are commonly based on a fracture
mechanics approach to the welded joint [24]. Local discontinuities or welded joints can concentrate strain
in a small area and cause the linepipe to experience tensile rupture below its intended design pressure.
Due consideration must be given to both the ductility and capacity of the welded joints as well as the
linepipe steels.

When forces or displacements are applied to a pipeline and cause the steel to exceed its elastic capacity, it
is advantageous to distribute the plastic strain over a large area rather than localize the strain to a small
area such as the pipe joint. When strain is distributed over a large area, a higher overall strain can be
reached before any individual area exceeds its strain capacity. Strain hardening of plastically deformed
steel will help to distribute the strains over a large area as the overall plastic strain increases [13]. Hence
there is a need to develop prediction methods for bounding strain capacity based on the ductility and
capacity of the linepipe steel.

4.1 STRESSBASED ANALYSISMETHODS

Engineering stress analysis is based on the theory of elasticity and infinitesimal strain. It is fundamentally
concerned with ensuring that the stress throughout the structure remains below the yield strength of the
material and does not undergo permanent distortion. The stress-based analysis methods can be divided
into two categories based on material properties: isotropic and anisotropic.

4.1.1 Isotropic Material Properties
Elastic, stress-based analysis for engineering materials that are isotropic and homogeneous requires only
two elastic constants: Young’s Modulus of Elasticity and Poisson’s ratio. The compliance matrix for

Hooke’s law in three dimensions for an isotropic, linearly elastic material in compliance form can be
written as follows:
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These basic stress-strain relationships are used to derive formulas for thick walled, pressurized cylinders.
Thick-wall cylinder formulas, known as the Lamé solution, date from 1833 and incorporate the theory of
elasticity [55]. These formulas are based on an axisymmetric, elastic analysis approach to cylinders where
nothing varies with the circumferential coordinate 6, and the circumferential, longitudinal, and radial
stresses are all principal stresses. The cylinder stresses include (Fig. 13):

e Circumferential stress o,—also referred to as hoop stress, acts perpendicular to both the longitudinal
axis and radius of the pipe primarily because of internal pressure.

e Longitudinal stress 6,—Stress along the axis of the pipe, generally caused by either capping the
internal pressure on the pipe ends or pipe displacement.

e Radial stress 6,—stress through the wall of the pipe generally cause by internal pressure and the
Poisson effects of the circumferential and longitudinal stresses.
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The basic cylinder equations assume the material to be homogeneous, isotropic, and linearly elastic and
adequate only when displacements and strains are small. States of stress and strain are assumed not to
vary along the length of the cylinder being analyzed. Several additional assumptions have to be made for
the analysis:

e Local imperfections in geometry and material are ignored.

e The cross section of the pipe remains circular throughout the deformation process.
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e Axial strain is idealized as a linear distribution through the pipe cross section.

e The volume of pipe steel is assumed to be constant at plastic deformation, which means pipe steel is
incompressible when the plastic deformation dominates the elastic deformation [15].

A material is said to be in plane stress when one of the three principle stresses is zero. This is often
considered to be the case for thin plates when the stress across the thickness of plate is very small in
relation to the other two principle stresses. Pipelines are often assumed to be in a plane stress state since
the pipe wall stress is small compared with the circumferential and longitudinal stress. The stresses are
considered negligible with respect to the smaller dimension and compared with the in-plane stresses. For
example, when a cylinder outer-diameter-to-wall-thickness ratio is equal to 10, the stresses between the
inner and outer wall (D/t) will vary by less than 5%. This allows for a considerably simplified and often
acceptable stress analysis. In the case of high strength, large diameter pipelines operating at high
pressures, the D/t ratio may exceed 40, making the plane-stress assumption even more realistic. The
ASME Boiler and Pressure Vessel Code, as well as piping codes, provide common rules that assume
plane stress when D/t exceeds 10.

Barlow’s formula for transverse stress for a cylinder is easily derived from static equilibrium equations
and the free-body diagram of the cylinder half. The stress around the wall of the pipe must equal the
internal pressure across the cross section. The transverse stress is determined by the internal pressure (p)
of the fluid in a pipe of diameter, d, yielding transverse, or hoop stress:

_Pr
Og = " .
The same can be done for the longitudinal stress:
_pr
Oy = o7

The preceding basic equations are incorporated in ASME B31.8 in a slightly modified fashion. The
calculation for circumferential stress also accounts for other factors and can be rewritten in terms of
stress:

pd
= —FET ,
%= 3¢
where:
F = design factor based on geographic location, number and proximity of buildings,
and other characteristics involving human occupancy (ranging from 0.40 to 0.80)
E = longitudinal welding joint design factor (E = 1.00 for API Specification 5L pipe

submerged-arc welded)

T temperature derating factor (T = 1.00 for operating temperatures less than 250°F)

The longitudinal stress component caused by internal pressure only is incorporated into ASME B31.8 as:
o, = 0.509 .
When a uniaxial force is applied to linepipe, it deforms in the direction of the applied force, but it also

expands or contracts laterally. If the material is isotropic, homogeneous, and remains elastic, the lateral
strain has a constant relationship to the axial strain. This constant, Poisson’s ratio (v), is an intrinsic
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material property just like Young’s Modulus. Poisson’s ratio is used for the design of structures where all
dimensional changes, stresses, and strains need to be taken into account and in the general application of
elastic or elastic-plastic analysis. Poisson’s ratio can be obtained during a tensile test from diametric
measurements resulting from uniaxial stress-strain only. Most codes and standards generally consider
Poisson’s ratio to be approximately 0.3 for common linepipe steels. For isotropic material, directionality
is not a consideration. Standardized test methods to determine Poisson’s ratio from tension tests are
specified in ASTM E132 Standard Test Method for Poisson’s Ratio at Room Temperature [59]. Poisson’s
ratio can be difficult to accurately determine during testing. It is typically limited by the measurement
accuracy of transverse strain. Poisson’s ratio is defined as:

transverse strain dep

" longitudinal strain  dg,

Although Poisson’s ratio may vary slightly within a certain isotropic, homogeneous material, it is usually
considered small in relation to other uncertainties. The values might be close enough for a reasonably
accurate answer but should be regarded as a ballpark figure. For restrained pipe, the longitudinal stress
component resulting from internal pressure only would be a function of Poisson’s ratio. From Hooke’s
Law:

g = —veg, ,
and
SlE
vV=——.
On

The calculation incorporated into ASME B31.8 assumes isotropic material with v = 0.3 and is written as:
g, = 0.30y .

To evaluate protection against failure, the results from an elastic stress analysis of the pipeline subject to
defined loading conditions are compared to a limiting value. The equivalent stress at a point in a
component is calculated from stress components using a yield failure criterion, which is compared with
the mechanical strength properties of the material obtained in tests under uniaxial tension. The pipeline
yield criterion in ASME B31.8 is based the assumption of ductile failure using the maximum distortion
energy yield criterion. In this case, the equivalent stress is equal to the von Mises equivalent stress
given by:

0eq = [51(00 — 0)? + (0~ 0,)% + (0, ~ 007 .

Based on the limitations stated in ASME B31.8, the maximum permitted stress in the circumferential
direction is 80% of SMYS. The maximum permitted stress in the longitudinal direction of unrestrained
pipe is 75% of SMYS. For loads of “long duration,” the maximum permitted equivalent stress limit is
90% of SMYS.

All popular failure criteria rely on data from small-scale testing, such as uniaxial tensile testing. Pipelines

are typically subjected to multi-axial loading. Validation of actual failure involving full-scale testing
typically requires extensive, complicated, and expensive methods. Failure is not only dependent on
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strength but also on other factors such as stress concentrations and fatigue. Failure prediction for elastic
analysis using the preceding failure theory should be considered only as an approximation.

4.1.2 Orthotropic Material Properties

Although the majority of stress-based analyses presented in codes and regulations are based on the
assumption of isotropic material properties, this approach might be inappropriate for modern steels,
particularly high-strength, microalloyed TMCP linepipe steels. These types of steel are sometimes
anisotropic with the longitudinal, circumferential, and through-wall mechanical properties significantly
dissimilar.

Fully anisotropic steel without any planes of symmetry requires 21 elastic constants. An orthotropic
elastic material, such as high strength linepipe materials, has three orthogonal symmetry planes. These
planes occur because of the rolling direction of the material and the forming direction of the pipe. Pipe
formed perpendicular to the rolling direction with a single longitudinal seam requires only nine elastic
constants for analysis comprised of three Young’s moduli Ey, E,, E,, the three Poisson’s ratios vyy, Vyz, Vyz,
and the three shear moduli Gy, Gy, and Gy,. The compliance matrix in three dimensions for an
orthotropic, linearly elastic material in compliance form can be written as follows:

1 U, U
. _ 24 _ 0 0 0
E, E, E.
_ U, 1 v, o
& e — - 0 0 0 o
XX Ex Ey Ez XX
€y U v, 1 Oy
‘ -—= - — 0 0 0 o
zz — Ex E y Ez zz
€, 1 o,
¥ 0 0 0 — 0 0 >
sz 2 Gyz Ozx
1
sl 10 0 0 —— 0 |9
2G,,
1
0 0 0 0 0 —
2G,,
where:
Ei = Young’s modulus along axis i.
Gj =  Shear modulus in direction j on the plane whose normal is in direction i.
U; = Poisson’s ratio that corresponds to a contraction in direction j when an extension is
applied in direction i.
and:
Uyz — UZJ’ vzx — sz UX)’ — U)’X

An anisotropic elastic stress analysis method is typically not applied to pipelines for evaluating protection
against plastic collapse. The ASME Boiler and Pressure Vessel Code, Section VIII Division 2 [60]
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provides rules for an elastic stress analysis method where stresses are classified into categories and are
limited to allowable values that have been conservatively established. These procedures provide an
approximation of the protection against plastic collapse and warn that a more accurate estimate can be
obtained using an elastic-plastic stress analysis to develop limit and plastic collapse loads. Because the
elastic stress analysis method is only an approximation, the equivalent stress limit would require that it be
established at a conservative limit.

4.2 STRAIN-BASED ANALYSISMETHODS

The mechanics of materials approach to stress-based analysis presented in most codes and regulations
may be inappropriate to modern steels, especially for displacement-controlled loads resulting from ground
displacement. When pipelines experience large strains and displacements, particularly in the plastic
region, the material behavior is no longer linearly elastic and therefore stresses cannot be accurately
anticipated. This problem is compounded when material properties vary in anisotropic materials. Full
solutions for tensile strain limits related to these factors do not yet exist in codes and standards [19]. A
limit-load analysis incorporating elastic-plastic stress analysis and equivalent strains is required providing
a more accurate assessment of the protection against plastic collapse.

For high-strength linepipe steels, the plastic region of the stress-strain curve is typically very flat. In the
high strain regime, small changes in strains produce almost no change in stress. From a practical
viewpoint, it is unlikely that these large strain values can be repeated consistently given the required
precision and repeatability of the stress-strain curves [9]. Although the full stress-strain curves were used
in the tensile strain capacity model developments, the exact shape of the stress-strain curves was not the
focus and has not been thoroughly investigated. Therefore, it could be useful to investigate not only the
engineering stress-strain curve but also the true stress-true strain behavior.

Engineering stress is calculated based on the undeformed cross-sectional area. For small-scale yielding,
this is generally accurate enough within the scatter of the material properties. However, for extensive
yielding, the assumption of the cross-sectional area remaining relatively constant ceases to be accurate.
As the strain becomes large and the cross-sectional area decreases, the true stress can be much larger than
the engineering stress because of the reduction of cross-sectional area. True stress is calculated using the
applied load to the instantaneous cross-sectional area. True stress is related to the engineering stress
assuming constant specimen volume where 4, and /, are the initial area and initial length, respectively.

A'Z=A0.l0 .

Substituting for stress, the true stress (o) is related to the engineering stress (6g) and engineering strain

(€p).

P L (1+ €5)
aT—A—AO lo—GE €g) .

True strain is the sum of all the instantaneous engineering strains.
p dl
€= —.
l

True strain (&) can be related to the engineering strain by:
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Strain capacity is established from the stress-strain curve of the linepipe steel typically obtained from the
uniaxial tensile test. Therefore, the mathematical equations used to represent the stress-strain curves need
to be designed to capture the actual shape of the curves in real materials. Since changes in microstructure
can alter the S-N curve and TMCP material properties vary with direction, one mathematical equation
representing a group of materials or all axes might be unable to uniquely determine the full stress-strain
curve using material parameters such as yield strength, ultimate strength, and uniform elongation.

The Ramberg-Osgood equation was formulated to describe the nonlinear relationship to characterize the
elastic and plastic portions of the stress-strain curve as early as 1943 [5]. Before yielding, the relationship
takes the form of Hooke’s law. Beyond yielding, the strain is the sum of both the elastic and plastic strain:

E= & t¢& .

The Ramberg-Osgood equation for strain in simple form is:

&= %+K(%)n )

where: & = and & =K (%)n .

g
E
K and n are constants and will depend on the material being considered. The Ramberg-Osgood equation
can be customized in many forms, including true stress and true strain using a 0.2% offset method for the
determination of the yield stress [36]:

or or\™
=—+0.002 (—) )
& E 0o

where E, m, and o, are the Young’s modulus, strain hardening exponent, and reference stress,
respectively. By definition, the reference stress gy is the true stress corresponding to a plastic strain of
0.2% and is usually very close to the yield strength at 0.5% strain. The engineering stress-strain curve
calculated from the Ramberg-Osgood equation usually consists of a natural peak (i.e., ultimate tensile
strength and uniform elongation). By calibrating g, and m, the Ramberg-Osgood equation can generate a
stress-strain curve for given yield strength and ultimate tensile strength. The uniform elongation,
however, is an outcome of the equation and must be independently varied.

In contrast to the Ramberg-Osgood equation, the equation given in CSA Z662 [61] can more uniquely
determine a full stress-strain curve that satisfies the yield strength, ultimate tensile strength (or Y/T), and
uniform elongation. The CSA equation defines the relationship between the engineering stress and
engineering strain where o, is the yield strength at 0.5% strain and # is the strain hardening exponent of
the CSA equation.

e= % + (0.005 - %) (%)n
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A unique 7z can be determined by the following equation using yield, ultimate tensile strength, and
uniform elongation property values [9]:

or

UEL — 1
n =1In 0.00 oy /lTl Y
005 -7 T

There are common mathematical descriptions of the work-hardening phenomenon. Hollomon’s equation,
proposed in 1949, is a power law relationship between stress and plastic strain:

— n
U—Kep.

The Hollomon equation does not consider the elastic portion of the curve, and the true stress-strain
information is needed. Ludwik’s equation introduced the yield stress:

o=o0,+Ksey .
These equations typically are evaluated by the slope of the log(c)/log(e) plot:

B dlog(o) _&do
n= dlog(e) ode’

Both hardening exponents in the Hollomon and the Ramberg-Osgood equations are the parameters that
describe the capacity of the steel hardening and reflect the strain hardening situation beyond the yield of
the material. These two parameters determine the largest stress and uniform strain of the material. If the
material has a higher hardening capacity, the hardening exponent in the Ramberg-Osgood equation is low
and the hardening exponent in the Holloman equation is high. The work hardening exponents can be
obtained from their own stress-strain equation [62].

Both equations create smooth stress-strain curves (i.e., the round-house shape). The discontinuities in the
actual stress-strain curve, such as the Liiders strain, are not reflected in these models. The Liiders strain of
the pipe material is highly detrimental to the compressive strain capacity of the pipeline, and therefore its
inclusion is usually prohibited in SBD. The Liiders strain, on the other hand, can increase the tensile
strain capacity because of the lower crack driving forces generated. Therefore, the omission of the Liiders
strain in pipe stress-strain curve is deemed to be acceptable to the tensile strain capacity model
development [21].

Uniform elongation has been shown to correlate to the strain at which plastic collapse will occur in the
pipe body under the combined loading of internal pressure and longitudinal strain. Assuming
homogeneous isotropic pipe material, analysis indicates that plastic collapse is estimated to occur at
approximately 2/3 UEL [9, 24]. It has been shown that the uniform elongation created by the Ramberg-
Osgood equation is almost independent of the yield strength and only depends on the Y/T. Most
importantly, the uniform elongation calculated from the Ramberg-Osgood equation can be significantly
lower than the actual uniform elongation from an experimentally measured stress-strain curve of the same
yield strength and ultimate tensile strength (or Y/T). It is especially true for low-yield strength pipe
materials [9]. The following equation was developed to estimate the minimum uniform elongation based
on the Ramberg-Osgood expression [31]:

UEL = 1.25¢, ,
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where:

g, = %+ |0.005 —%]

i]”
Y/T )

n= v

When loadings are nonproportional, such as pipelines under internal pressure and large longitudinal
strains, a critical plane approach is needed [36]. While no standardized methodology has been developed
for the pipeline industry, the ASME Boiler and Pressure Vessel Code, Section VIII, Division 2, provides
an assessment procedure using the von Mises yield criterion. The material model assessment includes
hardening or softening using true stress-strain curves up to the true ultimate stress. This approach could
provide insight into an assessment procedure that can be used for the SBD of pipelines.

43 LOW-CYCLE FATIGUE ANALYSISMETHODS

Fatigue is typically not a consideration in an elastic stress analysis. ASME B31.8 paragraph 805.2.6
states:

Design life may not pertain to the life of a pipeline system because a properly maintained
and protected pipeline system can provide service indefinitely.

Ferrous materials, particularly ductile carbon steels, exhibit a limit below which fatigue failure does not
occur under ordinary situations. Lower strength carbon steel linepipe of sufficient ductility with a
maximum internal operating pressure of 72% SMYS are often considered to operate below the fatigue
limit or endurance limit. Although research suggests that endurance limits might not actually exist, the
projected number of loading cycles is extremely high. In addition, periodic inspections using state-of-the-
art in-line inspection tools are expected to detect flaws and crack initiations long before they reach a
critical size. SBD refers to pipelines that experience significant plastic deformation and could experience
low-cycle fatigue in just hundreds of cycles.

Since strain capacity is established from the stress-strain curve, it is beneficial to accurately represent the
stress-strain curve based on cyclic behavior. The Ramberg-Osgood equation can be modified to also
represent the cyclic stress-strain curve. For all values of stress, elastic and plastic strain are summed to
obtain total strain amplitude resulting in a smooth curve from uniaxial loading:

1
o=t ()Y

The constants £, H’, and »n’ in the cyclic stress-strain equations are for the plastic terms fitting the cyclic
rather than the monotonic stress-strain data to account for cyclic hardening or softening (Fig. 14). Fitting
is accomplished using the power law:

_ ygren'
U—Hep .

When the data are fitted to stress versus life and to plastic strain versus life, separate power law
relationships for plastic (not total) strain and stress can be used:
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These power law relationships lead to the desired strain-life curve:

O_I
£q = E—’:(ZNf)b + e/ (2N;)" .

ORNL 2013-G00916/chj

]

o, Stress

g, Strain

/ '
—-——— Acp —-P AGIE —=
Ag

Fig. 14. Completely reversed cyclic loading hysteresis loop [36].

The stress or strain range is the difference between the minimum and maximum values. Half the range is
referred to as the stress amplitude (G,), which is the variation about the mean (Fig. 15). When the mean is
zero, the loading is said to be completely reversed. It is undoubtedly unreasonable to assume pipeline
strain would be completed reversed. When the mean is non-zero, the cycle life can be affected because of
a residual stress. The strain-life equations must be modified to a mean stress equation as follows:

Oar = f(0q,0m) .
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Fig. 15. Constant amplitude cyclic stress.

There are several approaches to account for the mean stress effects. An early fatigue life relationship was
developed by J. O. Smith in 1942 based on an early proposal by Goodman [78]. The modified Goodman
equation can be written as:

Ua Um

+2=1.
Uar Uu

This relationship provides a straight-line fit, which is often called the Goodman diagram. The modified
Goodman equation is highly inaccurate, often overly conservative, and should not be employed where life
estimates are desired in fatigue analysis [36].

The Morrow equation uses the same form as the modified Goodman equation but is corrected to replace
ultimate tensile strength with true fracture strength [79]. This equation is considered to be reasonably
accurate for steels, but true fracture strengths are often unavailable and must be estimated. The modified
Morrow equation can be written as:

of o, b,
£, = E( - 0-’}?) (2N;)” + &4(2N;)° .

The Smith, Watson, and Topper (SWT) parameter has the advantage of simplicity and does not rely on
any material constant [77, 78]. The SWT strain-life equation provides good results in most cases and is
somewhat more accurate than the Morrow equation, but it can be nonconservative for compressive mean
stresses. The SWT equation can be written as [77]:

N2
Oy = (Ug) (2N))*" + apep(2np) "

The Walker equation gives superior results when data are available for fitting the adjustable parameter v:
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y = —0.00020000, + 0.8818 (g, in MPa) .

For steels, this parameter can range between 0.4 to 0.8. If y=0.5, the Walker and SWT equations yield the
same result. The strain amplitude versus Walker-equivalent life curves can be written as:

OJW * ! *
ey = 2 (2N + gp, 2N; )W,

where:

1—R (1-y)/bw
When cyclic loading with plasticity is combined with a load-controlled loading in any direction, the result
can be ratcheting. Ratcheting is the cycle-by-cycle increase of plastic strain. The increase in plastic strain
is prominent in the direction of stress-controlled loading [13]. A completely displacement-controlled
cycle that causes tensile and compressive plastic strain in the longitudinal direction of the pipe can cause
ratcheting when it is combined with internal pressure. Ratcheting can occur on the circumferential strain,
tending to expand the pipe under internal pressure. Increasing the longitudinal strain range will cause
larger circumferential strains caused by pressure [13]. The longitudinal axis can also experience
ratcheting extension or contraction when all or a significant fraction of the longitudinal loading is stress-
controlled [13].

When multiple plastic cycles are applied, several methods are available for an assessment that sums the
strains from each cycle to get an accumulated peak strain for assessment [13]. One method described in
DNV-0S-F101 is the accumulated plastic strain approach, which defines the accumulated plastic strain as
the sum of the plastic strain increments, irrespective of sign and direction [13]. The strain-life fatigue
method combines the plastic strain increments into an estimate of the number of cycles that can be
allowed [13]. These methods are based on limited data and might mean that these methods are
conservative for many pipeline design situations to which they could be applied. Additional testing and
analysis of cyclic behavior of pipelines are needed to improve the methods currently available [13].

Fatigue under multiaxial loading where plastic deformations occur is complex because of the rotation of
the principle axes. An effective total equivalent stress amplitude and effective strain range can be used to
evaluate fatigue damage. An elastic-plastic analysis can be performed based on cyclic curves obtained by
material testing using a stabilized cyclic stress-strain curve or a specific cycle at a specified life under
evaluation to obtain material properties. The ASME Boiler and Pressure Vessel Code, Section VIII,
Division 2, provides an assessment procedure to evaluate protection against failure from cyclic loading
using the effective stress and strain ranges. Other approaches have also been proposed for multi-axial
stress effects using strain-life and stress-life curves. However, these approaches have not been adapted for
the pipeline industry [36].

44 PROTECTION AGAINST FAILURE

Stress-strain diagrams clearly demonstrate that although the measured strains at the failure event can have
large differences, the differences in the corresponding stresses at the same failure events are very small
[25]. It should be noted that the strain range caused by the strength level variation is dominated by the
shape of the stress-strain curve and the amount of the strength variation [25]. The most significant
contributor to the tensile strain capacity variation and the difference between the measured and predicted
tensile strain capacity is the strength variation in the specimens. From a practical viewpoint, it is unlikely
that the large strain values produced in some of the tests can be repeated consistently given the required
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precision and repeatability of the stress-strain curves. A relatively small variation of the pipe strength in
the uniform strain zone can lead to a large variation of measured tensile strain capacity [9]. Therefore
large tensile strain capacity variations are expected even under nominally identical conditions for high-
strength, micro-alloyed linepipe steel with flat stress-strain curves [25].

The effect of the Y/T ratio and strain hardening on overall mechanical material and structural behavior is
complex to assess because of several factors including the presence of Liiders plateau, fracture toughness,
and the physical nature of strain hardening. The Y/T ratio merely addresses the singular point of uniaxial,
monotonic stress-strain behavior. Historically, for material with low Y/T ratios, simplified equations and
analysis were considered sufficient for assessing plastic deformation and providing a necessary margin of
safety against ultimate failure. For pipe material with higher Y/T ratios, some of the safety margin against
local failures has essentially been removed. This safety margin could be rebuilt by more extensive
analysis of the local failure modes and the types of resistance available to prevent failures by those modes
[13].

Some standards provide extensive guidance based on a FAD. This method uses a two-parameter
technique to assess the possibility of plastic collapse and fracture separately (see Fig. 16). This approach
leads to a need for fracture parameters to assess extensive plasticity. This approach can work reasonably
well if material has strong strain hardening capacity, such as certain lower grade steels used in offshore
applications. Modern high-strength linepipe steels (Grades X70 and above) typically exhibit low strain
hardening [64]. When loadings are nonproportional, such as with pipelines, a critical plane approach is
needed [36]. A methodology to evaluate fatigue damage, the effective strain range of longitudinal
displacement, and circumferential stress effects from pressure to bound operating conditions is desired.
The safety factor is expected to be within the range of 0.20-0.25 [64].
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Fig. 16. Failur e assessment diagram schematic.
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5. PIPELINE DESIGN AND SAFETY ISSUES

Pipelines that undergo large longitudinal strain have been in service for many years. However, in the last
10 years, the design trend is evolving from a stress-based design approach to an SBD approach using
high-strength linepipe. Existing federal pipeline safety regulations and national consensus codes for
pipelines were not originally intended for high-strength linepipe, and very limited service experience
exists. Consequently, current rules for stress-based design and high-strength linepipe steel are not
sufficient to accurately predict mechanical properties, ensure safe operation, or predict a reliable service
history. For instance, after years of service, structural integrity problems have been noted in petroleum
and natural gas transmission pipelines in off-shore service because of the cyclic effects of waves and
currents. The following discussions about material standards, design codes, construction practices, and
regulatory compliance issues characterize some key problem areas that are not adequately addressed by
stress-based design of pipelines constructed with high-strength linepipe.

51 DESIGN CODE AND MATERIAL STANDARD ISSUES

Specific prescriptive and performance requirements will likely be codified as additional research and
operational histories become available because design codes and material standards are the primary
vehicles for advancing the SBD approach and establishing acceptable consensus requirements. It is
important to identify the key requirements for validating SBD, determine applicable standard practices,
codify developmental efforts, and begin implementation of protocols for the industry. Codes, standards,
and recommended practices provide criteria and recommended guidelines on concept development,
design, construction, operation, maintenance, repair, and abandonment of equipment when invoked by
applicable regulations or company specifications. They might also serve as a requirement or guideline
between a purchaser and contractor. SBD is addressed in a number of design codes, but the codes do not
give sufficient guidance in nonlinear structural analysis. Appropriate national, international, and
consensus standards should be followed in conjunction with specific recommendations for SBD.

A challenge in estimating strain demand is accounting for potential error in analytical strain demand
prediction methods. There are discrepancies between finite element analysis results, experiments, and
operational histories. Because of the complexity and expense of full-scale testing and the limited data on
small-scale testing of high-strength linepipe, it is difficult to estimate errors in analytical methods. There
are many factors affecting strain capacity; therefore, it is unrealistic to experimentally determine optimum
specifications of full-scale testing. It is essential to determine the parameters for the validation of strain
capacity through small-scale testing.

As SBD methods are not yet fully mature, some problems still exist, such as lack of test results, field
experience, and different definitions of yield strength for high-strength linepipe steel. Understanding the
true material response is critically important for all SBD applications because the effects of low strain
hardening, which has been observed for certain high-strength steels, can result in reduced service life.

52 LINEPIPE MATERIAL PROPERTY ISSUES

Although significant advances and theories have been developed over the past decade to support SBD,
most of the previous work has relied on monotonic testing techniques. The studies published to this point
have focused on stress or strain limits but have limited application to predicting service life or failure
caused by cyclic behavior at these stress and strain limits. A unique opportunity currently exists for
further exploration of high-strength linepipe material properties as manufacturers consider their use for
near-term projects.
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Considerable work remains to develop an SBD approach for pipelines that takes full advantage of the
nonlinear behavior of linepipe steel because this behavior has far greater influence on the strain capacity
than stress capacity. The long-term goal should be to achieve near-optimum designs that provide the best
economy over the life time of the pipelines and at quantifiable reliability levels. Full stress-strain curves
are needed for SBD. This is particularly true in light of the problem with differing yield strength
definitions and the nonlinear shapes of stress-strain curves. For most pipelines, the design is governed by
the pressure-induced transverse stress intensity produced by the maximum internal operating pressure. To
ensure safe pipeline operation, the maximum allowable operating pressure (MAOP) for SBD should be
determined using the actual material properties for the linepipe steel determined by tensile testing of
representative material samples.

Deficiencies in the current state of knowledge that are preventing effective use of the SBD approach for
pipeline applications have been identified. Some areas are the focus of current research, but many of the
following potential problems still remain.

¢ Pipeline steels are often assumed to be isotropic. Previous studies assuming isotropic properties of the
longitudinal direction might be nonconservative [65].

e Strain aging from the pipe coating process has been shown to increase pipe yield strength and even
ultimate tensile strength. Its effect is thought to be larger in the transverse direction [10].

e The predictive models have no inherent safety factor [9].

e Numerical analysis in the last few years and more recent experimental work has shown that the
longitudinal tensile strain capacity could be significantly reduced by transverse stress [10].

e There exists the possibility of failure from large tensile strain induced longitudinally in a pipe based
on values expected to be acceptable from measured transverse properties only [13].

e The widely accepted assumption that the tensile and compressive strain capacities are affected only
by the longitudinal tensile properties is not rigorously correct. Both transverse and longitudinal
properties have impact on the strain capacity. This could be particularly true in the presence of
transverse stress [10].

e There have not been sufficient data regarding biaxial stress from transverse stress caused by high
design pressure and large longitudinal strain from large deformation [66].

o The definition of yield strength needs to be reviewed to accommodate high-strength linepipes [10].
e There is a need to develop prediction methods for bounding strain capacity [14].

Although the use of higher strength linepipe has economic advantages, it is essential to understand the
material behaviors over the life cycle of a transmission pipeline. Establishing the technical basis for these
compliance and performance issues and formulating appropriate regulatory requirements for ensuring
pipeline safety requires an understanding of the root causes and contributing factors for these problems.
SBD requires the consideration of more complex analytical approaches that maintain compliance
resulting from lateral displacements without exceeding acceptable longitudinal strain limits. It requires
the consideration of plastic deformations that are “non-recoverable” beyond the elastic limit, the
interaction of the biaxial stress state and the potential for anisotropic effects on the linepipe steel. The
advanced nature of the required analyses places a large burden on the correct interpretation and
implementation of mechanical properties data. Because methods to predict strain capacity are still
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relatively new technologies, there is a need to provide confidence in pipeline behavior with adequate
design safety when the pipeline is subjected to significant lateral displacements. Significant experimental
and analytical work remains to ensure uniformity of application within the industry while facilitating
regulatory acceptance and compliance. Establishing the technical basis for strain-based performance
issues and formulating appropriate regulatory requirements requires an understanding of the material
behavior. Consequently, a comprehensive validation program of high-strength material properties is key
to accomplishing this goal.
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6. GRADE X80 LINEPIPE

The material samples supplied for this study met the requirements in API Specification 5L for Grade
X80M PSL2 linepipe. The linepipe was fabricated using a three-roll bending process from plate that was
thermomechanically rolled. After rolling, the single longitudinal seam was welded using a submerged-arc
welding process (SAWL). Following welding, the linepipe was shipped by barge to a separate facility for
mechanical expansion to the final dimensions. Final delivery conditions satisfied the rules in 49 C.F.R
§192.112 (a)(3) and (4) for additional design requirements for steel pipe using alternative maximum
allowable operating pressure and requirements for general standards including chemical composition.

The Grade X80M SAWL PSL2 linepipe that was supplied for this study was manufactured specifically to
evaluate the effects of mechanical expansion of X80 pipe and not explicitly to evaluate SBD
requirements. Consequently, the linepipe was received in two conditions; in the as-rolled condition before
mechanical expansion and after mechanical expansion. As-received linepipe dimensions for each delivery
condition are shown in Table 1. These dimensional data were not evaluated for compliance to any other
specification.

Table 1. Pipe body dimensions

Delivery Pibe Dimensions Maximum Outer Cold Expansion
Condition P Fiber Strain (%) (%)
D=475/8 in.
As-Rolled = 0950 in. 2.03 --
. D =48 1/8 in.
Post-Expansion t=0933in. 3.11 1.05

Tensile test data was provided by the pipe mill following mechanical expansion, but before shipment.
Due to the nature of shipping and fabrication facility schedules, the time between linepipe fabrication and
delivery was approximately 18 months.

6.1 CHEMICAL ANALYSIS

The chemical composition of the post-expanded linepipe was determined at the Oak Ridge National
Laboratory using Spectro Analytical Instrument Spectroport, Model #TPF7B02F. Results of the chemical
analysis are shown in Table 2.

Additional requirements for steel pipe meeting the alternative maximum allowable operating pressure
requirements that are referenced in 49 C.F.R §192.112 (a) include:

(1) The plate, skelp, or coil used for the pipe must be micro-alloyed, fine grain, fully killed, continuously
cast steel with calcium treatment.

(2) The carbon equivalents of the steel used for pipe must not exceed (.25 percent by weight as

calculated by the Ito-Bessyo formula (Pcm formula) or 0.43 percent by weight, as calculated by the
International Institute of Welding (IIW) formula.
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Table 2. Chemical analysisresults

Chemical analysis
resultsfor post-

Chemical analysislimitsin API
Specification 5L/1 SO 3183 (2013)

Element* expanded linepipe (%) (max. %)
C 0.068 0.18
Si 0.20 0.45
Mn 2.04 1.90
P 0.013 0.025
S 0.001 0.015
A 0.004
Nb"™* 0.037 Nb+V +Ti<0.15
Ti™ 0.002
Cu 0.25 0.50
Ni 0.27 1.00
Cr 0.008 0.50
Mo 0.22 0.50
CEpw 0.149 0.43
CEpem 0.209 0.25

"Up to a maximum of 2.00% based on reductions below maximum C or as agreed.

“Nb + V + Ti=0.037 + 0.004 + 0.002 = 0.043.

Based on these chemical analysis results, the material supplied for this study satisfies the chemical
requirements for Grade X80M PSL2 linepipe prescribed in both 49 C.F.R §192 and API Specification 5L.

6.2 TENSILE PROPERTIES

Transverse and longitudinal rectangular tensile specimens and round bar transverse tensile specimens

were machined from the Grade X80M PSL2 linepipe that was supplied for this study. Tensile test data

reported by the pipe mill are shown in Table 3. Mechanical property requirements prescribed in API

Specification 5L for Grade X80M PSL2 linepipe are shown in Table 4.

Table 3. Tensiletest data acquired at the pipe mill

Before Expansion After Expansion
Yield Tensile Elongation Yield Tensile
Strength,  Strength, 80 " Y/T Strength  Strength, Elongation,% Y/T
ps (MPa) ps (MPa) psi (MPa) ps (MPa)
Egaélysverse 77.885 95,435 415 082  77.450 96,740 40.0 0.85
I}g‘(’)‘éf;‘mdmal 78,175 92,534 41.0 084 76,579 93,694 40.0 0.82
Round Bar 78,289 96,450 26.0 079 86,877 97,900 24.5 0.89




Table 4. Mechanical property requirements prescribed in APl Specification 5L for Grade X80M PSL 2

linepipe
Yield Strength, Tensile Strength, Ratio, Elongation,
Y (psi) T (psi) Y/ %
Minimum M aximum Minimum Maximum M aximum Minimum
80,500 102,300 90,600 119,700 0.93 13%

Comparison of yield strength values reported in Tables 3 and 4 reveals that the yield strength test results
for the after expansion rectangular tensile specimens fell below the minimum API Specification 5L yield
strength requirement of 80,000 psi. However, the yield strength test results for round bar tensile
specimens after expansion exceed the minimum yield strength requirement of 80,000 psi and, therefore,
satisfies this API Specification 5L requirement.

6.3 TEST SPECIMENS

In order to accurately assess the mechanical properties and establish design limits for Grade X80 linepipe,
studies were conducted to compare the life-cycle effects of material processing and operational
conditions. These studies included testing of specimens in the as-rolled, post-expansion, and post-
expansion, strain-aged conditions. Conditioning of the post-expanded, strain-aged linepipe specimens was
achieved by heating the pipe segments to 550°F for 30 minutes and then allowing the segments to air
cool. This conditioning process simulated strain aging and
thermal treatments corresponding to coating application.

The location and orientation of circumferential and
longitudinal test specimens is shown in Fig. 17.

Key

1 — Circumferential sample, 90° from longitudinal weld
joint

2 — Longitudinal sample, 90° from longitudinal weld joint

3 — Circumferential sample, 180° from longitudinal weld
joint

4 — Longitudinal sample, 180° from longitudinal weld joint ~ Fig- 17. Specimen locationsand orientations.

After machining, each specimen was marked with “A”, “B”, “C”, or “D” to identify material condition
and location as follows:

“A” — As-rolled, pre-expanded pipe 90° from longitudinal weld joint

“B” — Post-expanded pipe 90° from longitudinal weld joint

“C” — Strain-aged, post-expanded 90° from longitudinal weld joint

“D” — Strain-aged, post-expanded 180° from longitudinal weld joint
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6.4 MICROSTRUCTURE

Approximately square samples were taken from all three material conditions to investigate the grain
structure. The circumferential and longitudinal faces were ground, polished, and etched as shown in

Fig. 18. Images of the grain structure were produced using a scanning electron microscope (SEM) for
each of the four (4) pipe conditions labeled “A”, “B”, “C”, and “D” as described in Section 6.3. The SEM
images are shown in Figs. 19-26.

Longitudinal
Circumferential Face
Face
Pipe Axis

Fig. 18. Pipe Sample.

SUS5001.50K\. X1 40K-SE 02H9/2014 ¢ 240,000 'SU3500 71:50k VA x1.40k SE.02/19/2014

Fig. 19. Specimen A Circumferential. Fig. 20. Specimen A Longitudinal.
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Fig. 21. Specimen B Circumferential. Fig. 22. Specimen B Longitudinal.

1 1 1 A ] 1 1 ] 1
40.:0urm SU3500 1 211 40.0um

Fig. 24. Specimen C Longitudinal.

- .11 o, YH., 0 (0 b 0 Bl
SU3500 1.50k% x1. SEU2{19/2014 . e . 40.00m "~ SU35001 : 40.0um

Fig. 25. Specimen D Circumferential. Fig. 26. Specimen D L ongitudinal.
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6.5 HARDNESS

Through-wall hardness variation was determined for all three material conditions using a Versitron Series
Rockwell hardness testing machine. The hardness was measured along both the circumferential and
longitudinal faces shown in Fig. 18. Rockwell hardness values varied from 10 to 19 HRC depending on
the distance from the inner wall surface and the material condition as shown in Fig. 27. This range is well
below the API Specification 5L lower limit of 35 HRC. No discernable patterns of through-wall hardness
properties were noted.

35
%) 30
x . .
T = Circumferential A
~ 25
§ Longitudinal A
'E 20 == Circumferential B
<
T -
515 Longitudinal B
T === Circumferential C
_§ 10 Longitudinal C
nc% 5 Circumferential D

Longitudinal D
O T T T 1

0 0.2 0.4 0.6 0.8 1
Distance from Inner Wall Surface (inches)

Fig. 27. Through-Wall Har dness.
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7. MONOTONIC LINEPIPE MATERIAL PROPERTIESAND BEHAVIOR

Implementation of the elastic-plastic analysis and assessment method described in Sect. 9 requires an
understanding of monotonic properties and behavior of Grade X80 linepipe steel. In an effort to develop
the knowledge base needed to assess the effectiveness of this method, tensile testing of representative
linepipe steel samples were conducted in the laboratory using servo-controlled hydraulic testing
equipment and automated instrumentation suitable for loading, measuring, and acquiring stress-strain
data. The key objective of these laboratory tests was to produce material properties for Grade X80
linepipe steel in the as-rolled, expanded, and expanded and aged conditions.

7.1 TEST SPECIMEN SELECTION CONSIDERATIONSAND ANALYSIS

Round bar specimens with a uniform cross section and rectangular full-thickness specimens were chosen
as representative test samples based on the following considerations.

testing equipment capacity
specimen size limitations
gripping constraints
material strength
laboratory accessibility
economic factors

Round tensile test specimens met the requirements of ASTM E8/E8M-13a for small-size specimens with
a gage length of five times the diameter. Rectangular tensile test specimens met the requirements of
ASTM E8/E8M-13a for standard plate-type specimens with a full wall thickness. The number of
specimens, sample location, and gage length do not necessarily comply with any other code requirements.
Flattening of test specimens was not permitted. Pipe curvature over the gage length of the longitudinal
specimens was maintained. However, due to the loads required for the longitudinal flat tensile specimens,
the pipe curvature over the grip length was removed. Based on the API Specification 5L requirement of
13% minimum test elongation, ring expansion tests could not produce completed stress-strain curves and
therefore were not conducted.

The general test requirements were intended to yield tensile properties for the material including
measured stress-strain curves. The specimens were labeled “A”, “B”, “C”, and “D” as described in
Section 6.3. The specified minimum yield strength (SMYS) was defined by using the 0.5 extension under
load (EUL) method. Tests were conducted at room temperature (=75°F) in accordance with testing
requirements in ASTM A 370-09a and ASTM E8/E8M-13a.Round bar and rectangular full-thickness
specimens were prepared from the wall of large diameter X80 rolled linepipe. The general pipe wall
specimen configuration is shown in Fig. 28. The round bar specimens were machined and ground while
the rectangular specimens were cut directly from the pipe wall using waterjet cutting technology.

The tensile test results were intended to provide tensile properties and stress-strain curves for comparison
to cyclic material properties and analysis. Engineering and true stress-strain curves were generated and
true stress-strain material constants were determined after testing.

o The strength coefficient, H, and strain hardening coefficient, n, was determined using a power law fit
based on the true stress versus true plastic strain curve. The slope of the plastic strain curve is the
strain hardening exponent and the strength coefficient is the intercept when the plastic strain is equal
to 1.

5 — H&n
O'—Hé‘p
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e True fracture strength is obtained from the load at fracture and the final area. The major and minor
axis was measured using an optical comparator.

3 P
or = —
f Af
e True fracture strain was obtained as a ratio of the initial and final area.
I
Sf =n—-—
Af

Fig. 28. Tensile specimens.

7.2 CIRCUMFERENTIAL TENSILE TESTING

Round bar tensile testing followed the general practices set forth in ASTM E 8/E 8M-08. The tests
consisted of 3 specimens of the same configuration and material condition as described in Sect. 6.3. The
specimens had a 0.250” diameter within the 1.5” gage length. All circumferential tensile tests were
conducted at a strain rate of 0.090 inches per minute.

A summary of circumferential round bar tensile properties is shown in Tables 5 through 8. The strain
hardening exponent values reported in these tables were calculated based on the true stress-strain data; the
strength coefficient, H, was computed based on true strain at €,=1; and the true fracture strength and true
fracture strain were determined using post mortem measurements of specimens. The engineering and true
stress-strain curves are shown in Figs. 29 and 30 with a detailed view of the 0.5% EUL and 0.2% offset
yield point determination shown in Fig. 31. Fracture surface pictures of the tensile specimens are shown
in Figs. 32 through 35.
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Table 5. Summary of Circumferential Round Bar Tensile Properties, As-Rolled

(* Necking occurred outside limits of clip gage)

ENGINEERING TRUE
. Yield .
Yied . . Maximum True .
Specimen Strength Strength  Ultimate Elastic UEL Text Fracture Strer_wgth True Stra1r_1
(0.2% off- (0.5% Strength  Y/T  Modulus (%) Elongation Strength Coefficient Fracture Hardening
) . EUL) (ksi) (Msi) 0 ; (ksi) Strain Exponent
set) (ksi) (ksi) (%) (ksi)
A-Circ-01 75.69 77.95 96.77 0.81 31.14 8.70 21.06 217.06 85.29 1.513 0.100
A-Circ-02* 76.44 78.54 97.61 0.80 32.00 9.42 13.50 221.95 85.67 1.510 0.100
A-Circ-03 78.42 80.30 98.57 0.81 31.39 7.69 17.47 227.94 87.37 1.543 0.098
Average 76.85 78.93 97.65 0.81 31.51 8.60 17.34 222.32 86.11 1.522 0.099
Sg}gﬁﬁl 1.410 1223 0901  0.006 0440 0869  3.782 5.449 1.103 0.018 0.001
Table 6. Summary of Circumferential Round Bar Tensile Properties, Expanded
ENGINEERING TRUE
. Yield .
Yied . . Maximum True .
Specimen Strength Strength  Ultimate Elastic UEL Text Fracture Strer_wgth True Stra1r_1
(0.2% off- (0.5% Stren_gth YIT Modu_lus (%) Elongation Strength Coefﬂqent Fractpre Har dening
sét) (ksi) EUL) (ksi) (Msi) (%) (ksi) (ksi) Strain Exponent
(ksi)
B-Circ-01 94.94 94.95 99.72 0.95 32.01 7.17 20.57 216.45 92.10 1.548 0.077
B-Circ-02 95.91 95.92 98.75 0.97 32.14 6.47 18.81 222.81 91.55 1.563 0.076
B-Circ-03 93.48 93.48 98.84 0.95 31.68 7.07 20.43 216.23 91.11 1.539 0.078
Average 94.78 94.78 99.10 0.96 31.94 6.90 19.94 218.50 91.59 1.550 0.077
Standard 1.223 1.229 0536 0013 0237 0379 0978 3.737 0.493 0.012 0.001

Deviation
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Table 7. Summary of Circumferential Round Bar Tensile Properties, Expanded and Strain-Aged, 90° from Weld Seam

ENGINEERING TRUE
. Yield .
Specimen St\r(tlaﬁdth Strength  Ultimate Elastic UEL M a_i_(lgtum Fr-;gjl?re Strength True Strain
g (0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation Strength (ksi) Strain Exponent
set) (ks) (%) (ks) P
C-Circ-01 94.26 94.23 98.70 0.95 32.93 8.38 21.67 227.25 87.25 1.543 0.090
C-Circ-02 95.02 94.90 100.55 0.94 32.52 6.95 19.22 211.16 89.79 1.467 0.085
C-Circ-03 92.86 91.87 97.73 0.94 32.68 6.79 19.50 197.98 88.79 1.449 0.082
Average 94.05 93.67 98.99 0.95 32.71 7.37 20.13 212.13 88.61 1.486 0.086
Standard 1.096 1.592 1433 0.008 0207 0875 1341 14.659 1.283 0.050 0.004
Deviation

Table 8. Summary of Circumferential Round Bar Tensile Properties, Expanded and Strain-Aged, 180° from Weld Seam

ENGINEERING TRUE
. Yield .
Specimen St\r((laﬁdth Strength  Ultimate Elastic UEL M a_i_qgtum Fr-;rctjl?re Strength True Strain
g (0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation Strength (ksi) Strain Exponent
se) (ks) (%) (ksi) P
D-Circ-01 94 81 94.81 102.47 0.93 32.61 8.76 21.02 227.57 88.06 1.545 0.097
D-Circ-02 95.32 95.28 103.13 0.92 32.68 8.44 22.18 210.47 88.73 1.476 0.094
D-Circ-03 94.86 94.86 102.66 0.92 32.71 9.71 23.18 220.87 88.32 1.535 0.096
Average 95.00 94.98 102.75 0.92 32.67 8.97 22.13 219.64 88.37 1.519 0.095
Standard 0.281 0.258 0340  0.001  0.051  0.661 1.081 8.616 0.339 0.037 0.001

Deviation
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Fig. 29. Engineering stress strain curves for Fig. 30. Truestressstrain curvesfor
circumferential tensile specimens. circumferential tensile specimens.
100
80
E 60 - —_—p
g —s
40 J—
20 —b
0 — T - T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Strain (%)

Fig. 31. 0.5% EUL and 0.2% Offset yield points
for circumferential tensile specimens.

Fig. 32. Fracture surfacefor as-rolled Fig. 33. Fracture surface for expanded
circumferential tensile test specimen. circumferential tensile test specimen.
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Fig. 34. Fracture surface for expanded and Fig. 35. Fracture surface for expanded and
strain-aged circumferential tensiletest specimen 90° strain-aged circumferential tensile test specimen
from weld seam. 180° from weld seam.

7.3 LONGITUDINAL TENSILE TESTING
7.3.1 Round Bar Tensile Test Specimens

Round bar tensile testing followed the general practices set forth in ASTM E 8/E 8M-08. The tests
consisted of 3 specimens of the same configuration and material condition as described in Sect. 6.3. The
specimens had a 0.250” diameter within the 1.5” gage length. All circumferential tensile tests were
conducted at a strain rate of 0.090 inches per minute.

A summary of round bar tensile properties is shown in Tables 9 through 12. The engineering and true
stress-strain curves are shown in Figs. 36 and 37 with a detailed view of the 0.5% EUL and 0.2% offset
yield point determination shown in Fig. 38. Fracture surface pictures of the tensile specimens are shown
in Figs. 39 through 42.

7.3.2 Rectangular Tensile Specimens

Full wall thickness rectangular tensile specimens were also tested following the general practices set forth
in ASTM E 8/E 8M-08. The tests consisted of 3 specimens of the same configuration for each material
condition.

The full wall specimens had a width of 1 2 in. and a minimum gage length of 2 % in. The specimens were
cut using waterjet technology in an effort to not flatten the specimens. Due to the material strength,
specimens were tested on a 200 kip test machine. Original specimens, with a grip length of 3 in. could
not be held sufficiently to conduct the tests. Subsequent specimens were cut with a grip length of 6 in. and
machined flat over the grip length (see Fig. 28). For these specimens, the curved pipe diameter was
retained over the gage length.
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Table 9. Summary of Longitudinal Round Bar Tensile Properties, As-Rolled

ENGINEERING TRUE
. Yield .
; Yield Strength  Ultimate Elastic Maximum True Strength True Strain
Specimen Strength UEL Test Fracture 9 .
(0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation  Strength (ksi) Strain Exponent
set) (ks) (%) (ks) P
A-Axial-01 78.05 78.37 94.27 0.83 29.49 9.16 21.00 219.15 80.65 1.552 0.113
A-Axial-02 76.41 77.05 92.98 0.83 31.22 10.71 24.07 238.67 79.11 1.656 0.114
A-Axial-03 77.11 77.65 93.57 0.83 29.92 9.29 22.15 207.35 81.00 1.527 0.107
Average 77.19 77.69 93.61 0.83 30.21 9.72 22.41 221.72 80.25 1.578 0.111
Sg}gﬁﬁl 0.823 0.661 0.646 0001 0900 0860  1.551 15.818 1.007 0.068 0.004
Table 10. Summary of Longitudinal Round Bar Tensile Properties, Expanded
ENGINEERING TRUE
. Yield .
; Yield Strength  Ultimate Elastic Maximum True Strength True Strain
Specimen Strength UEL Test Fracture .9 .
(0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation  Strength (ksi) Strain Exponent
se) (ks) (%) (ksi) P
B-Axial-01 78.84 79.49 92.46 0.86 29.21 9.08 22.63 225.97 83.16 1.578 0.088
B-Axial-02 80.97 82.30 96.53 0.85 28.73 6.82 21.16 235.46 90.41 1.704 0.069
B-Axial-03 78.33 79.83 93.79 0.85 29.30 7.38 20.51 221.85 85.73 1.627 0.082
Average 79.38 80.54 94.26 0.85 29.08 7.76 21.43 227.76 86.43 1.636 0.080
Standard 1.400 1.534 2075 0005 0309 1177  1.086 6.979 3.677 0.063 0.010

Deviation




Table 11. Summary of Longitudinal Round Bar Tensile Properties, Expanded and Strain-Aged, 90° from weld seam

ENGINEERING TRUE
. Yield .
Specimen St\r(tlaﬁdth Strength  Ultimate Elastic UEL M a_i_(lgtum Fr-;gjl?re Strength True Strain
g (0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation Strength (ksi) Strain Exponent
set) (ks) (%) (ks) P
C-Axial-01 83.36 88.22 95.46 0.92 29.01 8.37 22.86 225.61 84.66 1.620 0.097
C-Axial-02 82.74 82.85 94.39 0.88 29.07 8.39 22.26 224.87 84.02 1.627 0.094
C-Axial-03 85.11 85.13 93.47 091 30.26 8.72 21.79 21543 81.52 1.557 0.105
Average 83.74 85.40 94.44 0.90 29.45 8.49 22.30 221.97 83.40 1.601 0.099
Standard 1.229 2.695 0996  0.024 0.704  0.197 0.536 5.676 1.662 0.038 0.005
Deviation

8¢

Table 12. Summary of Longitudinal Round Bar Tensile Properties, Expanded and Strain-Aged, 180° from weld seam

ENGINEERING TRUE
. Yield .

Specimen St\r((laﬁdth Strength  Ultimate Elastic UEL Ma.i_(';]tum Fr-;rctjl?re Strength True Strain
g (0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation Strength (ksi) Strain Exponent

se) (ks) (%) (ksi) P

D-Axial-01 85.55 85.57 94.98 0.90 29.85 9.50 23.17 219.54 81.94 1.576 0.109

D-Axial-02 85.63 85.64 95.33 0.90 30.08 9.56 22.52 218.81 82.44 1.566 0.108

D-Axial-03 85.88 85.91 95.77 0.90 29.80 8.97 20.96 211.20 83.10 1.486 0.107

Average 85.69 85.71 95.36 0.90 29.91 9.34 22.22 216.52 82.49 1.543 0.108

Standard 0.172 0.180 0396  0.002 0.149  0.325 1.136 4619 0.582 0.049 0.001

Deviation
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Fig. 36. Engineering stress strain curves for Fig. 37. Truestress strain curvesfor
longitudinal round bar tensile specimens. longitudinal round bar tensile specimens.
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Fig. 38.0.5% EUL and 0.2% Offset yield points
for longitudinal round bar tensile specimens.

Fig. 39. Fracture surfacefor as-rolled Fig. 40. Fracture surface for expanded
longitudinal tensile test specimen. longitudinal tensile test specimen.
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Fig. 41. Fracture surface for expanded and Fig. 42. Fracture surface for expanded and
strain-aged longitudinal tensile test specimen 90° strain-aged longitudinal tensile test specimen 180°
from weld seam. from weld seam.

A summary of longitudinal full wall thickness tensile properties is shown in Tables 13 through 16. The
engineering and true stress-strain curves are shown in Figs. 43 and 44. A detailed view of the 0.5% EUL
and 0.2% offset yield point determination shown in Fig. 45.

Midline cracking of the full thickness longitudinal specimens was observed (Figs. 46 through 51). The
visual observation occurred after the onset of plastic yielding. Due to testing safety considerations, close
proximity visual inspection during testing was not feasible and it was not obvious if cracking occurred
before localized thinning of the specimen. In addition, slight rotation of the through-wall edges of the
specimens was observed after completion of the tests.

7.4 STRAIN RATIO TESTING

Strain ratio testing, usually described as Poisson’s ratio testing, experimentally determines the negative
ratio of transverse to axial strain. Strain ratio determinations involved circumferential and longitudinal
tensile specimens labeled “A,” “B,” and “C” as described in Sect. 6.3 and followed general testing
guidance in ASTM E 132-04 (R 2010). In contrast to ASTM E 132, round tensile specimens were used in
place of flattened rectangular specimens to determine strain ratio because this approach avoided use of
flattened specimens. Test data were evaluated above the proportional limit up to 6% EUL.

The specimens were mounted in a tensile test machine used to perform standard tensile tests. A 1-in.
extensometer was attached to the gage section of the specimen to measure and record the axial strain
history. A digital micrometer was used to measure the minimum and maximum specimen diameters in the
gage section during the test. Transverse strains were plotted in relation to axial strains rather than the
applied load due the plastic behavior of the material. Round bar orientation was determined based on
strain comparisons to the rectangular flat specimens. The axial strain versus strain ratio test results are
plotted in Figs. 52 through 57. The plastic ratios were determined using the least squares method after the
Liider’s yielding and are shown in Table 17.
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Table 13. Summary of Longitudinal Rectangular Specimen Tensile Properties, As-Rolled

ENGINEERING TRUE
. Yield .
Yied . : Maximum True .
Specimen Strength Strength  Ultimate Elastic UEL Text Fracture Strer_wgth True Stra1r_1
(0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation Strength (ksi) Strain Exponent
set) (ks) (%) (ks) P
AL-Axial-01 77.67 78.18 91.32 0.86 27.69 10.29 28.65 220.43 82.63 0.992 0.085
AL-Axial-02 78.10 78.68 91.20 0.86 28.31 10.60 41.93 132.61 82.81 1.006 0.083
AL-Axial-03 77.23 76.10 91.52 0.83 22.85 10.99 41.22 110.84 82.85 0.945 0.084
Average 77.67 77.65 91.35 0.85 26.28 10.63 37.27 154.63 82.76 0.981 0.084
Standard 0.435 1.368 0.162 0016 2993 0351 7471 58.018 0.117 0.032 0.001
Deviation
Table 14. Summary of Longitudinal Rectangular Specimen Tensile Properties, Expanded
ENGINEERING TRUE
. Yield .
Specimen StT(Ieildth Strength  Ultimate Elastic UEL Ma_ifgtum Frgcltjuere Strength True Strain
g (0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation Strength (ksi) Strain Exponent
set) (ksi) : (%) (ks) P
(ksi)
BL-Axial-01 84.64 83.09 93.43 0.89 22.89 6.64 39.69 86.20 88.69 1.037 0.062
BL-Axial-02 93.32 93.87 96.23 0.98 25.63 7.46 39.05 103.66 87.15 0.987 0.086
BL-Axial-03 94.12 94.04 96.98 0.97 26.86 4.71 36.65 99.59 95.57 0.955 0.037
Average 90.69 90.33 95.55 0.94 25.13 6.27 38.46 96.48 90.47 0.993 0.062
Standard 5.258 6.273 1.871  0.048  2.031 1412 1.603 9.135 4.480 0.041 0.024

Deviation
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Table 15. Summary of Longitudinal Rectangular Specimen Tensile Properties, Expanded and Strain-Aged, 90° from weld seam

ENGINEERING TRUE
. Yield .
Specimen St\r(tlaﬁdth Strength  Ultimate Elastic UEL M a_i_(lgtum Fr-;gjl?re Strength True Strain
g (0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation Strength (ksi) Strain Exponent
set) (ks) (%) (ks) P
C-Axial-01 79.09 73.01 92.69 0.79 18.34 6.62 41.29 123.92 87.82 1.016 0.062
C-Axial-02 93.43 93.96 96.81 0.97 28.43 8.05 50.19 103.01 87.00 1.011 0.091
C-Axial-03 92.41 92.69 95.79 0.97 29.20 14.75 39.73 109.73 86.86 1.013 0.093
Average 88.31 86.55 95.10 091 25.32 9.81 43.74 112.22 87.23 1.013 0.082
Standard 8.001 11.746 2.146 0105  6.055 4340 5.643 10.675 0.521 0.003 0.018
Deviation

Table 16. Summary of Longitudinal Rectangular Specimen Tensile Properties, Expanded and Strain-Aged, 180° from weld seam

ENGINEERING TRUE
. Yield .
Specimen St\r((laﬁdth Strength  Ultimate Elastic UEL M a_i_qgtum Fr-;rctjl?re Strength True Strain
g (0.5% Strength  Y/T  Modulus . Coefficient Fracture Hardening
(0.2% off- EUL) (ksi) (Msi) (%) Elongation Strength (ksi) Strain Exponent
se) (ks) (%) (ksi) P
DL-Axial-01 90.49 88.34 98.34 0.90 23.75 6.20 39.77 104.58 94.27 1.004 0.056
DL-Axial-02 94.66 95.03 98.02 0.97 29.27 7.62 39.05 111.69 88.79 0.998 0.086
DL-Axial-03 92.41 92.69 95.79 0.97 29.20 14.75 39.73 99.88 86.40 0.988 0.086
Average 92.52 92.02 97.38 0.95 27.41 9.52 39.52 105.38 89.82 0.997 0.076
Standard 2.087 3.395 1389  0.041  3.170  4.582  0.405 5.946 4.032 0.008 0.018

Deviation




Table 17. Summary of Plastic Strain Ratio Specimens

Vo Voz Viz

L-A-3 0.379 0.504
C-A-8 0.502 0.378
L-B-2 0.383 0.571
C-B-8 0.523 0.385
L-C-2 0.358 0.527
C-C-4 0.445 0..437

Average 0.512 0.383 0.534

80 R
g —h
760 N — 5
2
a

Stress (ksi)

1] 2 a4 6 8 10
o Strain (%)
0 10 20 30 40 50
Strain (%)
Fig. 43. Engineering stress strain curves for Fig. 44. True stress strain curvesfor
longitudinal rectangular tensile specimens. longitudinal rectangular tensile specimens.

Stress (ksi)

0.0

Stra?hst%] 10

Fig. 45. 0.5% EUL and 0.2% Offset yield points

for longitudinal rectangular tensile specimens.
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Fig. 46. Top view of fracture surfacefor as- Fig. 47. Side view of fracture surfacefor as-
rolled longitudinal tensile test specimen. rolled longitudinal tensile test specimen.

Fig. 48. Top view of fracture surface for Fig. 49. Side view of fracture surface for
expanded longitudinal tensiletest specimen. expanded longitudinal tensiletest specimen.

Fig. 50. Top view of fracture surface for Fig. 51. Side view of fracture surface for
expanded and strain-aged longitudinal tensile test expanded and strain-aged longitudinal tensile test
specimen 90° from weld seam. specimen 90° from weld seam.
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Fig. 52. Strain Ratio curvesfor asrolled
material from longitudinal round bar tensile
specimens (specimen L-A-3).
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Fig. 54. Strain Ratio curvesfor expanded
material from longitudinal round bar tensile
specimens (specimen L-B-2).
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Fig. 56. Strain Ratio curvesfor expanded,
strain-aged material from longitudinal round bar
tensile specimens (specimen L-C-2).
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Fig. 53. Strain Ratio curvesfor asrolled
material from circumferential round bar tensile
specimens (specimen C-A-8).
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Fig. 55. Strain Ratio curvesfor expanded
material from circumferential round bar tensile
specimens (C-B-8).
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Fig. 57. Strain Ratio curvesfor expanded,
strain-aged material from circumferential round
bar tensile specimens (specimen C-C-9).

65



7.5 DISCUSSION AND CONCLUSIONS

Compared to plate test results obtained using standard testing techniques, the monotonic test results show
very different mechanical properties and behavioral characteristics that are influenced by material
processing, aging, specimen orientation, and test method. The following observations were noted.

e The tensile test results show that as-rolled linepipe material exhibits roundhouse stress-strain response
in the transition region from elastic to plastic deformation. However, the yield point for as-rolled
linepipe test specimens is below the minimum yield strength required by API Specification 5L.

e Cold forming associated with rolling and expanding operations leads to a distinct increase in the yield
strength but no significant effect on the ultimate tensile strength for specimens oriented in the
circumferential direction. Cold forming associated with rolling and expanding operations had no
significant effect on the yield strength of specimens oriented in the longitudinal direction. The shape
of the stress strain curve was very sharp in the transition region for specimens oriented in the
circumferential direction, but the shape of the stress strain curve in the transition region for specimens
oriented in the was not significantly affected for specimens oriented in the longitudinal direction.

¢ Cold forming associated with rolling and expanding operations slightly reduces uniform elongation
and has no significant effect on maximum elongation.

e Expansion and aging have no significant effect on the yield point of test specimens oriented in the
circumferential direction but contribute to varied results in test specimens oriented in the longitudinal

direction.

e A combination of cold-forming and aging causes both yield and ultimate tensile strength to elevate
and increases the Y/T ratio.

e Maximum test elongation was consistently much greater than the minimum required by API
Specification 5L.

e No significant increase in the yield strength in the longitudinal direction was noted due to the
expansion process.

e Obvious Liider’s elongation was observed for test specimens oriented in both the circumferential and
longitudinal directions.

e Aging does not contribute to significant changes to the uniform elongation or maximum elongation of
tensile test specimens.

e Small changes were noted between 90° and 180° test specimen results, but these changes are not
considered significant.

e Significant differences in test results were observed between flat and round specimens in terms of the
shapes of stress-strain curves in the transition region and maximum tensile elongation (see Fig. 58).

e Mid-wall separation of fracture surfaces for all flat specimens was observed.

e Mid-wall separation occurred after yield and after the engineering ultimate strength occurred.
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Mid-wall separation may affect small specimen elongation properties more significantly than flat
specimens due to the centerline effects over the gage length (see Fig. 59).

Anisotropy was observed in fractured specimens and strain ratio data.

While most design standards set strain ratio at 0.5 for plastic deformation, this assumption may be
slightly conservative for Grade X80 linepipe.

The stress-strain relationships outlined in CSA Z662 are not accurate for Grade X80 linepipe and tend
to be highly conservative.

e The Ramberg-Osgood relationship using the strength coefficient is more accurate in predicting the
stress-strain behavior of Grade X80 linepipe including discontinuities around the yield point. The
Ramberg-Osgood relationship can be written in the following form.

e Material properties determined from expanded and aged Grade X80 linepipe steel test specimens
should be represented in pipeline design and analysis methods because these linepipe manufacturing
processes can potentially have a marked effect on the performance characteristics of pipelines
constructed with these steels. In addition, the following plastic strain ratio values should also be
represented in pipeline design and analysis methods due to anisotropy of this material.

Uprg = 0.50
Vg, = 0.40
U, = 0.55

‘B
=
@ Round Longitudinal
v
F 40 —Round Circumferential

30 Flat Longitudinal

20

10

0 1
0 10 20 30 40

Strain (%)

Fig. 58. Engineering stress strain curvesfor expanded and strain-aged tensile specimens 90° from weld seam.
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Fig. 59. Round circumferential tensile specimen from pipe wall.
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8. CYCLICLINEPIPE MATERIAL PROPERTIESAND BEHAVIOR

Implementation of the fatigue analysis and assessment method described in Sect. 10 requires an
understanding of cyclic properties and fatigue behavior of Grade X80 linepipe steel. In an effort to
develop the knowledge base needed to assess the effectiveness of this method, force-controlled and stain-
controlled tests of representative linepipe steel samples were conducted in the laboratory using servo-
controlled hydraulic testing equipment and automated instrumentation suitable for loading, measuring,
and acquiring stress-strain hysteresis loop data. The key objective of these laboratory tests was to
produce cyclic material properties for Grade X80 linepipe steel in the as-rolled, expanded, and expanded
and aged conditions.

81 TEST SPECIMEN SELECTION CONSIDERATIONS

Round bar specimens with a uniform cross section were chosen as representative test samples based on
the following considerations.

testing equipment capacity
specimen size limitations
gripping constraints
material strength
laboratory accessibility
economic factors

The number of specimens, sample locations, and gage lengths of the round bar specimens did not
necessarily comply with any code requirements or applicable linepipe testing standards primarily because
Grade X80 linepipe steel is an anisotropy material. As discussed in Sect. 7, Grade X80 linepipe steel
properties (1) vary with sample location and orientation and (2) do not exhibit isotropic material behavior
on which testing requirements for conventional linepipe steels are based. Consequently, hourglass-shaped
test sections with axial strain gages were not considered suitable test specimens for this material because
they would not produce the types of data needed to achieving the key test objective. Instead, round test
specimens with uniform gage lengths were chosen based on the physical restrains of attaching an
extensometer capable of measuring large axial strains. Strain gages are limited in their ability to measure
plastic stains.

Material samples used to produce the required number of test specimens were taken at 90 degrees from
the longitudinal weld seam and represented three (3) pipe conditions labeled “A”, “B”, and “C” as
described in Sect. 6. The round bar specimens were machined from the wall of large diameter Grade X80
rolled linepipe segments into the configurations as shown in Fig. 60. Flattening of test specimens prior to
machining was not permitted.

The fatigue test results were intended to cyclic tensile properties and stress-strain curves for comparison
to monotonic material properties and analysis. Cyclic stress-strain curves were generated and cyclic
material property constants were determined after testing.

e The cyclic strength coefficient, H’, and cyclic strain hardening coefficient, n’, was determined using a
power law fit stress versus alternating plastic strain curve. The slope of the plastic strain curve is the
cyclic strain hardening exponent and the cyclic strength coefficient is the intercept when the cyclic
plastic strain is equal to 1.

!
— I'en
gq = H'epg
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e Fitting constants were determined from fitting the strain versus life relationship:
b
0, = 0f (2Ny)

and:

€pa = Ef(ZNf)C

Fig. 60. Fatigue Test Specimens.

8.2 FORCE-CONTROLLED FATIGUE TESTING

Force-controlled fatigue testing of the circumferential specimens discussed in Section 6.3 followed the
general practices set forth in ASTM E 466-07. The specimens had a test section diameter of 0.250 in. with
a uniform gage length of 1.5 in. All force-controlled tests were conducted at a frequency of 2 Hz and at
room temperature (= 75°F). Testing continued until either the specimen fractured or the number of
loading cycles equaled 100,000. A summary of the circumferential round bar fatigue properties derived
from the force-controlled fatigue testing are shown in Table 18.
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Table 18. Summary of Circumferential Round Bar Fatigue Properties

Specimen Selected Cycle Near Start Strain Life Selected Cycle Near Half-Life Strain-Life
Target
Stress  [Strain Cyclic Cyclic
Material Amplitude | Ratio M odulus M odulus
Condition| ID (ksi) (R) ] Cycle [E' (Msi) H' n' o's b €'t c Cycle |E' (Msi) H' n' o't b €' c N;
C-A-2 58.35 -1 20 31.82 | 284.33 | 1.0300 | 109.60 | -0.0520 | 0.3963 | -0.0505 | 50,000 32.02 224.73 | 0.9935 109.6 | -0.0520 |0.485411] -0.05234] 100,000
A C-A-5 64.40 -1 20 32.56 | 238.03 | 0.9956 | 109.60 | -0.0520 | 0.4589 | -0.0522 | 7,000 31.38 1243 0.8117 109.6 | -0.0520 [0.856365 | -0.06406 | 14,490
C-A-6 68.43 -1 20 31.20 | 223.09 | 0.9866 | 109.60 | -0.0520 | 0.4866 | -0.0527 | 2,000 30.2 118.74 | 0.7296 109.6 | -0.0520 [0.896027| -0.07127| 5346
C-A-7 72.45 -1 20 31.30 199.30 | 0.9392 ] 109.60 [ -0.0520 | 0.5290 | -0.0554 700 30.56 103.32 0.6421 109.6 -0.0520 | 1.096251] -0.08098 ] 1,420
C-B-2 58.35 -1 7 32.98 170.18 | 0.6093 | 108.61 | -0.0510 | 0.4785 | -0.0837 | 50,000 32.09 147.98 | 0.4879 | 108.61 | -0.0510 | 0.530482 [ -0.10453 | 100,000
B C-B-5 64.40 -1 20 32.54 145.12 | 0.4054 | 108.61 | -0.0510 | 0.4893 | -0.1258 | 7,000 30.11 92.277 | 0.2206 | 108.61 | -0.0510 | 2.09332 | -0.23119] 15,940
C-B-6 68.43 -1 20 31.60 148.02 | 0.4167 | 108.61 [ -0.0510 | 0.4757 | -0.1224 2,000 30.66 91.173 0.1933 108.61 | -0.0510 | 2.472804 | -0.26384 | 4,995
C-B-7 72.45 -1 5 32.00 122.56 | 0.2802 | 108.61 [ -0.0510 | 0.6497 | -0.1820 600 30.31 84.25 0.0926 108.61 | -0.0510 ] 15.52901 | -0.55076] 1,357
C-C-5 58.35 -1 20 31.56 | 290.26 | 0.9302 | 105.91 | -0.0480 | 0.3383 | -0.0516 ] 50,000 30.66 150.29 | 0.5161 | 105.91 | -0.0480 | 0.507571 [ -0.09301 | 100,000
c C-C-6 64.40 -1 2 32.28 | 285.60 | 0.9182 | 105.91 | -0.0480 | 0.3395 | -0.0523 | 8,000 30.22 97.893 | 0.2629 | 105.91 | -0.0480 | 1.349061 | -0.18258 | 16,624
C-C-7 68.43 -1 25 31.70 237.95 | 0.7964 | 105.91 | -0.0480 | 0.3619 | -0.0603 2,000 30.07 91.6820 | 0.2216 10591 [ -0.0480 | 1.917475] -0.21661 ] 4,092
C-C-8 72.45 -1 5 32.32 | 236.26 | 0.7652 ] 105.91 | -0.0480 [ 0.3504 | -0.0627 500 30.15 95.207 | 0.2032 ] 105.91 | -0.0480 | 1.689263 [ -0.23622| 1,185




Stress versus life data plots for round bar test specimens that were subjected to force-controlled fatigue
testing are shown in Fig. 61. Stress-strain responses for circumferential force-controlled fatigue

specimens in the as-rolled, expanded, and expanded and strain aged conditions are plotted in Figs. 62, 63,
and 64, respectively.

70.00
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!“""* ——Loop1
£ i g ——Loop 10,000
émw —i— Strain-Aged EJ.Z 03 - Loop 50,000
? ——Loop 80,000
—— Loop 100,000
e ml:‘:‘:\luu e
60—
Strain (%)
Fig. 61. Stressversus life curvesfor round bar Fig. 62. Circumferential force-controlled fatigue
test specimens. specimen stress-strain response for as-rolled
linepipe (C-A-2).
60
= —Loop 1 Loop 1
% Loop:10,000 3 ——Loop 10,000
g -Loop 50,000 e
.3 b1 Ls 50,000
@ Loop 80,000 §.30 0.20 —l:Z[pJ 20,000
e —— Loop 100,000
-40
-60
Strain (%)
-60
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Fig. 63. Circumferential force-controlled fatigue Fig. 64. Circumferential force-controlled fatigue
specimen stress-strain response for expanded specimen stress-strain response for expanded and
linepipe (C-B-2). strain-aged linepipe (C-C-5).

8.3 STRAIN-CONTROLLED FATIGUE TESTING

Strain-controlled fatigue testing of the longitudinal specimens discussed in Section 6.3 followed the
general testing practices set forth in ASTM E606/E606M-12. The specimens had a test section diameter
0f 0.300 in. with a uniform gage length of 0.5 in. All strain-controlled tests were conducted at a frequency

of 0.1 Hz and testing continue until the specimen fractured. A summary of the longitudinal cyclic
properties are shown in Table 19.
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Stress versus life data plots for round bar test specimens that were subjected to strain-controlled fatigue
testing are shown in Figs. 65 and 66. Stress-strain responses for longitudinal strain-controlled fatigue
specimens in the as-rolled, expanded, and expanded and strain aged conditions are plotted in Figs. 67
through 72.

8.4 DISCUSSION AND CONCLUSIONS
Fatigue testing results discussed in Sects. 8.2 and 8.3 show cyclic response characteristics that vary
depending on the material processing, aging, specimen orientation, and test method. The following

observations were noted.

e The load-controlled stress-strain hysteresis loops for all specimens exhibited ductile behavior and
cycle dependent softening with an increase in strain with increasing number of cycles.

e The strain-controlled stress-strain hysteresis loops for all specimens also exhibited cycle dependent
softening with a decrease in stress with increasing number of cycles.

e There were multiple reasons for discontinuing fatigue tests including termination at 100,000 cycles,
fracture, and bucking of the specimen. This may be affect the accuracy of the stress-life relationships.

e The load-controlled specimens tested at stresses greater than 80% SMYS were discontinued due to
buckling. Changing the specimen size and configuration may lead to greater fatigue life.

e All but one of the strain-controlled fatigue tests were discontinued prior to achieving the 100,000
cycle limit due to fracturing of the specimen.

e  While slight differences exist for material conditions at high stress and strain, fatigue life converges at
lower tested values of stress and strain.

e The strain hardening exponent is dependent on stress levels and decreases as the alternating stress
amplitude increases.
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Table 19. Summary of Longitudinal Round Bar Fatigue Properties

YL

Specimen Selected Cycle Near Start Selected Cycle Near Half-Life
Target
Strain Strain Cyclic Cyclic
Material Amplitude | Ratio Modulus Modulus

Condition ID (%) (R) | Cycle | E' (Msi) H' n' o' b €' c Cycle | E' (Msi) H' n' o' b e c N; N;
LCF1 2.00 0 1 30.50 84.66 | 0.059 | 97.71 |-0.024] 11.25| -0.403| 100 26.27 64.96 | 0.160 | 95.78 |-0.065| 11.25 | -0.403] 124 223
A LCF2 1.50 0 1 25.10 84.17 | 0.062 | 97.75 |-0.025] 11.25| -0.403| 200 26.61 64.32 | 0.182 | 99.91 |-0.073| 11.25 | -0.403] 247 486
LCF3 1.00 0 1 26.70 85.24 | 0.047 | 95.49 |-0.019] 11.25| -0.403| 400 27.57 63.82 | 0.232 [111.98]-0.094| 11.25 | -0.403] 705 804
LCF4 0.50 0] 3 28.25 87.76 | 0.573 | 350.88 | -0.231| 11.25| -0.403] 3,000 | 27.98 64.75 | 0.592 [271.25]|-0.238| 11.25 | -0.403] 4,702 | 6,950
LCF11 2.00 0 1 24.40 89.98 | 0.039 | 96.12 |-0.013| 5.34 | -0.327] 40 24.43 70.74 | 0.111 | 85.13 |-0.036| 5.34 |-0.327] 87 89
B LCF12 1.50 0 1 24.80 87.68 | 0.049 | 95.18 | -0.016| 5.34 | -0.327] 70 25.35 67.69 | 0.137 | 85.19 |-0.045| 5.34 |-0.327 148
LCF13 1.00 0 1 26.10 [ 85.60 | 0.049 | 92.86 [-0.016| 5.34 | -0.327] 200 25.06 | 63.35| 0.208 | 89.81 |-0.068| 5.34 |-0.327] 451 | 485
LCF14 0.50 0 1 27.60 84.14 | 0.061 | 93.21 |-0.020| 5.34 | -0.327] 2,000 | 28.49 62.20 | 0.508 [145.64|-0.166| 5.34 |-0.327] 5,394 | 5,849
LCF21 2.00 0 1 25.30 [ 84.80 | 0.056 | 92.65 [-0.018| 4.84 | -0.320] 50 24.78 | 66.66 | 0.169 | 86.98 |-0.054| 4.84 |-0.320] 104 | 111
C LCF22 1.50 0 1 25.90 83.39 | 0.064 | 92.17 |-0.020| 4.84 | -0.320| 100 25.24 66.23 | 0.171 | 86.74 |-0.055| 4.84 |-0.320] 170 202
LCF23 1.00 0 1 25.96 85.71 | 0.052 | 93.02 |-0.017| 4.84 | -0.320] 200 26.22 63.61 | 0.242 | 93.24|-0.078| 4.84 |-0.320] 407 451
LCF24 0.50 0 1 27.20 86.53 | 0.088 | 99.41 |-0.028| 4.84 | -0.320] 3,000 | 26.71 63.10 | 0.565 [153.93]|-0.181| 4.84 |-0.320] 6,213 | 6,713
LCF7 2.00 -1 3 26.14 91.22 | 0.029 | 97.04 |-0.011| 8.64 | -0.374| 100 26.20 78.80 | 0.046 | 86.98 |-0.017| 8.64 |-0.374] 195 218
A LCF6 1.50 -1 1 27.00 86.93 | 0.025 | 91.70 |-0.009| 8.64 | -0.374| 100 25.87 78.47 | 0.054 | 88.18 |-0.020| 8.64 |-0.374] 200 253
LCF5 1.00 -1 1 27.10 | 87.15 | 0.013 | 89.56 [-0.005| 8.64 | -0.374] 500 27.04 | 72.30 | 0.075 | 84.99 |-0.028{ 8.64 |-0.374] 907 | 1,006
LCF8 0.50 -1 6 27.90 97.00 | 0.250 | 166.14 | -0.093| 8.64 | -0.374] 3,000 | 28.01 73.58 | 0.212 [116.17]|-0.079| 8.64 |-0.374] 5,437 | 6,681
LCF15 2.00 -1 1 25.60 84.10 | 0.046 | 89.91 |-0.014| 4.29 | -0.302] 40 26.74 | 81.92 | 0.038 | 86.52 |-0.011| 4.29 |-0.302 86
B LCF16 1.50 -1 1 26.59 88.76 | 0.048 | 95.18 |-0.014| 4.29 | -0.302] 60 26.33 79.43 | 0.045 | 84.871-0.014] 4.29 |-0.302 124
LCF17 1.00 -1 1 26.70 87.13 | 0.070 | 96.53 |-0.021] 4.29 | -0.302| 200 26.13 74.03 | 0.077 | 82.87 |-0.023| 4.29 |-0.302] 484 557
LCF18 0.50 -1 1 28.30 94.40 | 0.228 | 131.63 | -0.069| 4.29 | -0.302] 3,000 | 27.88 71.13 | 0.204 | 95.78 |-0.062| 4.29 | -0.302] 6051 | 6,687
LCF25 2.00 -1 1 26.10 85.69 | 0.057 | 93.00 |-0.017| 4.26 | -0.305] 40 26.02 83.61 | 0.043 | 88.95 [-0.013| 4.26 |-0.305 86
c LCF26 1.50 -1 1 26.40 84.90 | 0.055 | 91.89 |-0.017| 4.26 | -0.305| 100 25.68 78.62 | 0.058 | 85.48 |-0.018| 4.26 |-0.305] 113 234
LCF27 1.00 -1 1 27.70 83.89 | 0.079 [ 94.06 |-0.024 4.26 | -0.305] 200 27.46 74.73 |1 0.093 | 85.51 [-0.028| 4.26 |-0.305] 441 484
LCF28 0.50 -1 1 28.00 89.99 | 0.208 | 121.71|-0.064| 4.26 | -0.305] 4,000 | 27.85 70.99 | 0.210 | 96.24 |-0.064| 4.26 | -0.305] 7312 | 8,129
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9. PROTECTION AGAINST PLASTIC COLLAPSE

The experimental monotonic stress-strain relationships were presented and various material properties for
the uniaxial stress state were defined in Chapter 7. For linepipe subjected to a single stress component, the
uniaxial failure criteria may be applied. However, when a pipeline is subjected to a multiaxial state of
stress or strain, failure criteria must account for the multiaxial nature of the stress and strain state. It is
essential to accurately predict the initiation of the inelastic response of materials under multiaxial stress
states. In the case of linepipe steels, specific criteria for the initiation of yield of ductile materials need to
be developed and compared from material properties obtained through uniaxial material testing.

In order to quantify the nonlinear response of pipelines subjected to large longitudinal strain beyond yield,
it is assumed that the linepipe is rotationally symmetrical and can be reasonably represented using D/t
ratios much greater than 10. For long-distance transmission pipelines, this assumption is justified because
these pipelines are typically constructed using large diameter linepipe with a relatively thin wall making
the plane stress assumption valid. In addition, it is assumed that these pipelines are subjected to uniform
internal pressure. However, these assumptions may need further consideration depending on elevation
changes and proximity to pumping or compressor stations. Where applicable, the internal pressure
resulting from static head or other static or dynamic loads must be considered in the design basis. After
taking localized anomalies into consideration, it can generally be stated that pipeline design solutions
based on these assumptions are applicable to locations sufficiently far from external constraints and
structural discontinuities.

Stresses from temperature have not been considered in establishing the governing equations. The material
fracture toughness must be established in correlation with upper-bound stresses, lower-bound fracture
toughness, and upper-bound flaw size, in addition to meeting the minimum toughness requirements as
required by API Specification 5L. It is essential that the operating temperatures are greater than the
minimum design metal temperature based on the design loading conditions.

The load case combinations for the elastic-plastic stress analysis method are based on separate global load
cases. The type of load combinations expected for strain-based design pipeline applications involve both
“load-controlled” and “strain-controlled” loads. In this context, the term “load-controlled” refers to loads
such as internal pressure and externally applied reactions due to weight effects and the term “strain-
controlled” refers to imposed displacements that produce strains that are primarily in the longitudinal
direction. Except for dead loads or other permanent loads, most “load-controlled” and “strain-controlled”
loads can vary with time.

9.1 ELASTIC-PLASTIC DESIGN CONSIDERATIONS

Over long spans, the external loads are primarily due to soil weight. Operating internal pressures are
based on the limits set in the CFRs or referenced in the ASME design codes. Stresses in the longitudinal
direction are limited based on allowable tensile strain.

Because of radial symmetry, no shear stresses act on the volume element such that:

019 = Opz = Oz = 0

The non-zero stress components then are principal stresses G;, Gy, and G,. Based on the assumption of
large D/t ratios and plane stress, the stress variations through the wall thickness are comparably small.
Therefore, the structural element can be reduced to two dimensions assuming ¢, =~ 0. Circumferential and
longitudinal stresses are the sum of stress components produced by internal pressure and the strain effects
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due to longitudinal strain. Strain across the wall thickness is due to the strain effects of the internal
pressure and applied longitudinal displacement. Circumferential stress due to internal pressure is load-
controlled and less than the yield stress while the longitudinal stress is strain-controlled and above the
yield stress. However, applied longitudinal strain is less than the uniform elongation verified by testing.
This loading combination is expected to be cyclic but with different frequencies.

Care must be exercised when selecting parameters such as the full range of operating conditions,
including upset conditions, to consider during pipeline design. However, it is important to provide an
additional margin of safety to ensure reliable long-term pipeline performance throughout its intended
service life that may involve emergency situations, unexpected loads, misuse, and degradation.

9.2 ELASTIC-PLASTIC ANALYSISMETHOD

An elastic-plastic stress analysis method for transmission pipelines involves the derivation of a collapse
load algorithm that includes both the applied loading and deformation characteristics of the linepipe.
Elastic-plastic stress analysis that is based on non-linear stress-strain response provides a more accurate
assessment of the protection against plastic collapse of a pipeline compared to elastic stress analysis that
is based on the theory of elasticity because actual structural behavior is more closely approximated. The
redistribution of stress that occurs as a result of inelastic deformation (plasticity) and deformation
characteristics of the linepipe are considered directly in the analysis. When using this non-linear stress-
strain material model, the hardening behavior should be included up to the true ultimate stress and perfect
plasticity behavior (i.e. the slope of the stress-strain curves is zero) beyond this limit.

The governing equations can be written as a function of the circumferential stress due to internal pressure
and the applied tensile strain in the longitudinal direction based on the assumption of plane stress. Since
the stress in the circumferential direction due to internal pressure is less than the specified minimum yield
strength, strain in the circumferential direction due to internal pressure will remain in the elastic region
and preferably below the proportional limit. Since the strain in the longitudinal direction is expected to be
greater than 0.5%, both elastic and plastic stress components are necessary to accurately model structural
behavior. The stress in the circumferential direction due to pressure is determined based on the ASME
piping codes and can be as high as 80% of SMYS (see Sect. 4.1.1).

Based on the Ramberg-Osgood equations for modelling full stress-strain curves, the orthotropic elastic-
plastic triaxial strain equations can be developed for the load combinations. Using a uniaxial curve that
fits the Ramberg-Osgood form in terms of elastic and plastic components, the elastic and plastic strain
equations due to the applied tensile displacement in the longitudinal direction is written as follows.

E. =&, + Szp
Where:
O-Z
£ = —
ez EZ

_ (%2\n
2= (i)

The elastic-plastic governing strain equations based on plane stress (6,=0) and anisotropic material is
written as follows using the monotonic material constants.
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Og 0z 0z \nz
& = “Urge (E_9> ~ Urze (E_) ~Urzp (H_>
z z

1

Og 0z 0z \nz
0= (g;) o () =0 )
z z

1
= —veus(50) + () + ()"
SZ U92e (Ee + EZ + HZ

The equivalent stress in terms of principal stresses is given by:

0= [31(00 ~ 0,02 + (0 + (0,

The effective strain is a function of the principal strains and the weighted average of the strain ratio and
written as follows.

1
VZ2(1 +9)

&= \/(gr —9)? + (g9 — )% + (5, — &)

The weighted average of the strain ratio (D) can be viewed as the generalized strain ratio and the
weighted average of the strain ratio in the elastic and plastic ranges. When strains are small and the elastic
component is dominant, U is approximately equal to 0.3. As strain increases and the plastic component
dominates, ¥ is replaced by 0.5, which is equivalent to the assumption that plastic strains do not
contribute to volume change. For purposes of elastic-plastic analysis, U equals = 0.5 for strains greater
than 1.0%.

9.3 ELASTIC-PLASTIC ASSESSMENT

In 2009, the ASME Boiler and Pressure Vessel Code committee responsible for Section VIII Division 2
developed elastic-plastic local strain limit criterion to determine the allowable plastic strain at a point as a
function of triaxiality in the component and the uniaxial strain limits for the material. The limit criterion
was developed considering the local damage accumulation in metals during plastic deformation at
temperatures below the creep range. Prediction models were benchmarked against numerous results of
notch-bar and tensile tests under high-pressure conditions taking into account post-necking strain
behavior. The microstructure damage accumulates exponentially depending on the degree of triaxiality
and microstructure, is directly proportional to applied stress and strain, and can be described as follows
[80, 67, 71].

dDamage o . .
g = f(stress, triaxiality, material properties)
Etp

The following was proposed for the development of the strain limit function.

dDamage
————=or*xyxexplag *T]
degy

Where: oy is the true stress,
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y is a material constant dependent on factors such as grain size, cleanliness, and inclusion
content that contribute to voiding and microcrack initiation,

a,; 1s a material constant dependent on metallurgical (crystallographic) structure,

dé&;p is an incremental change in the true plastic strain, and

T is the Davis-Connelly triaxiality factor based on principal stresses given by the
following [75].

o, + 09 + 0,

30,
The relationship between true stress and true strain is given by:
or = Sp * EZZS
Where:

So is a stress material constant where the true stain is equal to unity (see Fig. 73), and

m,, is the strain hardening coefficient that is estimated from the ratio of the engineering
yield to tensile strength [60, 70]

The uniaxial strain limit material coefficients, m, and o for ferritic steel are based on definitions
provided in the ASME Boiler and Pressure Vessel Code, Section VIII Division 2 as follows.

asl = 22

m, = 0.60[1.00 - SMYS}

SMTS

e C-Axial

= (-Circ

True Stress (ksi)

———D-Axial

=== D-Circ

True Strain (%)

Fig. 73. Truestresstruestrain relations at large strainsfor
expanded and strain-aged linepipe.

Engineering stress-strain relationships may be calculated from the true stress vs true strain diagram. The
ultimate strength shown is reached when the true strain is numerically equal to the strain hardening
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coefficient. Substituting the above true stress and damage equations, the differential equation for damage
is written as follows.

2

dDamage = Sy *y * explag * T] * 5;; * degy

Integrating the above equation and solving for the fracture strain for multiaxial conditions, &, , at a given
triaxiality becomes:

1 er
f dDamage = S, *y * explag * T| f slzz * degy,
0 0

So*VY 1
1= (G gy enplas <11

Solving the above equation by rearranging all other terms, except the fracture strain, to the opposite side
of the equation and taking the root, gives the fracture strain, &¢p,, for multiaxial conditions or the general

case at any triaxiality.

1
B (RS LT

S =
fm So *Y 1+m,

For the uniaxial fracture strain case (&), the triaxiality factor T = 3 Or s set by inspection of test results.

1
a+m2) (1 + my) [ ( ag ) 1]
= ————*exp|—

Ery = * =
Tu So *Y 1+m,/ 3

&
ﬂ, becomes:
Sfu

1
o [ ) a
Em _ So * VY *exp[_(1+m2)*T]=exp[_( sy )*(T 1)]

- 1
fu @) [(1 + my) g, 1 1+m,
NS *exp[—(1+m2)*§]

The multiaxial strain limit, &;,, = &y, as a function of the uniaxial strain limit £, = &, is:

() (53]
= * —_ —_——
LT E TP T\ T, 30, 3

The strain limit of the linepipe is acceptable if the forming strain €, and effective strain & are less than the
limiting strain such that:

Taking the ratio of the multiaxial fracture strain to the uniaxial fracture strain,

£T+€fSSL

The forming strain €is defined in the ASME Boiler and Pressure Vessel Code, Section VIII Division 2 as:
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TR\ TR,

Where: t = plate thickness before forming
R, = original mean radius (oo for flat plate)
R¢= Final mean radius

However, the forming strain above accounts for forming flat plate into a cylinder only and does not
account for the additional strain associated with expansion. Therefore, the total forming strain is the
forming strain from rolling the plate into pipe and expansion of the pipe to the final dimensions. The total
forming strain can be written as follows.

Rse — R
err = 100 <feR—ff> +éf

Where: R/, = Final mean radius after expansion
9.4 GRADE X80ELASTIC-PLASTIC MODEL DEVELOPMENT

The governing equations for strain as proposed in Section 9.2.1 have little sensitivity to actual material
properties. However, using the minimum material requirements from API Specification 5L will provide more
conservative safety margins than actual material properties when yield and tensile strengths exceed the
minimum requirements. Using the minimum API Specification SL requirements for yield strength, elastic
modulus equal to 30 msi, and the strain hardening coefficient equal to 0.10 for expanded and aged linepipe
steel which is discussed in Sect. 7, the governing equations for strain can be written as follows (Gg in psi).

1

—0.30 0.30 0,  \o1o
& =30%106% " 30%106%2  0>° (80.5 ¥ 103)
1
o 0.30 0, \o1o
€ =30 106 30+ 1062 040 (80.5 ¥ 103)
1
_03 O-Z O-Z m
&2 =30%100%° Y30+ 106 T (80.5 " 103)

Based on the ferritic steel coefficients specified in the ASME Boiler and Pressure Vessel Code, Section
VIII Division 2, and the requirement for minimum elongation of Grade X80 linepipe steel in API
Specification 5L, strain limit can be determined from the following equation.

0.13 [ ( 2.2 ) (09 + o, 1>]
=0. * — - —
e P17 \1+0042/\ 30, 3

The forming strain for the pipe under consideration is (see chapter 6):
&r=11+2.0=3.1%

Based on the plastic forming strain in the circumferential direction where g, = g, = 0, the effective
forming strain, &, can be determined as follows.
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1
Og 09 \ng
& = ~Urge E_H — Urgp H_g

1

Oy O0p \ng
£ = (5) + (H_g)
1

Op 0¢ \ng
€z = ~Vgze 5 — Vgzp H_B

Using the experimental monotonic properties from Chapter 7 and setting &;r = &y, the effective forming
strain becomes:

Using this equation, the results of an elastic-plastic analysis based on the strain limit criterion are shown
in Table 20 and Fig. 74. Values were determined for the limiting triaxial strain, effective plus forming
strain, and the ratio of limiting strain to effective plus forming strain. Cyclic test data was generated for
maximum total strain values up to 4%. Maximum longitudinal strain values of 5% have been generated.
These values are outside the test data and should be considered for comparison purposes only. The
effective strain is considered acceptable if:

53

——=>1.0
S+Stf

Values less than 1.0 shown in Table 21 as determined from the analysis would be considered
unacceptable.
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Table 20. Results of elastic-plastic analysis

M aximum Internal -
Longitudinal | Pressure | 5 2 g | oalsh | o ksD) |o &sD) | ¢ g | F+a, | T
Strain (%) | (% SMYS) -
0.00 -0.40 .55 1.00 0.0 80.43 80.48 0.99 13.00 3.99 3.26
0.50 0.40 -0.55 1.00 403 80.48 69.70 0.99 177 3.99 1.95
1 072 -0.40 .55 1.00 58.0 80.43 71.20 0.99 6.78 3.99 L.70
0.80 0.40 -0.55 1.00 614 80.48 8050 0.99 6.60 3.99 1.65
0.85 -0.40 .55 1.00 68.4 80.43 75.18 0.99 6.52 3.99 163
090 0.40 -0.55 1.00 T2.5 80.49 76.79 0.99 6.47 3.99 1.62
0.00 -0.80 -1.10 2.00 00 86.27 86.27 1.98 13.00 498 261
0.50 -0.80 -1.10 2.00 40.3 86.27 74T 1.97 7.99 497 161
2 072 -0.80 -1.10 2.00 58.0 86.27 76.17 1.97 6.93 497 1.39
0.80 -0.80 -1.10 2.00 4.4 86.27 71.68 1.97 6.71 497 1.35
0.85 -0.80 -1.10 2.00 68.4 86.27 78.88 1.97 6.61 497 133
0.90 -0.80 -1.10 2.00 725 86.27 80.26 1.97 6.53 497 1.31
0.00 -1.20 -1.65 3.00 0.0 89.84 89.34 2.96 13.00 5.96 2.18
0.50 -1.20 -1.65 3.00 403 8984 T194 2.96 8.12 5.96 136
072 -1.20 -1.65 3.00 58.0 89.84 78.89 2.96 7.03 5.96 1.18
3 0.80 -1.20 -1.65 3.00 614 8984 8021 2.96 6. 79 5.96 1.14
0.85 -1.20 -1.65 3.00 68.4 89.84 81.28 2.96 6.68 5.96 1.12
090 -1.20 -1.65 3.00 T2.5 8984 8253 2.96 6.59 5.96 1.10
0.00 -1.60 -2.20 4.00 0.0 92 46 9246 395 13.00 6.95 1.87
0.50 -1.60 -2.20 4.00 403 92 46 80.30 395 8.21 6.95 1.18
072 -1.60 -2.20 4.00 58.0 92 46 8093 395 7.10 6.95 1.02
4 0.80 -1.60 -2.20 4.00 614 92 46 8211 395 6.85 6.95 099
0.85 -1.60 -2.20 4.00 68.4 92 46 83.09 395 6. 73 6.95 097
090 -1.60 -2.20 4.00 T2.5 92 46 84126 395 6.63 6.95 095
0.00 -2.00 275 5.00 00 94.55 o155 4.94 13.00 794 1.64
0.50 -2.00 -2.75 5.00 40.3 94.55 82.18 493 8.28 7.93 1.04
5 072 -2.00 275 5.00 58.0 94.55 82.58 493 7.16 793 090
0.80 -2.00 -2.75 5.00 4.4 94.55 83.65 493 6.90 7.93 .87
0.85 -2.00 275 5.00 68.4 94.55 8457 493 6. 77 793 085
0.90 -2.00 -2.75 5.00 725 94.55 85.67 493 6.66 7.93 084
3.50
3.00
2.50
2.00 ——1%
b
o Ii 150 —i—2%
Iy 3%
1.00
—4%
0.50 5%
0.00
0.00 0.20 0.40 0.60 0.80 1.00

Internal Pressure (% SMYS)

Fig. 74. Internal pressurevs

€L
{_:‘+§tf

based on maximum longitudinal strain.
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10. PROTECTION AGAINST FAILURE FROM CYCLIC LOADING

10.1 OVERVIEW

The fatigue or endurance limit for linepipe steel is a value of stress at which the number of cycles
becomes so large that fatigue failure is no longer a plausible pipeline design consideration. Typical values
of the endurance limit for conventional linepipe steels are approximately half of the ultimate strength.
Based on the minimum ultimate strength of Grade X80 linepipe steel in the API SL Specification, the
estimated endurance limit stress for this material is 45 ksi. However, according to the elastic-plastic
analysis method described in Sect. 9, a fatigue evaluation must be performed for Grade X80 linepipe steel
on the basis of the number of applied cycles of stress and strain.

The Twice Yield (2S,) fatigue assessment method that is based on the calculation of an effective strain
range to evaluate fatigue damage and results obtained from an elastic-plastic stress analysis was originally
described by Kalnins [31, 32] and later incorporated into rules in the ASME Boiler and Pressure Vessel
Code Section VIII Division 2. This Twice Yield Method is an elastic-plastic stress analysis approach that
is performed in a single loading step. It is based on a stabilized cyclic stress-range-strain-range curve and
a specified load range that represents one cycle. Stress and strain ranges are the direct output from this
analysis. This method is performed in the same manner as a monotonic analysis and does not require
cycle-by-cycle analysis. However, discussions in Sect. 8 indicate that use of cyclic stress-strain curves
and determinations of material constants from uniaxial loading is an important design consideration for
pipeline constructed using Grade X80 linepipe steel.

10.2 FATIGUE ANALYSISMETHOD

The cyclic stress-strain equations needed for a fatigue analysis are derived in the same manner as the
elastic-plastic stress-strain equations that are derived using the Ramberg-Osgood format except with
cyclic loading constants rather than monotonic loading constants. The alternating elastic and plastic
components of the strain equations for the ky, cycle due to applied cyclic tensile displacement in the
longitudinal direction are written as follows.

Er=€ +&

aze,k azp,k

Where:

As discussed in Sect. 8, the cyclic alternating strain equations for the ky, cycle is written as follows using
the cyclic material constants. These equations are based on the assumptions of plane stress (c,=0) and
anisotropic material properties.

1

_ 0ab,k Oazk Oazk \n/,
gar,k = —Urge E’ — Urze E! - Urzp H!
7] z z
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The equivalent cyclic stress in terms of principal cyclic stresses for the ky, cycle is given by the following
equation.

1
Ogek = \/E [(O-ae,k - O-az,k)z + (JaB,k)z + (Uaz,k)z]

The effective strain equation, which is a function of the principal strains for the k¢, cycle and the weighted
average of strain ratio, can be written as follows.

1
Eak = m\/(gar,k - gae,k)z + (5a9,k - Saz,k)z + (Eaz,k - Sar,k)z

10.3 FATIGUE ASSESSMENT

Resistance to fatigue damage for smooth round-bar Grade X80 linepipe steel test specimen is given by the
S-N (stress vs. fatigue life) curves shown in Sect. 8. The design fatigue curves published in ASME Boiler
and Pressure Vessel Code Section VIII Division 2 are based primarily on strain controlled fatigue tests of
small polished smooth round-bar test specimens. These design fatigue curves are included in the ASME
Code to serve as the basis for fatigue assessments. In this study, these design fatigue curves are used as
the basis for development of similar design fatigue curves needed to assess fatigue damage to pipelines
constructed using Grade X80 linepipe steel discussed in Sect. 10.4.

A best-fit to the experimental data used as the basis for the design fatigue curves in the ASME Code was
obtained by applying the method of least squares to the logarithms of the experimental values. The
resulting design stress values are based on a factor of two (2) on stress or a factor of twenty (20) on
cycles, whichever is more conservative. These design stress margins are not intended to be factors of
safety, but rather to account for real effects identified by cyclic testing [71]. However, a margin for
atmospheric conditions was implemented to reflect industrial atmospheric environmental effects on
material behavior in comparison to the relatively benign air-conditioned environment in a testing
laboratory.

The factor of twenty used in the ASME Code design fatigue curves is based on the following subfactors
[30, 71].

e Scatter of data - 2.0
e Size effect - 2.5
e Surface finish, atmosphere - 4.0

A factor of twenty on the number of cycles has no significant effect at a high number of cycles so a factor
of two on stress was introduced as a margin at the higher number of cycles. It was found that a factor of
two on stress produced a border between low-cycle fatigue and high-cycle fatigue at approximately
10,000 cycles.
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Most S-N curves are based on zero mean stress (R = -1). If data approximate a straight line on a log-linear
plot, the following equation can be fitted to obtain a mathematical expression of the data.

o,=0; (ZNf)b

A strain versus life curve can be employed in the strain-based approach for making life estimates in a
manner similar to the S-N curve in the stress-based approach. The elastic strains often give a straight line
of shallow slope on a log-log plot. Equations can be fitted to provide the strain-life constants as follows.

£, =€ (N ; ¥

However, S-N curves that include data for various mean stresses are available for commonly used
engineering materials. When specific data are not available, there are several approaches to account for
mean stress effects as discussed in Sect. 4.3. Conclusions from other fatigue assessment studies are
summarized below [63].

e At very short lives, it is expected that stress-life data will approach true fracture strength from a
monotonic tension test, which is noted to be the intercept at one-half cycle. However, where the data
flatten at short lives, cyclic true fracture strength may considerably exceed the monotonic true
fracture strength depending on curve fit and range of data available [36]

¢ The Goodman method employing the ultimate tensile strength o, is highly inaccurate and should not
be employed where life estimates are desired in fatigue analysis.

e The Morrow equation with the true fracture strength dyp is reasonably accurate in most cases when
the true fracture strengths are available. However, it is highly inaccurate and nonconservative for
materials with log-log stress behavior that flattens at short lives.

e The Morrow method with the intercept constant 0}5 is also reasonably accurate for steels

e The Smith, Watson, Topper (SWT) method provides good results in most cases. The SWT method
has the advantage of simplicity and is a good choice for general use although not as accurate as the
Morrow method with oy.

e  Where data are available for fitting the adjustable parameter y, the Walker method gives superior
results.

e Values of the Walker parameter y decrease with ultimate tensile strength o,,. For steels, values range
from around 0.8 for low g,, down to around 0.4 for high o,,. The Walker parameter can be estimated
from:

y = —.00020000; + 0.8818 (o7 in MPa)

The trend of decreasing Walker parameter for higher strength steels indicates an increasing sensitivity to
mean stress. Using the Walker parameter that varies from 0.4 to 0.8 based on material properties is
preferable to the SWT method which corresponds to a fixed y = 0.5 [81].
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When loading occurs under a multiaxial stress or stain state with plastic deformation, uncertainty exists
for complex nonproportional loadings where the ratios of the principal stresses change and where the
principal axes may also rotate. For these situations, the cyclic stress-strain curves and strain-life curves
need to be used in a more general form. For biaxial loading under constant amplitude and approximately
proportional loadings, a modification to the strain-life equation has been proposed based on the triaxiality
factor-effective strain as discussed in Sect. 9.3 [73]. This modification is reflected in the following
equations.

£, = %(2Nf)b +21Tep(2Ny)"

where:

o, + 0y + 0
T=¥
Ua

The effective strain approach is limited in combined loadings that are in phase or 180° out-of-phase
provided there are no steady loadings that cause substantial rotation of the principal stress axes during
cyclic loadings. When loadings are nonproportional to a significant degree, a critical plane approach is
appropriate for estimating fatigue life [36]. In the critical plane approach, stresses and strains during
cyclic loading are determined for various orientations (planes) in the material, and the stresses and strains
acting on the most severely loaded plane are used to predict fatigue failure. Crack initiation and growth
depends on many factors including magnitude of stress, strain, and material properties.

There are two distinct modes of crack initiation. Mode I loading occurs when the tensile stress is applied
normal to the crack plane. This mode tends to open the crack. Mode II corresponds to in-plane shear
loading acting parallel to the plane of the crack. This mode tends to slide one crack face with respect to
the other. Tensile cracking is most likely to occur under equal biaxial stress loading conditions but is also
common under uniaxial stress loading conditions. Shear cracking is most likely to occur at high strains,
but may occur even at low strains under pure shear loading conditions. A reasonable approach for tensile
stress dominated cracking is to employ the SWT parameter as follows.

(o)

Omax€a = E' (ZNf)Zb + 0;8}(2Nf)

b+c

Where:

&, = the largest amplitude of normal strain for any plane
Omax = Maximum normal stress on the same plane as ¢,

The largest amplitude of normal strain and maximum normal stress can be related to the principle strains
and stresses as follows.

_ 2 2 2
&g = Jsar + 50 T Eaz

_ / 2 2 2
Omax = |07 + 04 + 0%

Crack growth due to shear stress alone is resisted by mechanical interlocking of the grain structure and
friction effects due to irregularities of the crack face (see Fig. 75).
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Fig. 75. Crack growth in pure shear and where
normal stress enhances crack growth [74].

Several proposals for analyzing shear dominated cracking have been suggested. They are based on strain-
life fatigue material constants obtained from completely reversed tests in pure shear such as torsion tests
on thin-walled tubes. One such relationship proposed by Fatemi and Socie follows [74].

ko T
Yac <1 + %) = L2Ny) +vp(2ny)|

Where:

%. = largest amplitude of shear strain for any plane,

Onmax = Maximum tensile stress normal to the plane of ¥, occurring during the . cycle
k = an empirical material constant (ranging from 0.6 to 1.0)

o’y = yield strength for the cyclic stress-strain curve

7% b, ¥} ¢ = constants from strain life curve

The shortest life estimate determined from the SWT and Fatemi and Socie equations becomes the final
life estimate. The need to perform two separate calculations reflects the two possible modes of cracking.

104 GRADE X80 FATIGUE MODEL DEVELOPMENT

The cycle properties near half-life that are listed in Sect. 8 based on smooth bar fatigue curves are used to
represent the stabilized stress-strain cycle for the Twice Yield Method fatigue evaluate of Grade X80
linepipe steel. Because pipelines usually do not operate at internal pressures ranging from ambient to
slight vacuum, stress-controlled fatigue data may be more conservative for variable pressure loads. The
same longitudinal strains and internal pressures reported in Sect. 9 are used to illustrate the Twice Yield
Method for Grade X80 linepipe.

¢ Internal pressure loadings range from zero to a maximum operating pressure. The stress amplitude

due to pressure is half the pressure range. A mean stress equation will be necessary to adjust for the
predicted life estimate.
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e Longitudinal strains range from a mean strain of zero. Therefore, the maximum range is twice the
maximum strain.

While the Walker equation discussed in Sect. 4.3 can be used to fit fatigue life test data using completely
reversed loading to establish the Walker parameter v, this study did not provide enough data to accurately
determine a stress-life relationship. However, the Walker parameter was estimated to be Y= 0.757 based
on the minimum ultimate tensile strength as required by API Specification 5L. To determine the expected
fatigue life from completely reversed data reported in Sect. 8, the Walker equation can be used to estimate
the circumferential stress amplitude (R = 0) based on the maximum internal pressure follows.

1—-R\
Oar = Omax (T) = 0.5920m4x

For both restrained and unrestrained pipelines, the maximum circumferential stress is due to internal
pressure is calculated as:

PD
Omax = Z_t

Where:

P = internal pressure
D = outside diameter
t = wall thickness

Fatigue analysis models incorporate cyclic dependent material properties from the selected cycle near
half-life as shown in Sect. 8 including E, = 30 msi and E; = 26 msi. The strain hardening exponent, n’,
and fitting constant, b, were shown to be dependent on stress amplitude. A fatigue assessment based on an
elastic-plastic stress analysis and equivalent strains results are shown in Table 21 and Fig. 76.
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Table 21. Results of Fatigue Analyses

Longitudinal Equivalent Cycles Cydes
Strain ll::erlﬂ Siress . b i : based om | based om
Amplitade | S’h";;;) Amplitade| = Tar €4 | Gy(ksi) | 6, (ks Trisxiatity SWT
(%) Gy (ksi) Parameter | Paramefer
0.00 0.00 -0.20 -0.27 6952 69.52 0.49 341 173
0.50 23.33 -0.20 -0.27 69.52 61.19 0.49 157 149
0.50 02 3431 0.210 0064 020 -0.27 6952 6021 0.49 114 129
0.30 38.12 -0.20 -0.27 6952 6030 0.49 101 122
0.85 40.51 -0.20 -0.27 6952 6043 0.49 94 116
0.90 42.39 -0.20 -0.27 69.52 60.75 0.49 33 111
0.00 0.00 -0.40 -0.55 3048 3627 0.99 51 26
0.50 23.33 -0.40 -0.55 3048 7160 0.99 26 23
02 3431 -0.40 -0.55 8048 69.95 0.99 19 pal
1.00 0.80 38.12 0.093 -0.m8 -0.40 -0.55 8048 69.73 0.99 18 20
0.85 40.51 -0.40 -0.55 3048 6970 0.99 17 19
0.90 42.39 -0.40 -0.55 3048 69.75 0.99 16 18
0.00 0.00 -0.60 -0.33 3241 3241 1.48 15 8
0.50 23.33 -0.60 -0.33 3241 7794 1.48 3 7
150 0.72 34.31 0.058 0018 -0.60 -0.33 3241 TL70 1.48 6 6
0.80 38.12 -0.60 -0.83 8241 7144 1.48 6 6
0.85 40.51 -0.60 -0.33 3241 7137 1.48 5 6
0.90 42.39 -0.60 -0.33 3241 7139 1.48 5 6
0.00 0.00 -0.80 -1.10 3293 3293 1.97 7 4
0.50 23.83 -0.80 -1.10 3293 7395 1.97 4 3
200 0.72 34.31 a.043 0013 -0.30 -1.10 3293 7213 1.97 3 3
0.80 38.12 -0.80 -1.10 8293 T1.90 1.97 3 3
0.85 40.51 -0.80 -1.10 3293 7183 1.97 3 3
0.90 42 39 -0.80 -1.10 3293 7183 1.97 2 3
1000
— 0.5%-T
100 - === (0.5%-SWT
2
= —1.0%-T
2
é_ === =1.0%-SWT
10 1.5%-T
- a1 5%-SWT
2.0%-T
1 -===2.0%SWT

0.20
Internal Pressure (% SMYS)

0.40

0.60

0.80

1.00

Fig. 76. Internal pressurevscycle life based on allowable longitudinal
strain amplitude using thetriaxiality (T) Parameter and Smith, Watson,

Topper (SWT) parameter.
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11. OBSERVATIONSAND CONCLUSIONS

This research involved development of proposed tensile strain design models for use in design of natural
gas and hazardous liquid transmission pipelines where ground movement could produce plastic strains in
the linepipe steel. The models (1) are based on experimental data obtained from Grade X80 linepipe steel
test specimens, (2) demonstrate the impact of material anisotropy on tensile strain capacity, and (3)
characterize the overall trend of strain-based design of pipelines constructed using Grade X80 linepipe
steel. The target optimum strain range of the proposed models is from 1% to 4%. Results of this research
are intended to provide a technical basis for the development of industry guidelines for strain-based
design of transmission pipelines and possible use by national code and consensus standard committees in
the development of rules for pipelines construction using Grade X80 linepipe steel. Based on the results
and analysis, the following observations have been made.

e Successful application of strain-based design methods compared to traditional stress-based design
methods requires complete understanding of linear, nonlinear, and cyclic mechanical properties of the
linepipe steel under the conditions in which the linepipe is installed. Linepipe can be expanded up to
1.5% to recover tensile strength and control the final dimensions. It is also important to note that the
thermal cycle associated with the application of an external pipe coating can result in a change in the
linepipe tensile and cyclic properties. Since the linepipe is received in the expanded condition and
coated prior to installation, these final properties will govern material behavior and should be given
proper consideration in the final design analysis. The material specification provided by the purchaser
needs to consider both the effect of expansion and thermal aging to ensure the properties are suitable
for the operating conditions.

e For strain-based design methods, it is important to model the entire stress-strain behavior and to
remember that tensile test data are affected by specimen dimensions, instrumentation, and even post-
data processing. Research results discussed in this dissertation suggest that the effect of test
procedures on test results should be factored into material specification development for Grade X80
linepipe. In addition, tensile properties can have variations within the same material specification and
should also be considered in the design and material selection. Material specifications for Grade 80X
linepipe should prescribe both the required minimum and maximum property values (yield, ultimate,
and elongation) and the test protocols that will produce the required material properties data.

e Small-scale testing such as the testing that was conducted as part of this research effort typically
produces more conservative results when compared to full-scale testing. Consequently, the proposed
tensile strain design models that are based on these data have an inherent safety factor. Plastic
collapse load calculations need to include applicable stress and strain limits that are derived from the
envelope of test data and application of a design factor that is based on inspection of the test results.

e Most stress design methods prescribe stress reduction factors for use when various load case
combinations are combined. However, for pipeline applications where it is unlikely that maximum
magnitudes of multiple, time-varying loads, particularly multi-axial loads, will occur simultaneously,
engineering judgment must be applied to establish appropriate reduction factors. These factors are
applied to the type of stress or strain consistent with the loading conditions and depend on
consideration and understanding of mechanical properties test results.

Based on the test results and analysis, the following conclusions can be made.
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Increasing strain capacity is possible by controlling material specification limits to provide
confidence in material behavior. Material specifications should also lend consideration to specifying a
minimum uniform longitudinal elongation to avoid strain localization. It is important that material
specifications for strain-based design include the measurement of longitudinal properties that include
minimum and maximum limits on tensile properties.

Liider’s elongation which was observed in the expanded and aged condition is undesirable in strain-
based design applications because it can lead to strain localization. Liider’s yielding is currently a
focus of research for pipe mills to include sufficient carbon and nitride formers in combination with
optimized processing to minimize the potential in the as-received and aged conditions. For strain-
based design applications, it is desirable to avoid a sharp yield transition in the stress-strain curve or a
drop in the yield strength. These characteristics can increase the strain demand while decreasing the
strain capacity.

When mean stress adjustments are needed in making strain-based fatigue life estimates, several
methods are available using material data from completely reversed-controlled strain data where the
mean strain or stress is at or near zero. The Walker mean stress equation with adjustable constant y
gives superior results where 7y is known or can be estimated. However, not all standards require the
designer to consider adjustment for the effects of mean stress and strain. The ASME Boiler and
Pressure Vessel Code Section VIII Division 2 referenced design fatigue curves are already adjusted
for the maximum possible effect of mean stresses and strains.

Most codes apply fatigue strength reduction factors. They are defined as anything that reduces fatigue
life compared to the polished smooth specimens used to generate the fatigue curves. They are a ratio
of the fatigue strength without the reducing factor to the fatigue strength with the reducing factor and
typically should be based on test data. These reduction factors are usually associated with welding but
also apply to geometric abnormalities, local stress discontinuities, material flaws, or environmental
concerns. The value of the reduction factor is dependent on the level of testing, inspection, and
operational histories.

The incorporation of the Walker equation into the strain-life curve is a promising approach that
should be further evaluated and employed. Future work on mean stress equations should concentrate
on the Walker relationship, such as identifying generic values of y for pipeline steels, or developing
correlations for estimating y from monotonic tensile properties.
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12. SUGGESTIONSFOR FUTURE WORK

Strain-based design technology for transmission pipeline applications using Grade X80 linepipe steel is
not sufficiently validated and significant work remains. The tensile strain design models and
recommendations presented are not intended to be used in lieu of applicable national and international
codes and standards. Users of the prediction models will need to ensure the model is appropriate for their
material, design, construction, as well as operational and environmental conditions. However, no single
approach may be appropriate for all circumstances. It is expected further work introduced by this
dissertation will be expanded and refined by additional work in this area.

e There is a need for a continued joint industry approach for establishment of testing requirements for
validation of material properties and the possible development of minimum materials performance
guidelines in lieu of prescriptive material requirements. The variation of linepipe tensile properties
needs to be better understood and quantified. This process will involve more rigorous inspection of
testing procedures and consistent post-data processing procedures. Statistical distributions for both
the circumferential and longitudinal properties should be provided to include mean values and
standard deviation for:

— Yield strength

— Ultimate strength

—  Uniform elongation
— Total elongation

e Additional fatigue experimental data with varying mean stress is necessary to accurately predict the
Walker parameter and provide better accuracy of the material fatigue constants.

¢ Continued development of closed-form solutions, expressed in terms of experimentally established
stresses and strains from axial-torsional data, to be used to establish the material’s damage parameter
versus fatigue life would be useful for complex nonproportional loadings. The closed form solution
would identify the most critical plane and hence the largest damage parameter for many widely
adopted damage criteria.

Large-scale testing using full-scale pressurized linepipe covering all aspects of the proposed models and

adequate ranges are important for model validation. It is not believed that sufficient material
characterization and model validation exists to generate sufficient FEA models.
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