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Management of Ground Movement Hazards for Pipelines
Executive Summary

Introduction
Ground movements, such as landslides and subsidence/settlement, can pose serious threats to
the integrity of pipelines. The consequence of a ground movement event can vary greatly.
Certain types of ground movements are slow moving and can be monitored and mitigated before
a catastrophic failure. Other forms of ground movements can be difficult to predict. The most
effective approach could be hazards avoidance, proactive means to reduce strain demand on
pipelines, and/or building sufficiently robust pipeline segments that have high tolerance to the
strain demand.
The overall objective of this project is the development of a best-practice document on
managing ground movement hazards. The hazards of focus in this project are landslides and
ground settlement, including mine subsidence. It is the intention of the JIP group that this
document addresses nearly all major elements necessary for the management of such hazards.
Differences in Managing Internal Pressure and Loads Imposed by Ground Movement
There are important differences in the ways the pipeline industry managing internal pressure
and loads imposed by ground movement. The loads of primary concern, caused by ground
movement, act in the length direction of the pipelines (customarily termed longitudinal
direction). Traditional pipeline designs primarily focus on pressure containment through limiting
the hoop stress to a certain percentage of the specified minimum yield stress (SMYS). Although
pipeline design standards, such as ASME B31.4 and B31.8, nominally limit the longitudinal
stress to 90% of SMYS, this limit is typically considered only in the design phase (for lines after
the applicable standards came in place). Longitudinal stresses on pipelines are typically not
monitored or actively managed except in segments which are expected to have high stresses or
heightened risk of failures from historical experience. The “design limit” on longitudinal
stresses is treated very differently from limits on internal pressure.
A Few Key Concepts
The possible failure modes in an event of ground movements are
•

Tensile rupture,

•

Compressive buckling/wrinkling, including possible obstruction to the passage of ILI
pigs,

•

Leaks due to high local tensile strains at wrinkles/buckles, and

•

Time-delayed failures (e.g., fatigue) at location of wrinkles/buckles.

The principal drivers to potential failures can be different among different pipelines,
depending on the vintage, inspection practice, and site-specific ground conditions. For vintage
pipelines built without 100% inspection of girth welds, the leading causes can be large flaws
occasionally left from initial construction and additional stress (sometimes a small increment)
imposed on the pipelines from historical norms. Modern pipelines could fail even with 100%
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inspection of girth welds due to unintentional girth weld strength undermatching and heataffected zone (HAZ) softening.
Pipelines built using linepipes procured by current industry standards, such as API 5L, and
with girth welds qualified, inspected, and constructed by current industry standards, such as API
1104, can have varying degrees of strain tolerance. These pipelines are not guaranteed to have
high resistance to longitudinal stresses or strains. The strain capacity of pipe segments with API
5L compliant linepipe and API 1104 compliant girth welds can vary from as low as 0.2% to well
over 2%.
ASME B31.4 and B31.8 permit pipelines to be designed to have allowable longitudinal strain
up to 2%, provided conditions stated in the standards are met. This allowable design strain limit
is often misquoted and misused as strain capacity (the strain level a pipeline can sustain without
negative consequence). The language in the standards provides a good overview of various
factors that must be considered when pipelines are expected to experience high longitudinal
strain. On the other hand, the standards do not provide specific conditions by which the strain
limit of 2% can be achieved.
Hydrostatic test pressure alone is not an effective way to “weed-out” poor quality girth
welds unless the girth welds already have a leak path or are very close to failure under normal
operational conditions. The incremental increase in longitudinal stress due to the internal
pressure increase from operating pressure to hydrotest pressure is quite small.
Identification and Assessment of Ground Movement Hazards
The methods and processes for the identification, characterization, assessment, and
evaluation of landslide and settlement/subsidence hazards are extensively covered. A framework
is provided to identify and assess the potential effects of landslide and settlement/subsidence
hazards on pipelines. This is accomplished by first providing definitions of geologic processes,
geologic hazards, and potential pipeline hazards and vulnerability. The significant potential
geologic hazards that may impact pipelines in North America are briefly addressed and
described. Detailed descriptions of landslide and settlement/subsidence processes and hazards,
including the potential effects on pipelines, are provided. General methods and processes used to
identify, classify, and evaluate landslide and settlement/subsidence hazards in a phased approach
are described.
Determination of the Longitudinal Stresses/Strains Acting on Pipelines
Girth weld integrity is a major focus in managing ground movement hazards. All girth welds
experience some nominal level of stresses that arise from field welding and operational
conditions such as internal/external pressure and temperature differentials. Tie-in welds may
experience higher stresses than mainline welds due to misalignment of pipe ends, change in
stiffness between two sides of the welds, and uneven support conditions. In the absence of large
flaws, these stresses typically would not cause integrity concerns.
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Stresses and strains from ground movement can have a large range of variation. High
stresses generated by ground movement have been one of the key contributing factors to girth
weld failures.
Various methods to determine stresses and strains are extensively covered in this report,
including working principles, limitations, accuracy, reliability, field experience, and cost. The
methods include (1) established methods with mature technology, such as strain gauges and
Inertial Measurement Units (IMU), (2) maturing technology with limited successful applications,
such as fiber optic cables, and (3) new technology being developed with underlining working
principles either proven or being validated.
The use of IMU is extensively covered in this report, including
•

working principles, including various instrumentations in an IMU,

•

typical sensitivity and accuracy of IMU ILI tools,

•

basic processing of the inertial survey data,

•

limitations and possible ways to overcome the limitations,

•

processes and procedures to identify strain of interest,

•

recommended protocol to characterize and report strains of interest by ILI service
providers,

•

possible ways to validate/verify IMU data,

•

example strain features, and

•

field experience in using IMU and correlations of horizontal and vertical strains from
IMU with data/information from other sources.

Fitness-for-Service (FFS) Assessment and Supporting Information/Data/Tools
In broad terms, FFS assessment involves the comparison of strain demand and strain
capacity. A pipe segment or a weld is deemed safe when the strain capacity is higher than the
strain demand by a sufficient margin. FFS assessment procedures are divided into three
categories, depending on the loading mode and the level of strain demand:
•

FFS procedures under small tensile strain,

•

FFS procedures under moderate to large tensile strain, and

•

FFS procedures under compressive strain.

Within each category, the procedures are covered with the following elements:
•

Applicability and limits,

•

Fundamental basis,

•

Key considerations and key input parameters to the procedures, and

•

Example applications.
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A few notable examples are (1) alternative X-Ray criteria using FFS principles, (2) tensile
strain capacity of vintage linepipe with manual girth welds, and (3) tensile strain capacity of
modern pipelines.
To support the FFS assessment, mechanical properties of pipeline girth welds of various
vintage are collected, analyzed, and reported. Typical flaw types and dimensions found in girth
welds are also reported.
To further support FFS assessment, the capability and limitations of various inspection tools
relevant to the detection and sizing of girth weld anomalies are reviewed.
Mitigation and Monitoring
Mitigation can be viewed as the management of the geologic hazard or threat and its
potential effects on a pipeline. Once mitigation is implemented, its performance will need to be
monitored to assure that the mitigation measures continue to work, and the integrity of the
pipeline is protected, or to identify developing adverse effects that may need response and
additional mitigation.
Hazard mitigation can take many forms, including avoiding the hazard, stabilizing and
controlling the hazard, reducing the effects of the hazard on the pipeline, and/or increase pipe
strain capacity. Mitigation can also include just monitoring the hazard and/or its effects on the
pipeline with the intent to address the hazard/threat issues when (and if) they reach a critical
stage.
Monitoring of the hazard and/or its effects on the pipeline is commonly done after a
mitigation approach/strategy/methodology has been implemented and as an interim step prior to
mitigation if the mitigation cannot be performed immediately. The monitoring may be focused
on: (1) verifying there is no/minimal slope movement once landslide stabilization has been
implemented to assure that the stabilization efforts are working, (2) tracking the movement of the
hazard (i.e., hazard monitoring) to monitor when the hazard has diminished or minimized, or (3)
tracking the response of the pipeline to landslide and settlement/subsidence movements (i.e.,
pipe monitoring).
Typically, monitoring incorporates a combination of strategies and methods. Additionally,
the nature of the mitigation in combination with the nature of the hazard, drive the development
of the monitoring plan/program.
Both mitigation and monitoring are dependent on the development of a site-specific geologic
(hazard) model resulting from Phases II/III efforts of hazard identification, characterization and
evaluation. The site-specific geologic model provides the physical understanding of the hazard,
including the location, dimensions, geometry, nature, and level of activity. These data are
critical to identifying and developing mitigation and monitoring strategies. The development of
a site-specific geologic model often requires the engagement of qualified geologic and
geotechnical professionals.
Brief summaries of the various common potential mitigation alternatives are provided,
including descriptions of the benefits and limitations of each alternative, also addressing
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combinations of the alternatives. Common monitoring strategies, and techniques and
methodologies are also provided.
Overall Management Process
Beyond the integrity management process from the viewpoint of geotechnical engineers,
more refined quantitative assessment using FFS principles can be applied to prioritize mitigation
activities and assist the decision on proper mitigation methods.
The assessment can be broadly divided into two categories: (1) screening or ranking the
locations of interest and (2) site-specific assessment to determine the risk of failure and
mitigation measures. The process of determining strain demand limits, which involves strain
capacity and a safety factor on strain capacity, is provided. The output of the FFS assessment
can be used in both screening/ranking and site-specific assessment.
For screening and ranking, the following critical issues are covered:
(a) Default reporting threshold for IMU tools, and
(b) Classification of locations of high strains.
For site-specific assessment, the application of the FFS assessment procedures is linked to
the potential level of impact if an event were to occur. The recommended default values of input
parameter for FFS assessment are set to produce different levels of conservatism. The higher the
level of impact, the more conservative the assessment outcome becomes. These default values
can be replaced when site-specific values are known.
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Introduction
Abstract

This section starts with an introduction to the ground movement hazards and their
consequences. The broad industry approaches as related to requirements in codes and
standards are briefly described. Various failure modes related to ground movement hazards are
shown. The principal drivers to girth weld failures are highlighted.
The broad project objectives and work scope are listed. The overall structure of the report
and responsible parties for each individual section are given.
1.1

Ground Movement Hazards Relative to Industry Practice

Ground movements, such as landslides and subsidence/settlement, can pose serious threats to
the integrity of pipelines. The consequences of a ground movement event can vary greatly.
Certain types of ground movements are slow moving and can be monitored and mitigated before
a catastrophic failure. Other forms of ground movements can be difficult to predict.
Occasionally catastrophic failures occur. Such incident can lead to significant damage to
properties and cause injuries or even death.
Traditional pipeline designs primarily focus on pressure containment through limiting the
hoop stress to a certain percentage of the specified minimum yield stress (SMYS). Although
pipeline design standards, such as ASME B31.4 and B31.8, nominally limit the longitudinal
stress to 90% of SMYS, this limit is typically considered only in the design phase (for lines
installed after the applicable standards came in place). Longitudinal stresses on pipelines are
typically not monitored or actively managed except in segments which are expected to have high
stresses or heightened risk of failures from historical experience. The “design limit” on
longitudinal stresses is treated very differently from limits on internal pressure. Historically,
failures due to longitudinal stresses/strains are relatively rare. Therefore, the historical approach
seems reasonable.
Girth welds tend to be the weakest link in the integrity of a pipeline subjected to ground
movement hazards. There is a prevailing misunderstanding about the longitudinal stresses or
strains a girth weld can take if the girth welds are qualified and inspected by industry standards
such as API 1104. In reality, girth welds made to comply with API 1104 are not guaranteed to
have high resistance to longitudinal stresses or strains. The analysis of the basic requirements in
girth weld procedure qualification and experimental tests of completed welds can show that the
strain capacity of API 1104 compliant girth welds can vary from as low as 0.2% (equivalent to
approximately 60,000 psi stress) to more than 2%. More on the implications of API 1104
compliant welds is given in Appendix D. For welds made before the qualification and inspection
criteria came in force, one of the major contributors to girth welds’ low tolerance to longitudinal
stresses or strains is the potential for relatively large flaws remaining after construction because
inspection of all welds was not required.
Managing ground movements is a complex undertaking. In formulating the most
appropriate approach, one must take into account the local geotechnical conditions, historical
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experiences, pipe and weld tolerance level to stresses and strains, likelihood of failure, and
consequences. The tolerance to stresses and strains is related to the evolution of pipe steel
manufacturing, welding practice, and inspection techniques. In addition, the availability of data
on geotechnical conditions and pipe characteristics can vary significantly from one pipeline to
another.
1.2

Possible Failure Modes in an Event of Ground Movement

1.2.1 Tensile Rupture
Pipelines subjected to ground movement hazards may experience high longitudinal
stress/strain, in tension or in compression. When the longitudinal stress/strain is in tension, the
primary integrity concern is the ability of the girth weld to sustain such stress/strain. If the
tensile strain demand is higher than the strain capacity of a girth weld, a leak or rupture may
occur at the girth weld. An example of such rupture is shown in Figure 1-1.
A few other examples of tensile failure of girth welds in vintage pipelines are shown in
Figure 1-2, taken from a PHMSA presentation at the 2012 API-AGA Joint Committee meeting
on Oil & Gas pipeline welding practices [1]. In some of the girth weld failure incidents of
vintage pipelines, pre-existing hydrogen assisted cracking of the weld metal or HAZ (heataffected zone), as shown in Figure 1-3, is thought to be a major contributing factor [1].
1.2.2 Compressive Buckling
When the longitudinal stress/strain is in compression a wrinkle may be formed if the
stress/strain is sufficiently high, as shown in Figure 1-4 and Figure 1-5. Large wrinkles/buckles
are possible (see Figure 1-6 and Figure 1-7).
When a segment of a pipeline is subjected to a large compressive strain, the pipe may push
the cover open at a pre-existing overbend as shown in Figure 1-7 and Figure 1-8. The pipe
segment may buckle if the compressive strain is sufficiently high.
1.2.3 Leaks due to High Local Tensile Strain at Wrinkles/Buckles
The formation of a wrinkle or buckle may or may not be an immediate structural integrity
concern. Cracks may form in the vicinity of a severe wrinkle or buckle (see Figure 1-9 and
Figure 1-10). Large hoop strain is generated in the vicinity of severe wrinkles and buckles.
Such hoop strain may be sufficiently large to cause integrity concerns if the wrinkle/buckle
affects a seam weld of compromised properties (e.g., anomalies in certain ERW pipes).
1.2.4 Time-Delayed Failures at Location of Wrinkles/Buckles
Severe wrinkles can cause damage to pipe coating, which may initiate corrosion-related
concerns: either regular corrosion or stress-corrosion cracking. The other long-term structural
integrity concern of wrinkle/buckles is the possible flaw initiation and growth through fatigue
mechanism. Liquid pipelines may experience cyclic longitudinal stress due to large pressure
fluctuation and temperature change. The longitudinal stress fluctuation of gas pipelines is
generally believed to be low. However, gas pipelines can experience fluctuating longitudinal
stress due to the changes in the pipe’s temperature.
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Figure 1-1 Girth weld tensile rupture and the resulting fire from a TV news report

Figure 1-2 Examples of tensile failure of girth welds [1]
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Figure 1-3 Hydrogen assisted HAZ cracking in a vintage girth weld [1].

Figure 1-4 Wrinkle formation at zero internal pressure
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Example of pipe bulging and wrinkle formation (in-service pipeline) from axial
compression due to valley closure resulting from longwall mining

Figure 1-6 A severe wrinkle formed at zero internal pressure.
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Figure 1-7 A severe buckle formed at zero internal pressure.

Figure 1-8 A segment of a pipeline that heaved out of the ground

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Figure 1-9

Page 7

Wrinkle formation near a girth weld and the resulting cracking of pipe wall at the
apex of the wrinkle

Figure 1-10 Cross-sectional view of the winkle and the pipe wall cracking of the wrinkle shown
in Figure 1-9
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Drivers to Failures in an Event of Ground Movement

Traditional pipeline designs primarily focus on pressure containment through limiting the
hoop stress to a certain percentage of the specified minimum yield stress (SMYS). Historically,
failures due to longitudinal stresses/strains are relatively rare. Designing against longitudinal
stresses/strains is typically not a primary concern.
Failures of girth welds are usually associated with additional stresses imposed on the welds
beyond the historical level of stresses. The disturbance of the support conditions would subject
the welds to longitudinal load or bending moment which results in additional longitudinal tensile
stresses. The disturbance of the support conditions may come from ground settlement, landslide,
soil creep, or nearby construction activities. Another source of additional stresses is the thermal
stress when the pipeline experiences colder than usual temperature such as from compressor
station bypass or unusually cold temperature.
For many vintage pipelines, girth welds were not subjected to 100% inspection at the time of
construction. Occasionally large flaws remained after the pipelines were put in service. These
flaws can compromise the strain capacity of the girth welds, thus contributing to failures when
additional longitudinal stresses are imposed.
When the girth welds of a pipeline are subjected to 100% inspection per construction
standards, such as API 1104, large weld flaws typically don’t exist after the pipeline is put in
service. However, high strain capacity is not necessary guaranteed even if the pipes are procured
per modern standards, such as API 5L, and the girth welds are fabricated, inspected, and
accepted by modern construction standards, such as API 1104. Girth welds qualified to API
Standard 1104 are only required to have a cross-weld tensile strength equal to or greater than the
specified minimum ultimate tensile strength (UTS) of the pipe. Since pipe strength is almost
always greater than the specified UTS, the standard 1104 effectively allows for weld strength
under matching, i.e., weld strength being lower than the strength of the pipe. In an event that
ground movement results in overall longitudinal stress exceeding the specified UTS, strain can
concentrate at the girth welds, leading to premature failure. More on this subject is given in
Appendix D.
Hydrostatic testing is performed to verify the integrity of pipelines. These do not effectively
test the ability of a pipeline to withstand longitudinal stress/strain; the longitudinal stress due to
internal pressure in a buried (fully restrained) pipeline is only 30% of the hoop stress.
Failures due to longitudinal loads are relatively rare. This is, in a major part, attributable to
the low longitudinal stresses experienced by typical buried pipelines. In the absence of ground
movement hazards or other uncommon conditions, such as compressor station bypass or unusual
weather conditions, the highest stresses on the girth welds of onshore pipelines typically occur
during the pipeline construction stage, e.g., lifting and lowering-in, HDD, etc. After surviving
the construction phase, undetected flaws can remain dormant for decades without any negative
consequences.
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Project Objective

The overall objective of this project is the development of a best-practice document on
managing ground movement hazards. The hazards of focus in this project are landslides and
ground settlement, including mine subsidence. It is the intention of this JIP ground that this
document should address nearly all major elements necessary for the management of such
hazards.
1.5

Work Scope and Report Structure

This project covers all key elements related to the integrity management of pipelines
subjected to ground movement hazards. The major elements of the work scope are as follows.
(1)

Possible failure modes and drivers to failures (Section 1),

(2)

Identification and assessment of landslides and settlement/subsidence hazards (Section
2),

(3)

Stresses potentially affecting pipeline performance in an event of ground movement
(Section 3)

(4)

Utilization of IMU in the identification of strain locations of interest (Section 4),

(5)

Mechanical property and flaw characteristics of vintage girth welds (Section 5),

(6)

Detection and sizing of girth weld anomalies (Section 6),

(7)

Fitness-for-service assessment (Section 7),

(8)

Mitigation and monitoring (Section 8),

(9)

Overall strategy and procedures of managing ground movement hazards (Section 9),
and

(10) Issues not addressed in this project, gaps, and ideas for future research and development
(Section 10).
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Methods and Processes for the Identification and Assessment of Hazards
Abstract

This section describes methods and processes for the identification, characterization,
assessment, and evaluation of landslide and settlement/subsidence hazards. The processes
described in this section are intended to assist pipeline owners/operators in identifying, locating,
characterizing, understanding, and then managing landslide and settlement/subsidence hazards
that may affect their pipeline systems.
A framework is provided to identify and assess the potential effects of landslide and
settlement/subsidence hazards on pipelines. This is accomplished by first providing definitions
of geologic processes, geologic hazards, and potential pipeline hazards and vulnerability. The
significant potential geologic hazards that may impact pipelines in North America are briefly
addressed and described. Detailed descriptions of landslide and settlement/subsidence
processes and hazards, including the potential effects on pipelines, are provided. General
methods and processes used to identify, classify and evaluate landslide and
settlement/subsidence hazards in a phased approach are described and presented herein.
2.1

Overview

2.1.1 General
This section provides and describes recommended methods and processes for the
identification, characterization, assessment and evaluation of landslide and settlement/subsidence
hazards. The methods and processes described can assist pipeline owners/operators to identify,
locate, characterize, understand, and then manage landslide and settlement/subsidence hazards
that may be affecting their pipeline systems. The implementation of these processes is typically
undertaken by trained professionals (primarily geoscientists and engineers) experienced in the
identification, assessment and mitigation of geologic hazards; working with pipeline owners and
operators to guide their geologic hazards programs. This section also provides the background
information necessary for the discussion of landslide and settlement/subsidence hazard
mitigation alternatives and hazard monitoring that are addressed in Section 8.
The focus of this section is on naturally-occurring or human-triggered geologic processes that
may result in geologic hazards to pipelines; specifically landslide and settlement/subsidence
hazards. Geologic hazards in general, and landslides and subsidence/settlement hazards in
particular, can significantly affect the integrity of pipelines depending on the exposure to the
hazard.
Because of the long, linear nature of pipeline systems, they often cross varied terrain and
geologic conditions that may be susceptible to landslides and settlement/subsidence [2, 3, 4, 5,
6]. The early, timely and systematic identification, mapping, characterization and threat
classification of potential landslide and settlement/subsidence hazards along pipeline alignments
is important. This information allows owners/operators to understand the nature, spatial
distribution, magnitude, extent and level of activity of the hazards, and thus, their potential
impacts on the pipelines. Additionally, with this information, pipeline owners/operators can
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implement informed hazard mitigation measures and informed risk management and operational
decisions. The timely and systematic identification of the hazards and appropriate mitigation
actions can reduce the hazards to pipeline integrity and maintain public and environmental health
and safety.
The overall process of addressing geologic hazards and their effects on pipelines can be
described as involving four basic steps or elements. These are: 1) hazard identification, 2)
hazard characterization, assessment and threat classification, 3) hazard mitigation, and 4) hazard
monitoring. The process begins with the systematic identification of the hazards and carries on
through successive steps to both understand the nature of the hazards and their potential impacts
(threats) on the pipeline, and to focus on those hazards where mitigation needs to be considered
and implemented. The final step involves monitoring the performance of the mitigation
measures. Although the steps are essentially sequential and successive, they are closely
connected, inter-related and iterative, as illustrated below in Figure 2-1.

Figure 2-1 Basic steps in addressing geologic hazards

In this section, we primarily address the elements of the first two steps in the process of
managing landslide and settlement/subsidence hazards: the methods and processes to identify the
hazards and assess and classify the potential threats the hazards may have on a pipeline. Hazard
mitigation and monitoring are explicitly addressed in Section 8.
The development of the processes makes use of previous texts, technical papers and journal
articles regarding geologic hazards and pipelines. Examples of previously proposed guidelines
and frameworks for geologic hazard management for pipelines or other linear facilities include
those of [5, 6, 7, 8, 9, 10, 11, 12, 13].
Lier [14] provides an example of a commercially available geologic hazard management
system for existing pipelines. Zaleski [15] provides the owner/operator’s perspective on the
implementation of geologic hazard management systems. Davidson, et al., [16] provide an
example of a state of the art quantitative geologic hazard assessment for a proposed liquids
pipeline routed through geologic hazard-prone plateaus and mountain ranges of central and
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northern British Columbia that follows the susceptibility assessment approach of [5]. Davidson
et al [16] noted that although the program is quantitative it still requires expert judgments to be
made for key susceptibility model parameters.
This section is directed toward pipeline owners/operators that have yet to develop a formal
geologic/geotechnical hazard identification and assessment program to address landslide and
settlement hazards, or that currently address individual issues as they arise. The information in
this section may also be used to update or revise existing owner/operator geologic hazard
management programs.
The information in this section, although primarily developed for existing pipelines, can also
be applicable for new or proposed pipelines. For proposed pipelines the information can be used
for initial route/alignment selection, validation of the route/alignment with respect to geologic
hazards, and development of an inventory of hazards that can be used for permitting and future
risk management of the pipeline.
We stress that any geologic hazard management program requires the input of a geoscientist
or geotechnical engineer with local/regional knowledge of the geologic processes and potential
geologic hazards within a specific study area or region. Often this expertise will come from
outside the pipeline company. While these outside experts will have specific geologic hazard
experience, they may not have pipeline related experiences. As a result, there should be
owner/operator input during the scoping, implementation and operation of a geologic hazards
management program, particularly during the determination of threat/susceptibility levels. As
noted by Davidson, et al., expert judgments will be required even for the most rigorous
quantitative approach to geologic hazard management [16].
2.1.2 Organization of this Section
This section provides a framework to identify and assess the potential effects of landslide and
settlement/subsidence hazards on pipelines. This is accomplished by first providing definitions
of geologic processes, geologic hazards, and potential pipeline hazards and vulnerability in
Section 2.2. Although the focus of this JIP is on landslide and settlement/subsidence hazards,
other significant potential geologic hazards that may impact pipelines in North America are
briefly addressed and described in Section 2.3. Detailed descriptions of landslide and
settlement/subsidence processes and hazards, including the potential effects on pipelines, are
provided in section 2.4. Section 2.5 provides the general methods and processes used to identify,
classify and evaluate landslide and settlement/subsidence hazards in a phased approach.
2.2

Definitions of Geologic Processes, Hazards, Pipeline Vulnerability

Geologic hazards that could affect a pipeline system are the result of naturally-occurring,
active geologic processes. These geologic processes occur in the absence of a pipeline system,
and only become hazards or potential hazards if they affect, or potentially affect the integrity of
an existing pipeline, or the routing, design and construction of a proposed pipeline. That is, the
processes become potential hazards or potential threats if they lead to, or result in adverse
consequences to the pipeline, or pipeline system.
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Although geologic processes (i.e., hazards) are naturally-occurring, they can also be triggered
or exacerbated by human activity or intervention. For example, the construction and operation of
a pipeline can trigger a landslide on ground that would have otherwise been stable. Another
example is underground resource extraction, which can lead to surface settlement/subsidence and
localized differential surface displacement, on ground that would have been otherwise hazard
free.
Whether a particular pipeline is vulnerable, or is exposed to the effects of the potential
geologic processes (hazards) depends on many factors. These factors may include:
•

The location, type, nature, age, activity, rate and extent of the geologic process (hazard)
relative to the pipeline and its orientation.

•

The pipeline’s exposure to the geologic hazard, and the likelihood of the consequences of
pipeline damage or rupture if the hazard or threat is active.

•

The type, age, material, design parameters, and construction methods and practices of the
pipeline.

•

The operational and maintenance environment, processes and procedures of the pipeline.
Potential Geologic Hazards that May Affect Pipelines in North America

2.3

Although the focus of the JIP is on landslide and settlement/subsidence hazards, there are
numerous other potential geologic hazards that could also affect pipelines (or other facilities) in
North America [e.g., 6, 17, 18, 19, 20, 21]. The nature and potential effects on pipelines of these
hazards are briefly discussed below to illustrate the comprehensive breadth and variety of natural
hazards that could adversely affect the integrity of pipelines. The common geologic
processes/hazards that could potentially affect pipeline systems in North America, at a minimum,
include:
•

Landslides

•

Ground subsidence/settlement (collapse of underground mine workings, subsurface
bedrock dissolution [karst], subsurface fluid withdrawal)

•

Water erosion (river and stream [watercourse], coastal, ground surface, subsurface)

•

Wind (aeolian) erosion

•

Seismic (ground shaking, surface fault rupture, liquefaction, induced landslide, tsunami,
seiche, ground deformation)

•

Volcanic (lava flow, lahar, tephra, pyroclastic flow, volcanic earthquakes, ground
deformation)

•

Expansive/collapsible soils

•

Shallow groundwater

•

Glacier and permafrost (outburst flooding, cracking, heave, subsidence, thawing
causing/triggering landsliding)

•

Snow avalanches and ice falls (not discussed in detail in this document)
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2.3.1 Landslide Hazard
The nature and potential effects of landslide movement on pipelines are discussed in detail in
Section 2.4. In general, however, a landslide is defined as the “movement of a mass of rock,
debris, or earth down a slope,” and encompasses landslide processes such as debris flows,
rotational landslides, translational landslides, soil creep, topples, earth flows, rock falls, or debris
slides [22, 23, 24, 25]. Figure 2-2 shows a complex landslide in the Northwest Territories that
has elements of translational and flow landslides. Landslide movement and displacement can
damage or rupture pipelines by [2, 26]:
•

Shearing the pipe with differential displacement along the vertical and/or lateral landslide
limits, along the subsurface rupture surface, or along internal failure surfaces of the
landslide,

•

Putting the pipe into compression, tension and bending during downslope movement of
the soil and rock mass,

•

Undercutting and exposing the pipe (in the event that material flows out from underneath
the pipeline), or

•

Physically impacting shallowly-buried or exposed pipe in the event of a rapid debris flow
or rock fall impact.

2.3.2 Ground Subsidence/Settlement Hazard
The nature and potential effects of ground subsidence on pipelines is discussed in detail in
Section 2.4.2. In general, ground subsidence is a gradual or sudden sinking/settlement of the
ground surface resulting from the removal or movement of subsurface materials [9, 3, 27]. The
principal causes of ground subsidence are subsurface fluid withdrawal with associated aquifer
system compaction, the collapse of underground mine workings, subsurface dissolution of
bedrock, drainage of organic soils, thawing of permafrost, and natural soil consolidation [3, 28,
27, 29]. Ground subsidence/settlement may result in:
•

Broad compressive and tensile stresses/deformation across wide areas,

•

Local tilting, and

•

Differential displacement across distinct linear discontinuities such as faults and fissures
along the edges of the subsidence (Figure 2-3 and Figure 2-4).

Ground subsidence and settlement can adversely affect pipelines and surface structures [e.g.,
30, 31, 41, 32, 33, 34, 35, 36, 37, 38, 39]. The subsidence may impart broad tensile or
compressive stresses on the pipeline at the center and limits of the area of subsidence and at
significant distances from the limits as with longwall coal mining, or concentrated shearing
stresses at specific linear discontinuities or lateral limits of the subsidence [40]. In addition,
subsidence deformation may change the surface and groundwater hydrologic conditions [37].
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Complex landslide with translational sliding and flow landslide movement types
along the Mackenzie River, Northwest Territories (Photo by: D. West, Year: 2006)
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Figure 2-3

Illustration of location and types of surface subsidence deformation above a
collapsed underground room-and-pillar coal mine (modified from [41]).

Figure 2-4

Surface subsidence from subsurface block caving above the Ridgeway Mine in
New South Wales, Australia [42]

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 17

2.3.3 Water Erosion Hazards
Water erosion hazards that have the potential to affect pipelines may be divided into those
related to moving water in rivers and streams (watercourse hazards), those related to shoreline or
coastal erosion along the margins of water bodies (lakes, reservoirs, oceans), erosion of the
ground surface from precipitation and local runoff, and subsurface erosion by groundwater in the
pipe trench. Descriptions of each of these potential water erosion hazards and their potential
effects on pipelines are summarized in the following bullets:
•

River and stream (watercourse) pipeline exposures due to:
o Vertical channel movement
▪

Local scour: Lowering of the streambed in an isolated area due to secondary
currents generated by obstructions in the channel (e.g., bridge piers, riprap
banks, logjams, or channel confluences).

▪

General Scour: lowering of the bed elevation in a reach due to channel
constriction (e.g., armored pipeline crossing).

▪

Degradation: lowering of the streambed throughout a reach of the river, due
to an increase in flow in the channel, decrease in sediment supply, lowering
of the bed level downstream (e.g., meander cutoffs or head-cutting).

▪

Aggradation: raising of the bed level throughout a reach, due to increase in
sediment supply or reduction in flow in the channel.

o Horizontal (lateral) channel migration

•

▪

Bank erosion: the gradual loss of bank material (often from an outside bend)
typically with a corresponding deposition of sediment on the inside of the
bend (point bar).

▪

Channel avulsion: the sudden relocation of the channel, typically on an
alluvial fan. Alluvial fan avulsions are often a complete change of channel
location resulting from the natural process of channel infilling with
sediment (as channel slope reduces on fan) and the stream overflowing
banks onto a new, lower portion of the fan. Sometimes old channels are
reoccupied. Logjams or narrowing of channel width often exacerbates
sediment deposition and triggers avulsions.

▪

Meander loop cutoffs: is a special case of bank erosion, where a long
meander bend exists and flow “shortcuts” across a narrow neck of land. Can
be sudden (during a large flood) or gradual. This results in the creation of
oxbow lake, shortening of the main channel, increases in bank erosion (to
lengthen channel to stable slope), degradation upstream and aggradation
downstream,

Shoreline and coastal (waterbody) pipeline exposures resulting from shoreline wave
erosion.
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General right-of-way (ROW) surface erosion from incident rainfall that may take the
form of sheetwash, rilling and gullying:
o The surface erosion may be caused and/or exacerbated by pipeline construction and
operation activities.
o In areas of where drainage is concentrated due to natural processes and/or as a result
of construction on or uphill from the right of way, including access roads, there
may be a hazard of exposing pipelines due to surface erosion.

•

Subsurface erosion/piping due to groundwater flow in the pipeline backfill:
o Pipeline backfills, even when compacted, act as preferential flow paths in sloping
areas. If erodible backfill is present, piping may occur.
o The piping forms voids in the subsurface within the backfilled pipe trench, which
may collapse and form sinkholes or depressions at the surface.

Pipelines exposed by water erosion processes or hazards may be subjected to increased
corrosion hazards from water and air, to physical damage from impacts by debris, and to
increased vertical and lateral loading for which they were not designed [43]. Bryndum [44]
discussed the potential modes of damage and/or failure for exposed and unburied pipelines in
watercourses or waterbodies (including areas of surface and subsurface erosion) which are
generally summarized as follows:
•

Hydrodynamic loading from the force of water flowing against a partially exposed and/or
free-spanned pipeline. Included within hydrodynamic loading is the potential for strikes
from either the bedload material and/or large woody debris (LWD) in the system. In
some instances during lateral encroachment and/or piping, additional vertical loading is
caused by the pipeline cover that has not been eroded.

•

Vibration loads due to vortex shedding in a free-spanned pipeline.

Additionally, exposed pipelines subjected to any water flow will likely have their coating
systems removed by the water and/or bedload flows potentially making them more susceptible to
corrosion. The issue may not be field-identified because exposures typically occur during
flooding events that may expose and then re-bury a pipeline segment without the operator’s
knowledge.
An example of significant pipeline exposure from lateral stream channel migration and
vertical scour (erosion) is illustrated in Figure 2-5. The exposed pipelines in Figure 2-5 were
originally buried below the floodplain surface. A thick (approximately 70 ft; 21 m) artificial fill
was placed in the floodplain and over the pipelines. The pipelines became exposed when
concentrated flood flows, constricted by the artificial filling of the floodplain, reduced the
available flood dissipation area, and resulted in lateral channel migration and vertical erosion.
When exposed, these pipes then became subjected to hydrodynamic loads (from both flood flows
and low flows) and loads from the impact of LWD.
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Figure 2-6 illustrates pipeline exposure from drainage avulsion on an alluvial fan. The lateral
erosion and pipe exposure also created significant vertical loading on the pipe where cover
material remained after exposure.

Figure 2-5

Pipeline exposure resulting from lateral channel migration and vertical erosion in
western Washington. (Photo by: A. Kammereck, Year: 2007)
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Channel avulsion on an alluvial fan triggered by an upstream log jam diverting flow
down a pipeline ROW. A 36-inch mainline was partially exposed and undermined
by the avulsion channel. (Photo by: D. Dewar, Year: 2011)

2.3.4 Wind (Aeolian) Erosion Hazard
Wind (aeolian) erosion is typically a hazard to pipelines where surface deflation occurs in
agricultural, semi-arid and arid regions and loose, exposed surficial material (e.g., silt and fine
sand) is moved along the surface, bounced across the surface (saltation) and/or lifted into the air
(suspension) [45]. Potential hazards to pipelines from wind erosion include the loss of cover,
exposure of the pipeline, formation of unintended spans, and erosion of the pipe coating (e.g.,
sand blasting). Figure 2-7 shows the effects of long-term wind erosion and the resulting
erosional deflation of the ground surface as the area of erosion encroaches on a pipeline ROW.
Commonly, the main hazard to a pipeline in an area of thinned cover resulting from wind
erosion is third-party mechanical damage (e.g., where modern mechanical agricultural ground
disturbances can be as deep as 4 ft (1.2 m) rather than the historical depths not exceeding 2 ft
(0.6 m)). Figure 2-8 shows an area in Saskatchewan where wind erosion has significantly
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reduced the soil cover over a pipeline in an agricultural field such that continued agricultural
activities in the field could result in pipe damage.

Figure 2-7

Wind erosion and deflation (lowering) of the ground surface is encroaching on a
pipeline ROW (arrows) in eastern Washington. (Photo by: D. West, Year: 1996)

Figure 2-8

Wind erosion in Saskatchewan which has reduced the cover over a 6-inch pipeline
from the installed 3 ft (1.2 m) to 1 foot (0.3 m). (Photo by: B. Moore, Year: 2007)
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2.3.5 Seismic Hazard
Common earthquake processes that result in potential seismic hazards to pipelines and
pipeline facilities include: active fault displacement (with surface rupture), strong earthquake
shaking, soil liquefaction, earthquake-induced landslides, tsunami, seiche (standing wave in a
closed water body) and ground deformation (broad uplift and subsidence) [19, 46, 47, 21].
O’Rourke and Liu [26] have further defined the more common specific potential seismic hazards
to buried pipelines as falling into permanent ground deformation (PGD) hazards and earthquake
wave propagation hazards. The PGD hazards include:
•

Fault rupture (differential ground displacement),

•

Earthquake-induced landslide displacement,

•

Soil lateral spreading resulting from soil liquefaction,

•

Ground settlement due to strong ground shaking of loose soil or from soil liquefaction,
and

•

Pipe buoyancy resulting from soil liquefaction.

The PGD hazards may result in localized compression, tension or shearing stresses on
pipelines where they are subject to the concentrated effects of the PGD such as at the margins of
a landslide or at a fault crossing, or the PGD hazard may be distributed such as in ground
deformation associated with liquefaction-induced lateral spreading [26].
Figure 2-9 shows the surface fault scarp along the Lost River Range frontal fault in Idaho
that occurred during the 1983 magnitude 7.3 Borah Peak Idaho earthquake. The maximum
vertical surface fault displacement (e.g., PGD) measured along the approximately 23 miles (36
km) of fault rupture ranged from 8 to 9 ft (2.4 to 2.7 m) [48].
Wave propagation hazards to buried pipelines are characterized by the transient strain and
curvature in the ground associated with the strength/intensity of the passage of the earthquake
waves during an earthquake [26]. Strong earthquake shaking with significant duration may also
severely damage or destroy pipeline surface facilities (e.g., compressor or pump stations) if they
are under-designed for seismic effects.
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Eight- to nine-foot-high surface fault scarp on the Lost River Range frontal fault that
formed during the 1983 magnitude 7.3 Borah Peak, Idaho earthquake. (Photo by:
D. West, Year: 2010)

2.3.6 Volcanic Hazard
The predominant processes that may result in volcanic hazards to pipelines include [49, 50]:
•

Tephra (ash) fallout,

•

Lava flow,

•

Pyroclastic flow,

•

Lahar run-out (earth or debris flow of volcanic origin),

•

Other landslide activity triggered by eruptions,

•

Ground deformation, and

•

Volcanic earthquakes.

Figure 2-10 illustrates the types of potential volcanic processes and their geographic
distribution around a volcano. Most of the volcanic processes, and therefore the potential
hazards, are geographically constrained to the close proximity of the volcanic edifice, however,
lahars (earth or debris-flows) and tephra (ash) can be deposited at some distance from the
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volcano, with lahars generally spatially confined to drainages and associated proximal alluvial
fans [49, 50]. In addition, landslides, including lahars, can occur at a volcano in the absence of
an eruption.

Figure 2-10 Illustration of typical volcanic processes [49]

2.3.7 Expansive/Collapsible Soil Hazard
Expansive surface and near-surface soils or soft rock may experience considerable volume
change, usually related to a seasonal increase or decrease in soil water content [51]. Such soils
are also known as expansive or swelling clays and may have documented swelling/expansion of
8 to 46 percent and measured swelling pressures of nearly 40 psi (2.8 kg/cm2) [52].
Structures/facilities located or buried in expansive clay (e.g., pipelines, tunnels, culverts, etc.)
may be subjected to large magnitudes of lateral swelling pressures. The lateral swelling
pressures may result in damage even with little evidence of vertical swelling [53]. Each year in
the United States, expansive soils cause about $2.3 billion in damage to houses, other buildings,
roads, pipelines and other structures [54, 55]. Expansive soils are often associated with clay
minerals (e.g., smectite-montmorillonite or bentonite) derived or chemically weathered from
clay-rich sedimentary rock (shale), or igneous rock such as volcanic ash [54].
Collapsible soils are those that are susceptible to large volumetric changes/strains when they
become saturated [56, 57]. The collapsing soils can result in large differential settlements that
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can reduce the serviceability of structures and infrastructure [56]. Loose soils, such as windblown (aeolian) loess are most susceptible to collapse, and the amount of collapse is dependent
on the relative density and thickness of the deposit [57].
2.3.8 Shallow Groundwater Hazard
Shallow groundwater can result in pipe buoyancy if not identified and mitigated [40, 58].
Fluctuating shallow groundwater may also adversely affect pipelines that are not designed to
address this hazard by putting the pipe into cyclic stress conditions associated with the continued
rise and fall of groundwater elevation. Pipe buoyancy, including fluctuating shallow
groundwater, may lead to adverse pipe buckling and bending. Such shallow groundwater
fluctuations may occur where agricultural land is seasonally irrigated. Shallow groundwater
could also contribute to soil liquefaction under strong earthquake shaking depending on the type
and nature of the soil. Rizkalla [5] provides a detailed discussion of the causes of, and mitigation
for pipeline buoyancy. Seasonally saturated soil can also be a risk factor for stress corrosion
cracking.
2.3.9 Glacier and Permafrost Hazard
Permafrost hazards in North America are generally geographically constrained to northern
arctic latitudes and higher elevation alpine/mountainous regions. Potential permafrost hazards
may be triggered or exacerbated by warming related to climate change or man-caused ground
disturbance [59]. Potential permafrost hazards to pipelines, whether in arctic or alpine regions
include [60, 61, 59]:

2.4

•

Permafrost and glacier-related floods which may lead to pipeline exposure (breaching of
moraine lake dams, failure of temporary dams, growth and breaching of thermokarst
lakes, enhanced runoff from melting permafrost, glacier outburst, seasonal changes in
glacier runoff)

•

Glacier advance, surge and retreat which may cover or uncover pipelines

•

Permafrost-related landslides (periglacial debris flows, rockfall along a rock glacier front,
rapid or very slow movement of frozen debris-lobes, deep-seated landslides triggered by
permafrost thawing; landslides are discussed in Sections 2.3.1 and 2.4.1)

•

Permafrost thaw settlement, subsidence and heave (subsidence/settlement discussed in
Sections 2.3.2 and 2.4.2)
Description of Potential Landslide and Settlement/Subsidence Geologic Hazards

The detailed focus and discussion in this section is on landslide and subsidence/settlement
hazards with descriptions of the types, nature, location, extent, magnitude, and potential amounts
and rates of movement of the hazards. The potential primary physical effects on a pipeline by
each hazard are also described as part of each hazard’s physical description.
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2.4.1 Nature and Effects of Ground Movement (Landslide) Hazards
2.4.1.1 Landslide Types, Processes, Triggering Mechanisms and Features
As defined previously, a landslide involves the downward, or downslope movement of a
mass of soil or rock due to gravity. A landslide occurs when the downslope component of forces
(driving forces) acting on the slope exceeds the resistance of the materials underlying the slope
(resisting forces). Driving forces can be increased by changes to slope geometry (e.g., erosion or
grading), or by increased loading on the slope (e.g., placing fill on the slope or earthquake
shaking). Resisting forces can be reduced by mechanical and chemical weathering of the
material underlying the slope (which weaken the material), and by increased/raised
groundwater/pore water pressure levels in the slope.
Landslides may be shallow (at or near the ground surface; i.e., only a few feet thick) or they
may be deep-seated (several tens to hundreds of feet thick), and may occur extremely rapidly, in
seconds, minutes or hours, or as extremely slow, on-going processes occurring over months,
years and centuries. Temporal physical changes to the environment such as storms, earthquakes,
undercutting and erosion by streams, and/or activities of humans can initiate or trigger
landslides. The stability of a slope is directly related to the:
•

Material properties of the soil and rock in the slope,

•

Surface and groundwater/pore water conditions,

•

Slope geometry, and

•

State of stress and stress history of the slope

Landslide Types and Processes
Landslides can be organized into different types based on the form or type of movement and
on the soil and/or rock material that makes up the landslide [22]. In general, and as defined by
Cruden and Varnes [25] and Highland and Bobrowsky [22], there are five basic landslide
movement types which include: fall, topple, slide, spread and flow. These basic movement types
are illustrated on Figure 2-11.
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Figure 2-11 Basic landslide movement types from [25] (a) fall; (b) topple; (c) slide (rotational
slide shown); (d) spread; (e) flow.
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Falls occur as a detachment of soil or rock from a steep slope on a surface from which little
or no shear displacement takes place. After detachment, the material descends by free falling,
bouncing or rolling. Except where the displaced landslide mass is undercut (e.g., streams or
waves), a fall will be preceded by small sliding or toppling, and the movement of falls is
typically very rapid to extremely rapid [25]. Extremely rapid flows of dry debris caused by large
falls and slides are commonly referred to as rock-fall avalanches or rock avalanches by many
landslide practitioners [25].
Topples are the forward rotation out of the slope of a mass of soil or rock about a point or
axis. Topples commonly occur in basalt columns or metamorphic and sedimentary rocks with
steeply dipping joints, metamorphic foliation or bedding [25].
Slides are the downslope movement of a soil or rock material which occurs primarily on
surfaces of rupture, or on thin zones of intense shear strain [25]. Slides typically occur either as
translational slides, where the zone of rupture is planar or undulating and sliding is out over the
original ground surface, or as rotational slides, where the surface of rupture is curved. Slides
may also occur with a combination of translational and rotational movements known as a
compound slide [25]. Rotational slides are often referred to as slumps by some practitioners but
it is recommended that the term “slump” not be used when describing landslides because there is
no widely accepted definition for this ambiguous term. In some geographic areas slides are
colloquially referred to as “slips.”
Spreads are defined by Cruden and Varnes [25] “as an extension of a cohesive soil or rock
mass combined with a general subsidence of the fractured mass of cohesive material into softer
underlying material.” Spreads usually occur on very gentle, low-angle slopes, or almost flat
terrain where a stronger upper layer of rock or soil undergoes lateral extension and moves along
an underlying softer, weaker layer [22]. Spreads can result from liquefaction or from softer
material squeezing out from underneath a harder more cohesive material. Liquefaction resulting
from shaking due to seismic events commonly triggers spreads [25].
Flows are a spatially continuous movement in which there is significant internal deformation,
and the material behaves like a viscous fluid. There is a gradational transition from slides to
flows, depending on such variables as water content, mobility, and evolution of the movement.
Slides can evolve into extremely rapid flows as a displaced material loses cohesion, gains water
or encounters steeper slopes [25]. The term “flow” can encompass landslide events such as
debris avalanches, debris flows, debris torrents, lahars and earth flows.
Cruden and Varnes [25] classify the type of material in a landslide as:
•

Bedrock (Rock), a hard or firm mass that was intact and in its natural place prior to being
displaced,

•

Debris, a coarse soil material in which between 20 and 80 percent of the particles are
gravel-sized or larger, and the remainder are sand-size or smaller; or

•

Earth, a fine soil material in which 80 percent of the particles are sand-sized or smaller.
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Table 2-1 lists the typical landslide types, and their names based on whether they are
primarily made up of bedrock, coarse soil (debris) or fine soil (earth).
Table 2-1

Landslide movement types and landslide classifications/names based on material
(modified from [25] and [23])

Type of Material
Type of Movement
Bedrock

Predominantly
Coarse Soil (Debris)

Predominantly
Fine Soil (Earth)

Fall

Rock fall

Debris fall

Earth fall

Topple

Rock topple

Debris topple

Earth topple

Slide (rotational, translational)

Rock slide

Debris slide

Earth slide

Spread

Rock spread

Debris spread

Earth spread

Flow

Rock flow

Debris flow

Earth flow

Complex (combination of two or more principal types of movement)
Landslide movement and landslide material types form the basic nomenclature for
classifying landslides. Landslides are also classified by the use of the following descriptors [25]:
•

Activity state (e.g., active, suspended, reactivated, dormant, inactive),

•

Spatial distribution and how they are moving (e.g., advancing, enlarging, etc.),

•

Style (e.g. single and multiple landslides, complex, composite and successive),

•

Rate of movement (e.g., slow to extremely rapid, see below), and

• Water content.
As an example, a landslide may involve more than one type of movement such that it could
be described as a “complex, extremely rapid, dry, rock fall-debris flow” [25].
With the exception of falls (which can have instantaneous, short-term velocities of hundreds
of miles/hour), the velocity of landslide events can vary from fractions of an inch per year to feet
per second, depending on the landslide movement type, the properties of the soil and rock slope,
the water content, the slope angle and the triggering event [25]. Extremely slow movement
(fractions of an inch per year) is often referred to as “creep” or soil creep. Table 2-2 lists typical
landslide velocities, and the common landslide movement types that are associated with the
typical velocities for a landslide velocity classification proposed by Cruden and Varnes [25]. The
ability to mitigate the adverse effects of landslide movement becomes more viable the slower the
landslide velocity. Velocity classes 1, 2 and 3 have low enough rates of movement that,
depending upon the type and nature of the facility or structure at risk, landslide mitigation may
be possible (Table 2-2). In addition, initiation of fast moving landslides would not likely be
detected in time to attempt stabilization or mitigation.
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Table 2-2 Proposed landslide velocity scale (modified from [25] and [22])
Velocity
Class

Typical Velocity

Description

Common Landslide Types

7

>5 m/sec

Extremely
Rapid

Falls, Topples, Debris Flows

6

3 m/min to 5 m/sec

Very Rapid

Falls, Debris Flows

5

1.8 m/hr to 3 m/min

Rapid

Falls, Debris Flows, Earth
Flows, Slides, Spreads

4

13 m/month to 1.8 m/hr

Moderate

Slides, Earth Flows, Spreads

3

1.6 m/yr to 13 m/month

Slow

Slides, Earth Flows, Spreads

2

16 mm/yr to 1.6 m/yr

Very Slow

Slides, Earth Flows, Spreads

1

<16 mm/yr

Extremely
Slow

Topples, Slides, Flows

The most common landslides, as classified by movement type and material type that appear
to affect pipeline systems in North America include: rock fall, translational rock slide, rotational
and translational debris/earth slides, debris flow, earth flow, and debris/earth spreads. Soil creep
(considered a slow earth flow) is also often a recognized slope movement hazard on slopes
traversed by pipelines. Examples of these more common landslides are described and illustrated
in the following paragraphs.
Rock falls may result in large blocks of rock impacting the ground surface as illustrated in
Figure 2-12 and Figure 2-13. A rock fall which occurs on a steep, or vertical rock slope can
result in large rock blocks which may fall uncontrolled directly to the ground surface, or bounce
and impact the ground surface damaging surface structures and imparting significant loads and
stress to the near subsurface.
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Figure 2-12 Schematic of a rock fall [23]

Figure 2-13 Rock fall blocks on highway SR 20 in Washington (Source: WSDOT, Year: 2011)
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Translational rock, debris and earth slides are some of the most common landslide types
world-wide [22]. They move downslope along a relatively planar failure surface (e.g., faults,
joints, bedding surfaces, contact between rock and soil, permafrost layer), with little backward
rotational movement, and they may extend over long distances [22] (Figure 2-14 and Figure
2-15). Translational slides are generally shallower than rotational slides, with a depth to length
ratio less than 0.1 [22]. The movement of translational slides ranges from extremely slow to
rapid (Table 2-2). In many circumstances the translational movement’s displaced mass can
break up and transition into a flow type movement. The material in a translational slide may
vary from earth to slabs of bedrock.
Very slow to extremely slow translational rock/earth slides are common in river valleys
inclined into clay shales and other deposits containing flat or shallowly-dipping weak layers of
rock or earth. The rupture surface is typically flat or shallowly dipping into a river valley (refer
to Figure 2-16). These translational slides are deep-seated and typically quite large (up to
several miles in length and width). Pipelines typically cross these features when they were not
delineated or recognized during the initial planning and construction of the pipeline. Miller and
Cruden [62] provide an example of a large translational landslide and associated river dam.

Figure 2-14 Schematic of a surficial translational earth slide [23]
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Figure 2-15 Example of an ancient translational rock slide on a steep slope in dipping, bedded
basalt bedrock in eastern Washington and which transitioned into a rock/debris
avalanche/flow (Photo by: D. West, Year: 1977).

Rotational rock, debris and earth slides exhibit upward-curved rupture surfaces, and the
movement of the landslides is generally rotational about an axis that is parallel to the contour of
the slope [22] (Figure 2-17 and Figure 2-18). Rotational slides form concave topography in the
head area and convex topography in the zone of accumulation in the lower portions of the slide.
The slide mass may move as a coherent body with little internal deformation, with the upper,
head portions of the mass moving vertically downward, and exhibiting backward tilting.
Rotational slides are typically associated with moderate to steep slopes (e.g., 20° to 40°) but can
occur on shallower slopes, they involve relatively homogenous material, and the surface of
rupture has a depth-to-length ratio ranging from 0.3 to 0.1 [22]. The complex La Conchita
rotational earth/debris slide-earth flow in California (Figure 2-18) exhibited backward tilting of
the landslide mass and also maintained relatively coherent material in the mass. The velocity of
rotational slides may be extremely slow to rapid (Table 2-2).
Debris flows are a form of very rapid to extremely rapid landslide movement (Table 2-2) that
are saturated and flow downslope essentially as a slurry on steep slopes and in steep gullies or
canyons [22] (Figure 2-19 and Figure 2-20). They may be prevalent on steep slopes denuded by
fire, drought or logging and which are also subject to intense rainfall events. The movement of
debris flows is generally shallow with thin dimensions relative to the long axis of the flow runout, and the debris usually terminates beyond the toe of the slope in fan-like lobes (Figure 2-19
and Figure 2-20).
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Figure 2-16 Deep seated very slow translational earth slide in Cretaceous clay shale bedrock in
the McKay River Valley, northeastern Alberta. The inset is a schematic crosssection through the slide (Photo by: D. Dewar, Year: 1996).

Figure 2-17 Schematic of a rotational earth slide with an earth flow at the toe [23]
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Figure 2-18 The 1995 La Conchita complex rotational earth/debris slide-earth flow in (Photo by:
R.L. Schuster, USGS, Location: California, Year: 1995)

Figure 2-19 Schematic of a debris flow [23]
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Figure 2-20 Debris flow in steep, forested terrain (Photo by: D. West, Location: Western
Washington, Year: 2006)
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Earth flows commonly have a characteristic hourglass shape [23] (Figure 2-21 and Figure
2-22). The material in the zone of depletion/source area becomes liquefied and runs out
downslope forming a bowl-like depression in the zone of depletion/source area, and a fan-shaped
run-out in the zone of accumulation/deposition area. As the term implies, earth flows by
definition involve fine grained material. However, the term is commonly applied to landslides
with larger-sized material including rock debris. For example, the earth flow of Figure 2-22
involved bedrock debris broken by landslide movement. Earth flows may be very slow to rapid
(Table 2-2).

Figure 2-21 Schematic of an earth flow [23]
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Figure 2-22 Earth flow along the Columbia River in Washington; the landslide occurred along a
weak sedimentary interbed in the nearly horizontal Columbia River basalt and
flowed through a drainage channel to spread out downslope. (Photo by: D. West,
Year: 1995)

Soil creep (slow earth flow) consists of the imperceptibly slow, steady downslope movement
of generally shallow, slope-forming soil or rock [22] (Figure 2-23 and Figure 2-24). The
occurrence of creep may be seasonal (associated with seasonal saturation of the soil layer on
slopes), continuous, or progressive where it may lead to landslide displacement [22]. Creep may
be regional in extent or localized. The velocity of creep (a slow earth flow) is extremely slow to
very slow. Creep generally occurs shallower than typical pipeline burial depths, and thus rarely
affects buried pipelines. In forested areas, creep is commonly expressed in the formation of
“pistol-butted” tree trunks as illustrated in Figure 2-25.
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Figure 2-23 Schematic of the surface effects of soil creep [23]

Figure 2-24 Shallow soil creep (extremely slow earth flow) evident in vegetation on clayey silt
till slope (Photo by: D. Dewar, Location: North central British Columbia, Year:
1998)
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Figure 2-25 Pistol-butted tree trunks on a slope in northern California. The curved bases of the
tree trunks are evidence of the very slow to extremely slow downslope flow
movement (soil creep) of the shallow, near-surface soil. In alpine environments, the
curved trunk may also be influenced by snow loads. (Photo by: D. West, Year:
2013)

Lateral spreads are distinctive because they typically occur on very gentle slopes or nearly
flat terrain where a more competent upper layer undergoes extension and moves above a
weaker/softer underlying layer [22, 23] (Figure 2-26 and Figure 2-27). Lateral spreads
commonly occur where soil liquefies during seismic shaking or where underlying layers flow.
The softer material may subside, translate, rotate, disintegrate, liquefy and/or flow. Lateral
spreads resulting from liquefaction commonly require shallow groundwater in combination with
granular soil (sand, silt and gravel) and strong earthquake shaking. Evans and Brooks [63]
discuss quick clay, i.e., lateral spread landslides in sensitive glaciomarine clays which are
common in previously glaciated areas adjacent to oceans. An example of a quick clay landslide
is shown in Figure 2-28. The velocity of spreads may be very slow to extremely rapid (Table
2-2).
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Figure 2-26 Schematic of a lateral spread [23]

Figure 2-27 Lateral spread landslide triggered by the 1983 Borah Peak, Idaho earthquake fault
rupture and strong earthquake shaking (Photo by: D. West, Year: 1986)
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Figure 2-28 The 1993 Lemieux Slide near Ottawa, Ontario. A rapid retrogressive lateral spread
triggered by liquefaction of sensitive marine clays. [63]

Landslide Triggering Mechanisms
The common causes or triggers of landslides are listed in Table 2-3. The basic origins of
these triggers can be geological, morphological, physical, or human-caused. Many times, the
cause or trigger of a landslide is not a single thing, but is the result of several triggering
mechanisms. Experience along a number of pipeline systems in North America indicates that
there is a fairly common subset of triggering mechanisms which have caused landslides that have
affected the pipelines. For reference, these common triggering mechanisms are in italics in
Table 2-3.
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Table 2-3 Common cause/triggers of landslide movement (modified from [25] and [23])

Cause/Trigger
Category

Geological

Morphological

Physical

Human-caused
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Cause/Trigger (Italics indicate common triggers)
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Weak rock or soil
Sensitive rock or soil
Weathered rock or soil
Sheared, broken rock or soil
Jointed/fissured rock or soil
Adversely oriented rock structure
Contrast in groundwater permeability
Contrast in soil stiffness
Tectonic or volcanic uplift
Glacial rebound
Fluvial (stream) erosion of slope toe
Wave erosion of slope toe
Glacial erosion of slope toe
Erosion of lateral margins of landslide
Subsurface erosion (piping, dissolution)
Deposition loading of slope or slope crest
Vegetation removal (fire, drought)
Intense rainfall
Rapid snowmelt
Prolonged, exceptional precipitation
Elevated groundwater
Rapid drawdown (floods and tides)
Earthquake shaking
Volcanic eruption (1980 eruption of Mt. St. Helens)
Thawing of permafrost
Freeze-thaw weathering
Shrink-swell weathering
Excavation of slope or slope toe
Loading of slope or slope crest
Drawdown (reservoirs)
Deforestation (clear-cutting, development)
Irrigation (domestic, agricultural)
Drainage modifications
Mining
Artificial vibration (including blasting)
Water leakage from utilities

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 44

Landslide Features
Landslides have recognizable physical/geomorphic features that are used to identify the type
of landslide and to document the dimensional, physical and geometric characteristics of a
particular landslide [25]. The individual features help to describe and understand the location,
nature, extent (laterally and vertically), and magnitude of potential landslide effects on a
pipeline. The typical features of a landslide (complex earth slide-earth flow) are illustrated in the
block diagram of Figure 2-29, and the La Conchita landslide in California provides a natural
example of a landslide with these features (Figure 2-18).
Almost all landslides have a zone of depletion where the movement initiates, and from which
the landslide mass/material moves downslope, and a zone of accumulation downslope to which
the landslide mass moves (Figure 2-29). Thus, there is erosion (loss) of slope material in the
zone of depletion and deposition of material in the zone of accumulation. There are lateral limits
to a landslide that are termed the flanks, and looking downslope, there is a right flank and left
flank, which typically form lateral scarps oriented down the fall line of the slope in the zone of
depletion (Figure 2-29). There is a main scarp at the upper limit of the landslide, alternatively
and more commonly termed the head scarp, which is oriented across the slope (Figure 2-29).
The main body of the landslide is in the zone of depletion, while the foot or toe is in the zone of
accumulation. There is often back titling and internal deformation of the main body of the
landslide which may produce transverse scarps and closed depressions that could form sag ponds
in larger landslides, and the main body, as well as the toe may exhibit hummocky (rumpled and
disturbed) terrain. Transverse cracks may form at the transition from the main body to the toe,
and radial cracks may form in the toe area. Crown cracks (tension cracks) may also be present
behind or upslope of the main scarp indicating possible enlargement of the landslide through
retrogression of the main scarp.
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Figure 2-29 Typical physical and geometric features of a landslide (modified from [64] and [23])

2.4.1.2 Potential Effects of Landslide Movement on Pipelines
The potential effects of landslide movement on a pipeline will depend on a number of factors
including:
•

Pipe burial depth (including any above-ground pipe)

•

Pipe diameter, wall thickness, grade of steel, specification/quality of welds, and coating
type

•

Presence of interacting anomalies

•

Dimensions and geometry of the pipe trench, and the material properties (e.g., grain size,
grain/particle shape, consistency/density, moisture content and strength) of pipe trench
backfill

•

Landslide type, dimensions, material properties, moisture content, and velocity

•

Landslide depth relative to pipe burial depth

•

Pipeline crossing location on or adjacent to landslide, and

•

Pipeline orientation relative to the direction of landslide movement and landslide mass
deformation (axial, transverse, oblique)

Experience with landslides and pipelines in North America indicates that there are eight
common scenarios for a landslide to potentially damage or rupture a pipeline. These eight
common pipeline/landslide interaction scenarios are summarized below, and the first seven are
illustrated on Figure 2-30.
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1. Sliding or slow flow movement parallel (axial) to the pipe orientation (refer to Figure
2-30[1] and Figure 2-31). The pipe would likely be in tension in the main scarp and main
body areas and in compression in the toe area of the landslide. Where the landslide
occurs at the depth of burial of the pipeline, landslide and backfill material may be
dragged across and along the pipe likely damaging the coating.
2. Discrete sliding or slow flow movement oblique to the pipe axis (refer to Figure 2-30[2]).
Landslide-induced loading on the pipe generally depends on the skew angle of the
oblique movement relative to the pipeline.
3. Discrete sliding or slow flow movement perpendicular (transverse) to the pipe axis (refer
to Figure 2-30[3] and Figure 2-32). Transverse movement typically puts the pipe in
bending or shear at the slide flanks, and, depending on the nature of the movement, may
put the pipe in tension in the body of the landslide as the landslide mass extends
downslope.
4. Discrete sliding or flow movements exposing or free-spanning a pipeline by
sliding/flowing around or from under the pipe and removing support. Exposure can be
either perpendicular to movement (refer to Figure 2-30[4] and Figure 2-33) or parallel
(refer to Figure 2-30[1]).
5. Sliding or flow movements depositing material on top of a pipeline (refer to Figure
2-30[5]). The effect on the pipe could be negligible, because the increase in effective
stress and associated loading on the pipeline may be insignificant when compared to the
actual strength of the pipeline. Operational access issues may occur depending on the
depth of burial.
6. Rock fall, rock topple or debris flow impact-loading on an exposed, or above a buried
pipeline (Figure 2-30[6]). Rock fall and rock topple onto an above-ground pipeline may
result in damage to, or rupture of the pipeline, but have little or no effect on a buried
pipeline depending on the depth of burial. However, if large rock fall blocks, similar to
those illustrated in Figure 2-13 were to directly impact a ROW surface above a
shallowly-buried pipeline, the pipe could be dented or ruptured.
7. Debris flow or earth flow movements exposing then hydro-dynamically failing a pipeline
or failing the pipeline by having severe deformations in the zone below the landslide
accumulation (refer to Figure 2-30[7] and Figure 2-34)
8. Secondary hydrotechnical effects of landsliding including:
a. Outburst flooding associated with the failure of landslide-dammed lakes or
impoundment of water by landslide accumulation/deposits (e.g. translational slides or
debris flows) as shown on Figure 2-35). Costa and Schuster, Miller and Cruden,
DTec Consulting, and Guthrie et al [65, 62, 66, 67] describe formation, failure and
potential hazards associated with valley damming as a result of landsliding.
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b. Channel avulsion associated with landslide accumulation/deposits, or due to debris
floods or higher bed loads resulting from upstream landsliding (refer to Figure 2-6 for
avulsion example).
Typically, as the complexity of the landsliding increases, the complexity of the loading on
the pipeline will also increase. Every pipeline/landslide situation is unique given the number of
variables that are considered and each landslide scenario should be assessed individually.
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Figure 2-30 Common landslide/pipeline interaction scenarios
Note: * Scenario number 8, secondary hydrotechnical landslide effects are not represented on Figure 2-30.
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Figure 2-31 Shallow, very slow translational earth slide. Slide is moving parallel to pipeline
axis. (Photo by: D. Dewar, Location: Saskatchewan, Year: 2011)
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Figure 2-32 Pipeline bending associated with transverse downslope movement of large deepseated, very slow moving translational earth slide. Both a 12-inch and 30-inch
pipeline are bent by approximately 6.5 ft of landslide movement over the past 50
years. The fixed (stable) end is near the top of the photograph with movement
from left to right. (Photo by: D. Dewar, Location: Central British Columbia, Year:
1998)
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Figure 2-33 Exposed oil pipeline in the main/head scarp of a debris slide (Photo by: R. Wartlik,
Location: Central British Columbia, Year: 1990)
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Figure 2-34 Pipeline rupture on a 16-inch natural gas mainline, which is routed along the toe of
a mountain slope at the Zymoetz River, as a result of a debris flow. Rupture
occurred during the initial scouring of the existing alluvial fan, during the initial
stages of the event and prior to deposition of debris. Note the extent of the burned
area as a result of the rupture and ignition [68].
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Figure 2-35 Stream diversion during high flow event that failed highway embankment exposing
and free spanning 24-inch mainline. A debris flood clogged an undersized highway
culvert directing water down the highway and across the pipeline ROW. A
significant amount of the upstream sediment in the debris flood was derived from
landslides higher in the watershed. (Photo by: D. Dewar, Year: 2011)

2.4.2 Nature and Effects of Settlement/Subsidence Hazards
2.4.2.1 Settlement/Subsidence Types, Processes and Triggering Mechanisms
Land subsidence is a gradual settling or sudden sinking of the Earth’s surface resulting from
the subsurface movement of earth materials (rock and soil) [9, 3]. More than 17,000 mi2 (44,000
km2) in 45 states of the United States have been affected by surface subsidence [9, 3]. Ground
subsidence contributes to permanent inundation of coastal lands because sea level encroaches
into the settled areas; it aggravates watercourse flooding, alters topographic gradients, and
ruptures the ground surface [3]. These changes to the ground surface can adversely affect buried
pipeline systems.
The primary settlement/subsidence hazards that could affect a pipeline system include both
naturally-occurring subsidence processes, and subsidence processes that are caused or triggered
by human activity. The primary types of settlement/subsidence of the ground surface that could
be hazards to, and affect pipeline systems include:
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Naturally-occurring processes
o Subsurface dissolution of bedrock (limestone and dolomite [karst], evaporite
[gypsum, halite or salt])
o Thawing of permafrost (thaw settlement)
o Soil piping

•

Human-caused/triggered processes
o Fluid withdrawal and aquifer system compaction (groundwater, oil and gas)
o Collapse of underground mine openings (abandoned mines, solution mining, active
coal mines [longwall, room and pillar])
o Drainage of organic soil
o Hydrocompaction of soil
o Localized settlement/subsidence of pipe trench and pipe construction backfill

Naturally-Occurring Processes
The subsurface dissolution of bedrock is a naturally-occurring process that can be influenced
by human activity. The dissolution typically occurs in soluble carbonate (e.g., limestone,
dolomite) sedimentary bedrock, or in soluble evaporite (e.g., gypsum, salt) sedimentary bedrock.
Carbonate dissolution occurs in slightly acidic water (either as rainfall on the ground surface or
subsurface flow of groundwater) [69, 9, 27, 29, 70, 71, 72]. The dissolution of bedrock in the
subsurface forms small to large voids or caverns that settle or collapse, producing
subsidence/settlement features at the ground surface which are termed karst topography/terrain
[70, 72]. The prominent surface subsidence features in karst terrain are sinkholes, which are
closed depressions in the ground that have no natural external surface drainage [70, 71].
According to [70], about 20 percent of the United States is underlain by karst terrain. There are
essentially three type of sinkholes produced from the dissolution of bedrock [71]. These
sinkhole types are generally characterized on the basis of the presence and thickness of soil cover
over the soluble bedrock, their relative size, the rate at which the sinkholes develop, and the
severity of the subsidence effects of the sinkhole at the ground surface [70, 71]. The three types
of sinkholes are listed below and briefly discussed in the following paragraphs.
•

Dissolution sinkholes

•

Cover-subsidence sinkholes

• Cover-collapse sinkholes
Dissolution sinkholes form where there is no, or only a thin soil cover (overburden) over
carbonate or evaporite bedrock. Rainfall and surface water infiltrate through fractures and joints
in the bedrock, which gradually dissolve the rock and carry it away in solution. This results in
small, shallow surface depressions which may fill with water forming ponds (often called sag
ponds) and wetlands. The voids underlying dissolution sinkholes are generally small, and may
be filled with soil.
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Cover-subsidence sinkholes involve thicker amounts of overburden over the soluble bedrock,
and the soil is typically granular and permeable (e.g., sand) [71]. Dissolution of the underlying
soluble bedrock results in voids below the soil cover, and the sandy, permeable soil spalls
(moves) into the underlying voids forming a soil-filled depression (sinkhole) at the ground
surface. Cover-subsidence sinkholes tend to form gradually over time [70]. Figure 2-36 shows a
cover-subsidence sinkhole formed in gypsum, evaporite bedrock in the Andes of Argentina.

Figure 2-36 A cover-subsidence sinkhole formed from dissolution of evaporite bedrock
(gypsum) in the Andes of Argentina. The sinkhole is about 80 ft diameter and 30 ft
deep. (Photo by: D. West, Year: 2011)

Cover-collapse sinkholes can form abruptly, over a period of hours to a few days, and result
in significant damage to surface and near surface infrastructure [71, 70, 27]. Cover-collapse
sinkholes commonly occur where the overlying soil is clay-rich which allows for soil-bridging
over a dissolution cavity/void in the subsurface bedrock. Eventually, the void suddenly breaches
to the surface creating the sinkhole. Cover-collapse sinkholes may vary in size from as little as 3
ft diameter to several hundred feet diameter [70] (Figure 2-37 and Figure 2-38).
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Figure 2-37 A cover-collapse sinkhole formed from collapse of a limestone dissolution cavern.
(Source: AP photograph, Location: Winter Park, Florida, Year: May 1981)
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Figure 2-38 A cover-collapse sinkhole formed in carbonate karst terrain. (Source:
Reuters/Springer photograph, Location: China, Year: February 2013)

Human activities, such as groundwater extraction (which changes the groundwater flow
regime), the re-direction of surface runoff associated with surface development, including
pipeline construction (which changes the location and intensity of surface flows), the loading of
the ground surface associated with surface development (building structures, pipeline
construction), and mining, singly or in combination may accelerate or exacerbate the bedrock
dissolution process and contribute to the formation of dissolution, cover-subsidence and covercollapse sinkholes [9, 73, 74, 75, 76, 71, 27].
Karst terrains typically have surface subsidence features that are oriented or located
depending on the underlying local bedrock structure in combination with the surface and
groundwater regimes. The surface distribution of the features may appear to be relatively
random or linear.
The thawing of permafrost is generally a natural, widespread process commonly confined to
the arctic and subarctic regions of North America where continuous, discontinuous and sporadic
permafrost are located [77]. Based on the mapping of [77], sporadic permafrost also exists in
lower latitude alpine regions of the United States and Canada. Although a natural process, the
thawing is being accelerated and exacerbated by climate change, which is resulting in warming
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at the higher latitudes [77]. In addition, local permafrost thawing can be triggered, or accelerated
by human activities such as pipeline construction and operation.
The thawing of permafrost results in thaw settlement, which does not occur uniformly, and
creates a chaotic ground surface with small hills and wet depressions called thermokarst [77].
When thermokarst occurs beneath roads, houses, pipelines or airfields, their structural integrity is
threatened [77]. Large-scale field research by [77] indicates that as much as 22 ft of subsidence,
over a 26-year period, has resulted from thaw settlement. Thaw settlement can be attributed to
[78]:
•

Melting of ice-rich upper soil layers which reduce ice volume, causing the soil formation
to compact.

•

Soil consolidation with fluid expulsion, where melt water flows from the thawed zone
and the soil contracts.

•

Reduction of inter-granular pore water pressure when the phase change (ice to water)
results in an increase of inter-granular stress and soil compaction.

•

Reduction in soil formation stiffness as the permafrost thaws, where there is a loss of
support provided by the pore ice.

Piping is defined as “subterranean erosion of surficial materials by flowing groundwater that
results in the formation of tubular conduits due to the removal of particulate matter” [79]. When
the soil material above the conduit collapses, sinkholes, and/or gullies can be formed at the
ground surface.
Human-Caused/Triggered Processes
Of the human-caused or triggered subsidence/settlement processes, subsurface fluid
withdrawal with aquifer system compaction, and collapse of underground mine workings appear
to be the most common and geographically they affect extensive areas of North America. These
two subsidence processes are described in detail below, while the remaining human-caused
processes are only briefly addressed.
Subsurface fluid withdrawal and the resulting aquifer system compaction account for more
than 80 percent of the identified surface subsidence in the United States and most of that
subsidence is attributed to the exploitation of groundwater resources, while the remaining
sources include the extraction of oil and gas [3, 9, 27]. According to [3], the withdrawal of the
subsurface fluids from clastic sediments (coarse grained soil or rock) in the United States has
permanently lowered the elevation of about 10,000 mi2 (~26,000 km2) of land.
Permanent ground subsidence from subsurface fluid withdrawal occurs when there is a
reduction in the fluid pressure in the pore spaces and fractures in the soil or rock, and the soil or
rock compacts inelastically to fill the empty granular void space [9, 3]. From a geotechnical
point of view, the lowering of the water table increases the effective stress in a soil which
increases the overburden or vertical pressure which results in settlement. The aquifer system
includes both aquifers (subsurface stratum capable of flowing and producing water) and
aquitards (a water-saturated sediment or rock whose permeability is so low it cannot transmit any
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useful amount of water). Both aquifers and aquitards undergo differing degrees of permanent
compaction and deformation, but almost all of the permanent subsidence from aquifer system
compaction is from the compaction of the aquitards [3].
The types of subsidence features at the surface associated with aquifer system compaction
include broad regional elevation decreases and localized ground failures associated with fissures
and surface faults [3, 9, 80, 81, 82, 34]. Regional subsidence is generally broadly distributed
with small lateral (sub-horizontal) strains and low angles of slope tilt, even when associated with
several meters of maximum vertical displacement in the center of the basin [3]. The broad
subsidence generally does not affect pressurized or pumped pipelines (e.g., gas and oil) but can
affect pipelines that depend upon gravity such as water supply pipelines and sewer lines [3].
Local concentrated extension and differential vertical displacement associated with fissures
and faults, respectively, can affect pipeline infrastructure. In addition, fissures without
discernible extension can expose pipelines and result in unsupported spans. Figure 2-39 and
Figure 2-40 illustrate extensional and differential displacement earth fissures in Arizona and
Nevada created by groundwater withdrawal and aquifer system compaction.

Figure 2-39 Earth fissure in Nevada at a mine facility with an above-ground mine process
pipeline (Source: AMEC presented in 2004 ADOT workshop [83])
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Figure 2-40 Horizontal separation and differential vertical displacement of about 1.5 ft (0.5 m)
across an earth fissure in Arizona [83]

Earth fissures tend to occur along the margins of subsiding alluvial basins near exposed, or
shallowly-buried bedrock, or over zones of laterally-changing sedimentary characteristics (facies
changes), where land subsidence from groundwater withdrawal, water level lowering and aquifer
system compaction have occurred differentially [83]. Sheng et al [34] note that the location,
type, and magnitude of earth fissuring is influenced by several factors including the in-situ stress,
pre-existing geologic structure and the depth/thickness of the aquifer from which withdrawal is
occurring.
Using the results of 1976 to 1989 geodetic monitoring, Holzer [82] studied earth fissures in
subsiding basins at three areas in Arizona, Nevada and California, and noted that they exhibited
both horizontal extension and differential subsidence (displacement) across the fissures. The
locations of the fissures are spatially associated with either subsurface bedrock highs within the
aquifer system or with pre-existing tectonic faults [82]. Holzer [82] concluded that for the 13year monitoring period, the differential subsidence across the fissures in Arizona ranged from
about 1.6 to 2.8 in (41 to 71 mm), with total horizontal displacements ranging from about 0.2 to
2.2 in (5 to 56 mm), while the annual rate of opening of the fissures ranged from 30 to 120
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microstrain/year. For another 9.8-mile-long (16-kilometer-long) earth fissure in Arizona,
originally identified in 1949 and formally named the Picacho fault, the total differential
displacement across the feature has been about 2 ft (0.6 m) [82].
Surface subsidence due to the collapse of underground mine openings is related to active
mines and abandoned mines. The focus here is on active and abandoned underground coal mines
because of their prevalence and geographic extent in North America. Active coal mining in
North America, and elsewhere, employs two basic extraction methods which are room-and-pillar
and longwall [37, 35, 41, 31]. Longwall mining is termed a high-extraction process where all of
the coal is removed along a working face, and surface subsidence is planned, while room-andpillar mining is a low-extraction process where only about 40 to 50 percent of the coal is
removed (in modern mines), and subsidence is not expected or planned [41, 31]. Bauer [31] also
notes that retreat mining is sometimes employed where most of the pillar supports of a roomand-pillar mine are removed, increasing extraction to about 80 to 90 percent of the coal.
In room-and-pillar mining (whether an active mine or abandoned), surface subsidence can
occur above the mine (even though unplanned) due to failure of the mine roof, the pillars, or the
mine floor [31]. Mine roof failures in room-and-pillar mines are not generally considered to be a
cause of surface subsidence unless the mine is at a very shallow depth (e.g., less than 200 to 300
ft (61 to 91 m) depth), and the bedrock is thin and weak; then the surface manifestation of roof
failure is small holes or pits [41, 31] (Figure 2-41 and Figure 2-42).
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Figure 2-41 Diagram of coal mine pit subsidence [41]
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Figure 2-42 Surface subsidence pit above a coal mine (Source: S. English, Location: Harrison
County, West Virginia, Year: 1970)

While pillar failures are rare in modern room-and-pillar coal mining, floor failure is the most
common cause leading to surface subsidence in Illinois [31]. Coal mines in Illinois commonly
have weak claystone in the mine floors, and the vertical load of the overlying rock imparted on
the bases of the pillars causes the claystone to squeeze into the rooms from under the pillars
resulting in surface subsidence [31]. Figure 2-3 illustrates an example of surface subsidence
above a room-and-pillar coal mine, and indicates that tensional stresses and cracks occur along
the distal edges of the zone of subsidence and compressive stresses occur in the middle of the
subsidence associated with the maximum vertical depression which may be several feet. The
timing of subsidence associated with room-and-pillar coal mining may be a few years to decades
or centuries [31].
In longwall mining, planned surface subsidence takes place essentially concurrently as the
mining occurring at depth advances along the coal seam [31, 32, 35, 37]. In longwall mining, the
roof of the mine collapses in a planned manner behind the working face as the face advances
along the coal bed or seam. This zone of collapse progresses vertically upward toward the
ground surface and its effective width increases laterally from the width of the mined area. The
angle at which the subsidence extends away from the limit of mining is termed the angle of draw,
and may be between about 10° and 45° from vertical depending on local geology, coal seam
depth and longwall panel width [31, 35, 32, 37].
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The surface movements associated with longwall mining are both vertical and horizontal;
that is the ground drops vertically and moves horizontally toward the center of the trough of
subsidence [31]. Gray and Bruhn, Dunrud, MSEC, and Bauer [37, 38, 32, 31] divide the primary
types of surface subsidence movement and deformation associated with longwall mining into:
•

Vertical displacement; which achieves its maximum amount above the central portion of
the coal extraction area, and the amount of subsidence can be about 45 to 90 percent of
the seam thickness

•

Tilting; which is the difference in the amount of vertical movement within the subsidence
trough; if tilt is uniform, it produces little surface damage; differential tilt, however,
produces a curved surface with a higher potential for surface damage

•

Horizontal displacement and strain; which produce tensile strains near the edges of the
subsidence trough and compressive strains near the center of the subsidence trough;
differential horizontal displacement produces damage to surface structures and can
impose high longitudinal strains on pipelines and other linear structures.

Figure 2-43 schematically illustrates, in cross-section, the types and locations of these
primary longwall subsidence deformation features. In Figure 2-43, the longwall mine is
advancing from right to left at the working face.

Figure 2-43 Subsidence deformation features associated with longwall mining [32]
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The surface subsidence deformation features associated with active longwall mining are
successive and wave-like (dynamic) as the working face of the mine advances laterally at depth.
For example, and referring to Figure 2-43, as the working face approaches any given point, the
surface will at first undergo tensile strain, then tilting as the working face passes underneath,
followed by compressive strain after the face has passed, and finally maximum vertical
subsidence of the ground surface. Figure 2-44 illustrates the effects of surface trough subsidence
on Interstate 79 (I-79) that was above a longwall mine in Pennsylvania. The depth to the mine
was about 600 ft (183 m).

Figure 2-44 Surface subsidence trough across I-79 in Pennsylvania located above a longwall
mine. (Photo by: R. Turgeon, Year: 1982)
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Figure 2-45 Graben at 30-inch pipeline over longwall mine in Pennsylvania

Typically, the surface subsidence deformation above a longwall mine occurs within the limits
of the angle of draw (Figure 2-43), [37, 32]. Typical predicted amounts of total subsidence over
a longwall mine (within the angle of draw) may approach 1.5 m (5 ft) [84], however, this may
not be applicable for coal seam greater than 10 ft (3 m) thick. MSEC [84] also notes that
predicted incremental and total tilt deformation may approach +6 mm/m and -7 mm/m, while
incremental and total strain may exceed +1 mm/m and -1.6 mm/m (+0.1%/-0.16%). The width
of cracking from tensile strain at the edges of the subsidence is dependent on the thickness of
cover over the mine, but appears to vary from as much as 200 mm (8 in) with 50 to 100 m (165
to 330 ft) of cover to as little as 5 to 20 mm (0.2 to 0.8 in) with 200 to 600 m (660 to 2,000 ft) of
cover. TEC [33], however, has reported tension cracks up to 50 cm (20 in) wide above a
longwall mine in Australia.
Surface surveys at pipelines crossing longwall mines in Pennsylvania have recorded up to
around 5 ft (1.5 m) vertical drop, and 3 ft (1 m) horizontal movement. Ground strains in the
direction longitudinal to the pipelines, as calculated from changes in the surveyed locations of
hubs installed at ~100 ft (30 m) intervals, have been as high as around +/-2%. Maximum
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compressive strain occurred at the bottoms of valleys, suggesting significant down-slope soil
movement coincident with mine subsidence.
Although the predicted and almost all of the measured surface deformation associated with
longwall mining occur above the mined area and to a lesser extent outward within the angle of
draw, there is also far-field surface deformation related to longwall mining such as horizontal
valley closure and vertical “upsidence” (uplift) of valley bottoms, which may occur 1 to 2+ km
(0.6 to 1.2+ miles) from the longwall mine panel and well outside the angle of draw [85, 32, 84,
86, 87, 88, 89]. Several examples of the far-field deformation effects from longwall mining in
Australia and the United States (Pennsylvania) are discussed below. These examples come from
the available literature, and are also anecdotal from the work conducted for pipelines in
Pennsylvania.
The far-field movements associated with longwall mining were first noted in Australia about
20 years ago where horizontal movements of hundreds of millimeters have been recorded [89].
Although the mechanism of these movements is uncertain, possible explanations include one, or
a combination of factors such as pre-mining stress relaxation, valley bulging, regional joint
patterns, shearing of valley walls, and bedding plane shear failure [89].
Valley stress relief, as described by Ferguson [90], has become widely recognized and
accepted in the United States. Valley closures and deformations of the valley floor reported in
conjunction with Australian longwall coal mining are similar to observations of valley stress
relief. The movements are small and have only been recorded by careful topographic surveying,
and surveys of structural damage or ground deformations. It appears the most likely features to
be damaged are structures, such as concrete dams and pipelines, which extend across valleys in
areas of significant relief.
In Australia, the areas of longwall mining where significant horizontal movements have been
observed all exhibit pronounced local topographic relief and a high ratio of horizontal to vertical
pre-mining ground stress. Most if not all United States coal fields also have a high ratio of
horizontal to vertical pre-mining ground stress. Observed surface movements in Australia have
included horizontal valley closure, valley base (bottom) uplift and regional mining-induced
horizontal displacement. Lateral valley bulging is a natural phenomenon, resulting from the
formation and ongoing development (i.e., erosion) of the valley, but the process is accelerated by
longwall mining, to varying degrees, whenever the mining occurs beneath, or adjacent to valleys
[32, 84, 86]. Geodetic survey results show that horizontal movements of up to 25 mm (1 in) can
occur even where underground longwall coal mining is about 1.5 km (1 mile) from the survey
monuments. Movements are generally directed toward the mined longwall panel. However, in
some cases, the movements are in the direction of the nearby valley, or of the major principal
stress.
Factors which influence valley bulging and closure movements as a result of longwall mining
include [32, 84, 86]:
•

Mine geometry and the nature of mining
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•

Valley location relative to the mined panel

•

Valley depth

•

Geology

•

Horizontal in-situ stress

An example of significant adverse effects of valley closure from longwall mining in the
United Sates includes the experience at Ryerson Station Dam in Greene County, Pennsylvania.
Ryerson Station Dam is a 515-foot-long (157-meter-long) concrete gravity dam which was
completed in 1960. Annual structural and leak inspection reports indicated no major problem
until July 2005. In July 2005, leakage from the east side of the dam reached 80 gallons per
minute (300 liters per minute), and the dam exhibited significant structural deformations. The
leakage and the structural damage resulted in a determination by the Pennsylvania Department of
Dam Safety that it was necessary to drain the reservoir. Subsequently, it was determined that
breaching of the dam to prevent impounding water was also necessary.
The Ryerson Station Dam axis is oriented east-west across the valley of the North Fork of the
Dunkard Fork of Wheeling Creek (Figure 2-46). The top of the dam is at about elevation 979 ft
(298 m) above mean sea level (AMSL). The hillside at the east end of the dam rises steeply to
above elevation 1,300 ft (396 m) AMSL. The ground surface at the west end of the dam does
not rise above elevation 1,100 ft (335 m) AMSL for a considerable distance from the dam. The
hillsides and valley of the North Fork are underlain by sedimentary rock strata consisting of
interbedded shale and sandstone with lesser amounts of limestone, claystone and coal (including
the Pittsburg Coal seam). The Pittsburgh Coal seam is at approximate elevation 600 ft (183 m)
AMSL, about 350 ft (107 m) below the dam elevation. This coal seam was mined by longwall
methods in a panel located northeast of the dam (Figure 2-46). Figure 2-47 is a schematic crosssection of the topographic and subsurface coal and longwall coal mine features at the Ryerson
Station Dam.
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Figure 2-46 Plan map of Ryerson Station Dam and longwall mine panel

Figure 2-47 Schematic cross-section at Ryerson Station Dam (see Figure 2-46 for section
location)

Significant structural movement of the Ryerson Station Dam, evident just following
observation of the July 2005 leakage, included 2 in (5 cm) of westward movement of the east
side of the dam, and uplift of the east side by several inches. A longwall mine panel was being
excavated just northeast of the dam, where the western portion of the panel extended under the
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high hill, elevation 1,340 ft (409 m) AMSL, that forms the steep slope above the east end of the
dam (Figure 2-46 and Figure 2-47). The closest edge of the mined panel to the east end of the
dam was approximately 900 ft (274 m). The mined Pittsburgh Coal seam was at a level
approximately 350 ft (107 m) below the dam and over 700 ft (213 m) below the high hill to the
east.
Because of the temporal similarities of the longwall mining and the observation of the
excessive leakage, mining was considered a possible cause. However, it was anticipated that
movements above and near the mined panel would be downward into and toward the panel.
Lateral forces on the dam due to readjustment of the rock strata in the hillside as a result of
mining had not been previously recognized in southwestern Pennsylvania.
Mining of a longwall panel, located approximately 4,000 ft (1,220 m) west of the Ryerson
Station Dam under high hills north of the North Fork, was started on November 23, 2005, and
was completed in late March 2006. This panel lies below high hills (approximate elevation
1,300 ft [396 m] AMSL) with the valley of the North Fork (approximate elevation 940 ft [287 m]
AMSL) located to the south. Although this panel is well west of the dam, it was of interest due
to its location under high hills adjacent to the North Fork of the Dunkard Fork of Wheeling
Creek, a topographic and longwall mining relationship similar to Ryerson Station Dam.
The panel was mined from east to west under high hills with State Route 21 located in the
North Fork Valley at the toe of the high hills. Geodetic survey monitoring points were
established along Route 21. Survey points at and near the southeast corner of the mine panel, as
expected, moved toward the undermined area. A private bridge located approximately 200 ft (61
m) south of the southeast corner of the panel also moved north toward the mine panel. A
residence located approximately 300 ft (91 m) southeast of the southeast corner of the panel
moved about 1 in (2.5 cm) south, away from the mine panel, between January 20 and February
13, 2006. Survey points further west along State Route 21 also moved away from the mine
panel.
Examination of the results of the survey data indicated that the greatest heave occurred where
State Route 21 was closest to the toe of the steep hillside. This heave or rotational uplift being
greatest where the road is closest to the toe of the high hills is similar to the observations at the
east end of Ryerson Station Dam.
Mining of another longwall panel began on April 26, 2006, and moved westward toward the
South Fork of Dunkard Creek. This panel was generally under high hills rising slightly above
elevation 1,400 ft (427 m) AMSL. Northward, the ground surface slopes down to the former
lake created by Ryerson Station Dam at about elevation 970 ft (296 m) AMSL.
During a subsurface investigation in early 2006, five inclinometers were installed in the rock
strata below the Ryerson Station Dam and along its center line. No movements were recorded
by these inclinometers until mining occurred 2,500 ft (762 m) south of the dam in the summer
and fall of 2006.
In September 2005, while movements were still being recorded at Ryerson Station Dam, an
out-of-service pipeline was observed to have heaved out of a stream bed approximately 1,500 ft
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(457 m) downstream of the dam. Two pipelines located in a compressor station on the bank left
just downstream of the dam (Figure 2-46) also moved. These pipes were located approximately
1,200 ft (366 m) from the longwall panel.
Another example of far-field surface deformation associated with longwall mining in
Pennsylvania involves Interstate 70 in Washington County. In 1999 and 2000, during longwall
mining beneath the highway, ground deformations were monitored using Time Domain
Reflectometry to interrogate coaxial cable installed in seven deep holes [91]. Deformations
occurred within the overburden over 1,000 ft (305 m) in front of the mine panel face, well
beyond the limits of anticipated movement around the mine panel [91].
In Greene County, Pennsylvania, in late November 2008, cracks were noticed in the ground
above an in-service natural gas pipeline that crossed the valley formed by the South Fork of
Dunkard Creek. A week later, the ground at the location of the cracks had heaved about one foot
(0.3 m). Excavation of the pipeline showed it to be wrinkled on the inside of an overbend at the
high stream bank. The steep slopes of the valley walls at this location had a history of landslides
and evidence of sliding was present on both slopes. However, slope inclinometers installed in
the steep slopes did not detect landslide movements. The only new activity in the vicinity was
coal mining. The longwall mine panel advanced under a hill west of the South Fork to within
200 ft (61 m) of the wrinkled pipe. In the absence of landsliding, longwall mining-triggered
valley closure is the only possible cause of the observed damage.
Another form of mining that can lead to surface subsidence is solution mining. Potash
solution mining occurs in Saskatchewan, and solution mining for salt deposits occurs in northern
plains states of the United States. The removal of salt and potash deposits at depth has led to
surface subsidence. For example, solution mining of salt deposits in Kansas resulted in the
formation of a 300-meter-diameter (1,000-foot-diameter) sinkhole, because a large solution
cavity was created at depth in the mining process, and the overlying material collapsed to the
surface [73].
Retreat room and pillar mining was initiated in the latter part of the 19th century to achieve
greater production of coal. The distinction from partial extraction mines was that pillars left in
first-stage partial mining were now extracted in a second stage of mining. In some mines this
second stage took place immediately after first-stage mining, in other mines pillars were
removed long after initial room and pillar development.
This pillar removal, sometimes termed total or high extraction room and pillar mining,
systematically removes coal pillars from one end of a mine panel to the other, allowing the mine
roof to collapse to the floor.
Ideally, subsidence of the ground surface in a properly executed pillar extraction operation
takes place contemporaneously with pillar extraction [37]. However, surface subsidence may not
occur for an extended amount of time and when it does appear may do so in an unpredictable
pattern.
Human-caused drainage of organic soils, which are typically located in floodplains, results
in the microbial decomposition of the organic-rich soil material, converting organic carbon to
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CO2 and water [9]. This process results in desiccation of the soil, and a reduction in soil volume
which translates into a loss in ground surface elevation, hence surface subsidence. Along a
pipeline, the desiccation of the organic soil can result in the ground settling down around the
pipeline exposing the pipeline to the surface elements (Figure 2-48).

Figure 2-48 Pipeline exposure in western Washington due to drainage of organic soil which has
allowed soil desiccation, subsequent loss of organic soil volume, and ground
settlement (loss of ground surface elevation) around the pipeline. (Photo by: D.
West, Year: 2005)

Hydrocompaction of soil generally involves loose, dry, low-density deposits that compact
when they are wetted [92]. Such deposits mantle extensive areas in North America.
Hydrocompaction, has produced widespread subsidence of the land surface, and may occur
under natural overburden load or may occur only with the addition of a surcharge load [92].
Deposits that subside because of hydrocompaction are generally one of two types: 1) loose,
moisture-deficient silty to sandy alluvial deposits; and 2) moisture-deficient loess and related
aeolian deposits. Such deposits occur in regions where seasonal rainfall seldom, if ever is
sufficient to penetrate below the root zone; thus, they have remained moisture deficient
throughout their post-depositional history and are readily susceptible to hydrocompaction when
they are artificially wetted [92]. Subsidence due to hydrocompaction is a concern in the design
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and maintenance of aqueducts, buildings, pipelines, highways, and other major engineering
structures.
Localized settlement/subsidence of pipe trench backfill material and pipeline construction fill
material may also occur, and adversely affect the pipeline. This settlement/subsidence may
result from:
•

Consolidation of loose and/or poorly placed granular pipe bedding material

•

Consolidation of very soft or soft fine-grained bedding material

•

Soil piping, from groundwater flow along the pipe trench bottom resulting in the
development and collapse of voids around the pipe, or

•

Thawing of frozen/snow rich backfill material when it melts

The consolidation and collapse of the backfill soil around the pipe may cause buckling or
bending stresses on the pipe.
2.4.2.2 Potential Effects of Settlement/Subsidence on Pipelines
Surface settlement/subsidence, whether from aquifer system compaction, dissolution of the
underlying bedrock, collapse of underground mine workings, or of from a number of other
natural and human-triggered processes, results in vertical ground displacement, ground tilting
and horizontal ground displacement. These ground displacements result in horizontal
compressive and tensile stresses at the surface, bending of the ground surface and localized
cracking and differential displacement. Tensile strains, ground cracking and potential
differential displacement from subsidence tend to develop at the distal limits of the area of
subsidence, whether from collapse of underground coal mine workings, from aquifer system
compaction, or from subsurface bedrock dissolution [32, 93, 37]. Compressive strains tend to
develop toward the area of maximum subsidence [32, 93, 37]. Note that in the case of longwall
mining, the subsided area advances along the length of the mined panel and the tension and
compression zones move with it.
Figure 2-3 and Figure 2-43 schematically illustrate the surface location and distribution of
tensile and compressive strains above a collapsed room-and-pillar coal mine, and a longwall coal
mine panel, respectively. Figure 2-4, Figure 2-42, Figure 2-44, and Figure 2-45 show how
surface subsidence deformation may be manifested and distributed above actual collapsed
underground mines whether abandoned or active. Potential pipe bending may occur where the
pipeline spans a sinkhole or collapse pit above an underground mine [93] or karst subsidence
feature. Pipe breakout may occur where compressive stresses are concentrated along the pipe
axis forcing the pipe to rise out of the ground through the trench backfill material.
As mentioned in this section, far-field surface deformation may occur associated with
longwall mining. This includes valley closure and valley bulging (upsidence) which may be
located as much as one to two or more kilometers (0.6 to 1.2+ miles) from the mine workings.
There are several potential modes of failure for pipelines exposed to the surface effects of
settlement/subsidence. Marino [93] has examined the effects of coal mine subsidence on
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pipelines, and these appear to also be generally applicable to other forms of large-scale
settlement/subsidence that have been described previously. For pipelines exposed to the effects
of coal mine subsidence, the primary potential failure modes appear to be [93]:
•

Axial tension

•

Axial compression, with buckling (Figure 1-5 and Figure 2-49)

•

Lateral bending

•

Ground breakout from pipe uplift (Figure 2-50)

Figure 2-49 Example of pipe buckling from high axial compression resulting from longwall
mining
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Figure 2-50 Uplifted pipe and ground breakout due to longwall mining.

These potential failure modes may operate individually or in combination and how the
pipeline behaves in these potential failure modes is dependent on several factors related to the
type, nature and magnitude of the particular subsidence process, the nature and characteristics of
the pipe, and the nature of the pipe backfill material. Marino [93] has identified many of these
factors which include:

2.5

•

Pipe orientation relative to the size, pattern and distribution of the surface subsidence
features

•

Pipe properties (wall thickness, diameter, coating, steel strength, and pipe condition)

•

Operating pipe stress

•

Trench pipe bedding and backfill conditions (strength, stiffness, compaction)

•

Subsidence feature/conditions (nature, geometry, magnitude of subsidence and
differential displacement, pipe exposure length)
Methods for Hazard Identification, Characterization, Assessment and Evaluation

2.5.1 General
In this section, a qualitative method to systematically identify and characterize geologic
hazards is presented to provide the necessary technical background and data input for the
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development of hazard mitigation and hazard monitoring. The processes and methods are
directed toward landslide and settlement/subsidence hazards, but can also be applicable to other
geologic hazards. Geologic hazard mitigation and monitoring, as applied to landslide and
settlement/subsidence hazards, are addressed in Section 8.
The phased approach hazard assessment is directed toward the development of a GIS-based
database of hazards so the pipeline owner/operator can develop an inventory of landslide and
subsidence hazards and manage the risks from the identified hazards. The focus is on locating or
developing GIS databases regarding the topography, geology, existing landslides, economic
coal-rich geologic units, and on landslide hazards and subsidence hazards (karst, abandoned and
planned underground mines, areas of subsurface fluid withdrawal). Being in GIS format, these
data can be readily entered into the growing database of hazards along the pipeline, and the
hazard data can be manipulated and evaluated in GIS.
A general three-phased approach is commonly employed to identify, assess, classify and
evaluate potential geologic hazards that may be a threat to pipeline integrity. The phases allow
for successively more detailed assessments/investigations to be employed. The implementation
of the assessment phases typically requires qualified and experienced geoscientists and
geotechnical engineers. The geologic hazard identification, characterization and evaluation work
should be performed by professionals that have local and regional knowledge of the specific
geological hazards in the proposed study area/region. The three hazard identification,
assessment and evaluation phases are:
•

Phase I is primarily an office-based, regional-scale screening assessment using publically
available topographic, geologic and remote sensing data along with any available
background information the owner/operator can supply to identify potential geologic
hazards that may affect a pipeline or pipeline system. An initial inventory of potential
hazards is developed and classified by their potential threats to pipeline integrity. The
Phase I screening is typically augmented with an aerial reconnaissance (e.g., helicopter)
along the pipeline to confirm/verify the office-based assessment and to identify any
potential hazards that may have recently occurred, or were not contained in, or visible
from the available regional-scale data. Based on the threat classification, the hazards of
concern are prioritized for study in the next phase of assessment. The results of Phase I
screening are typically entered into a GIS database management system.

•

Phase II typically involves site-specific, non-intrusive field geomorphic and geologic
reconnaissance mapping to confirm the existence and threat levels of previously
identified hazard features and identify those features that may require Phase III
investigations. The information and data collected during the Phase II reconnaissance
provide a better, more detailed and site-specific understanding of the location, nature and
extent of a hazard, and its potential threat to the pipeline. The data compiled in Phase II
are entered into a GIS database, and may update the data from the Phase I assessment.

•

Phase III includes both office- and field-based site-specific investigations, and focuses on
the hazard(s) of concern confirmed in the Phase II reconnaissance. The Phase III

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 77

investigations commonly include detailed surface and subsurface geologic and
geotechnical site/hazard characterization to support the development of alternative hazard
mitigation designs, and ultimately the development of appropriate hazard monitoring
programs.
The third phase of the three-phased approach can, and often does include the identification of
hazard mitigation alternatives, development of a preferred mitigation design, implementation of
the preferred mitigation design alternative, and development and installation of site-specific
hazard monitoring. The development of hazard mitigation and monitoring, as it applies to
landslide and subsidence hazards, is detailed in Section 8.
2.5.2 Primary Tools to Complete a Phased Approach to Hazards Assessment
The phased approach to identifying, characterizing and evaluating potential landslide and
settlement/subsidence hazards involves the use of many and varied investigative tools,
techniques and resources. The information and data to implement these tools and techniques
may be publicly-available or published, and come from Federal, state/provincial, and local
agencies, institutions, and professional organizations; they may be operational and maintenance
data from the pipeline owner/operator; and most importantly, they include remote sensing data
that come from public and private sources or the pipeline owner/operators.
The tools and techniques have several purposes. They may be used for the detection or
identification of a hazard, they are used in the characterization of the potential hazard, and many
of the tools can also be used in short and long-term hazard monitoring. Table 2-4 provides a
summary of the primary tools, techniques and resources commonly employed in the three phases
of a geologic hazards assessment. They are also the primary tools and investigative techniques
that would be used to identify, assess and evaluate landslide and settlement/subsidence hazards.
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Primary data, tools and techniques used in the phased approach geologic hazards assessment (Cont’d.)

Assessment
Phase

Data Source or
Type

Phase I

Published,
PubliclyAvailable Data

Tool, Technique

Attributes/Comments

Detailed topographic
maps and digital
elevation model
(DEM) data

Detailed topographic maps (1:20,000- to 1:25,000-scale) show large-scale geomorphic features and
cultural features that may relate to geologic hazards, such as disrupted terrain (landslides) and
closed depressions (subsidence features). DEM data (e.g., 10-meter, or larger) can be manipulated
to create hillshades to accentuate geomorphic features and help identify geologic hazards.

Regional- and largescale geologic maps
and geology reports

Geologic maps may delineate landslides as distinct geologic units, and subsidence features as
distinct geomorphic features. Geology maps and reports may tie specific geologic units to
landsliding or the presence of karst features and underground mineral or coal resources. The
geologic map data may be in the form of print copies, .pdfs or as GIS databases.

Regional- and largescale geologic hazard
mapping and hazard
reports

Hazard mapping may delineate landslide and subsidence (karst, coal mine) areas and features.
Hazard reports may describe the nature and distribution of landslide-susceptible geologic units or
the distribution of karst-producing bedrock and underground coal mines. The geologic hazard map
data may be in the form of .pdfs or as GIS databases.

Abandoned and
planned or permitted
mine maps

Many authorities map abandoned underground mines, and where there is active underground
mining, permits and approval to mine are required. The permit process allows for the new mine
layout to be reviewed and addressed in hazard identification. Abandoned or planned surface
mining (including rock or gravel quarries) map data are also used. The surface and underground
mine maps may be .pdfs or GIS databases.

Pipeline
Owner/Operator

Pipeline centerline
GIS shapefiles

An accurate, GIS-based pipeline centerline location is needed to be able to put the pipeline in
spatial context with the identified and mapped landslide and subsidence hazards.

Data

O&M experience

Pipeline operations and maintenance records may identify locations where landslide or
settlement/subsidence has been observed and documented, or repairs have been made.
Geotechnical consulting reports may be present in owner/operator data files.
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Primary data, tools and techniques used in the phased approach geologic hazards assessment (Cont’d.)

Assessment
Phase

Data Source or
Type

Phase I

Pipeline
Owner/Operator
Data

Remote Sensing
Data

Tool, Technique

Attributes/Comments

ILI IMU bending
strain data, caliper
tool and to a lesser
extent Magnetic Flux
Leakage Tool (MFL)
dent/wrinkle
indications

ILI IMU data can be used to detect geometry related anomalies, bending strains, and during
successive runs could be used to determine pipeline areas of apparent strain or displacement related
to landslides or subsidence. Additionally, in limited cases MFL data can be used detect landslide
related dents or wrinkles.

Published or pipeline
owner/operator
LiDAR DEM data

Many states/provinces may have widespread LiDAR DEM data coverage in bare-Earth layers.
Pipeline owner/operators may also have such data along the pipeline alignment or route. These
DEM data are possibly the most important for use in identifying geologic hazards, particularly
landslide and subsidence. The DEM data are used to develop hillshades and slope maps for the
identification and characterization of geomorphic features that may be related to geologic hazards.
LiDAR DEM data should be high resolution and high quality, with at least three (3) returns per
pulse (including the first and last pulse), a minimum of four (4) pulses per square meter, a scan
angle less than 20°, and with nominal swath sidelap of 50 percent and 100 percent double
coverage. That is, they should be appropriate for detailed geomorphic analysis of the terrain, and
should meet the minimum LiDAR data collection specifications as indicated by the examples in
Appendix 3-A. These LiDAR specifications are minimum requirements for providing the quality
and resolution needed for reliable DEM data in order to undertake appropriate and complete
geologic hazard assessments and mapping.

Stereoscopic
alignment aerial
photographs
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Aerial photographs, historically obtained for alignment sheets, may be in stereo-pairs and can be
used to identify landslide and subsidence features. This method is used less frequently in favor of
the LiDAR methods described above. The scales of aerial photographs typically range from
1:1000 to 1:40,000.
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Assessment
Phase

Data Source or
Type

Phase I

Remote
Sensing Data

Phase II
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Tool, Technique

Attributes/Comments

Regional, high
altitude and detailed,
large-scale
stereoscopic aerial
photographs

Federal and state/provincial agencies often have wide coverage of stereoscopic black-and-white,
and color aerial photographs which are used in the identification of geomorphic features indicative
of landslide movement and ground subsidence.

Google EarthTM and
BingTM historical
aerial photograph
imagery

Historical, low and high quality aerial photography of the same location may indicate changes that
are the result of landslide, subsidence or development that may trigger hazards.

PictometryTM
imagery

High quality vertical and oblique format aerial photographs (primarily color) that can be used to
identify geologic hazards. Localized coverage.

Satellite (e.g.,
LANDSAT, SPOT)
imagery

Satellite, visual band imagery with low to high quality for the identification of landslides and
subsidence features. Open access data are often lower quality, while the high-resolution data can
be expensive.

InSAR data

Satellite-based InSAR data can provide information on the location, magnitude and rate of ground
movement for both landslides and subsidence. Typically requires multiple pass analysis which can
be extremely expensive.

Aerial
Reconnaissance

Helicopter (preferred)
or fixed-wing (only
suitable for flat
terrain but you cannot
stop and review sites)

All of the tools and techniques for a Phase I assessment, described above, have limitations in
quality and level of detail. In addition, they are only snapshots in time of when the mapping, data
or remote sensing imagery were obtained or completed. The aerial reconnaissance provides a
current close-up view of the terrain along the pipeline ROW so that the current geomorphology can
viewed for evidence of ground disturbance related to landslides or subsidence. Field checks could
be conducted during a helicopter aerial reconnaissance.

Phase I Tools,
Techniques (as
appropriate)

See above

The Phase II assessment may have focused, site-specific use of tools and techniques from the
Phase I assessment. For example, aerial reconnaissance may be targeted at specific locations, areas
or sites
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Assessment
Phase

Data Source or
Type

Phase II

Non-intrusive
field
assessments

Phase III
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Tool, Technique

Attributes/Comments

Geomorphic and
geologic
reconnaissance

Selected potential hazard sites from the Phase I assessment receive detailed, non-intrusive
geomorphic and geologic mapping to more completely identify the lateral limits of the hazard
relative to the pipeline, and estimate the magnitude and rate of movement. For landslides, this may
include pipeline locating (e.g., every 10 ft; 3 m), including pipe depth, to evaluate whether the
pipeline may have been deflected/displaced by landslide movement, or whether the pipe may be
deep and possibly below landslide movement. For potential longwall mining subsidence, it may
include identification and mapping of steep slopes and valley walls away from the mine limits.
The field mapping and data points are recorded and plotted on GIS-based GPS tablets and
handheld units so that the field data can be easily entered into the hazards GIS database.

Site geodetic
topographic survey

The collection and use of detailed site-specific traditional geodetic survey topographic data. May
include pipeline centerline survey with pipe depths, and specific points/features of the landslide or
subsidence feature. The detailed topographic base could also be obtained from site-specific
LiDAR DEM.

Project- or sitespecific LiDAR

Collection, processing and use of high resolution LiDAR DEM data for the production of detailed
site topography.

Phase I and II
Tools,
Techniques (as
appropriate)

See above

Continued application, as appropriate, of selected investigative tools and techniques identified for
Phase I and II assessments.

Intrusive, and
semi-intrusive,
site-specific
field
investigations

Test pit/trench

Test pits or test trenches allow for the examination of the near subsurface (to depths of 15 to 20 ft;
4.5 to 6 m) geologic and geotechnical conditions, particularly for a shallow landslide. The
depth/thickness of the landslide relative to the pipe can be investigated and these data used for the
development of hazard mitigation options. Soil samples are often analyzed for geotechnical
properties.

Geotechnical
borehole

The subsurface geologic and geotechnical conditions to depths of tens to hundreds of feet can be
investigated to document and evaluate the subsurface material properties and geometry of
landslides and to install instrumentation including slope inclinometers and piezometers.
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Primary data, tools and techniques used in the phased approach geologic hazards assessment (Cont’d.)

Assessment
Phase

Data Source or
Type

Phase III

Intrusive, and
semi-intrusive,
site-specific
field
investigations

Office-based
analyses and
evaluations
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Tool, Technique

Attributes/Comments

Geophysics

Various geophysical methods/techniques (e.g., GPR, EMI, seismic refraction, seismic reflection)
can be used, with favorable conditions, to image the subsurface structure, stratigraphy and
geometry of landslides, and the structure, size and nature of voids for subsidence features.

Slope inclinometer
and other borehole
movement
monitoring devices
including
ShapeAccelArraysTM
and TDR Cables

Typically installed in a geotechnical borehole to identify the depth interval(s), amounts and rates of
subsurface movement/displacement. Used for both characterization and monitoring, for landslidespecific investigations and subsidence investigations.

Piezometer

There are numerous types of piezometers including standpipes, which record the water level in the
standpipe, and vibrating wire, pneumatic and pressure transducers that are used to determine the
pore water pressure at the depth or zone it is installed at. Used as input to determine the impact of
groundwater conditions on landslide movement and effects on groundwater from the passage of
longwall mine panel.

Survey monitoring
points

The installation of surface monitoring points around a landslide or subsidence feature which aids in
understanding the lateral limits of deformation and the magnitude and rate of surface movement (x,
y, z). A series of survey monitoring points is installed as a detection, characterization, and
monitoring tool.

Slope stability and
hydrotechnical
analyses

For landslides, and to support the development of mitigation alternatives, geologic and
geotechnical analyses, including slope stability modeling/analysis to understand critical/sensitive
factors controlling slope stability. In addition, because surface and groundwater, and their control,
also factor into slope stability, hydrotechnical analyses may need to be completed to support
mitigation alternatives.

Modeling of nature
and extent of
settlement/subsidence

For subsidence, modeling and analyses to understand the potential extent and magnitude of
subsidence to support the development of mitigation alternatives and monitoring plans.
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2.5.3 Description of Phase I Geologic Hazards Screening
As stated previously, a Phase I assessment is primarily an office-based, regional-scale
screening study using publicly available topographic, geologic, remote sensing, and pipeline
operations/maintenance data (e.g., GIS databases) to identify potential landslide and
settlement/subsidence hazards that may affect a pipeline or pipeline system. In addition to
identifying the hazards, a Phase I screening is the first attempt to characterize the nature of the
hazard, and to classify the relative hazard/threat level for each landslide or settlement/subsidence
hazard. With the location and the initial potential threat/hazard level characterized for each
potential hazard, we can develop an initial inventory of hazards.
The identification and mapping of the landslide and settlement/subsidence hazards is usually
confined to some distance from the pipeline centerline or the edge of the ROW. This is because
the hazard of concern may be off the ROW, but the geologic process that results in the hazard
extends to the ROW and pipeline, or future activity of the process may migrate to the ROW and
pipeline. For these reasons, an envelope/swath of a few hundred feet to as much as a few
thousand feet centered on the pipeline may be set for the Phase I screening depending on the
hazard(s) to be addressed, and the nature of the project. The study area envelope should be
determined by a geoscientist and/or geotechnical engineer to reflect regional hazards and
topography. As an example, in mountainous terrain, the study area swath should extend to the
height of land. Alternatively, in flat areas with few hazards, the study area could be restricted to
as little as about 330 ft (100 m) from the centerline of the pipeline. Additionally, the study area
should be extended upstream and downstream at stream crossings to determine if there is any
landslide activity in the valleys, and to more fully understand the nature and potential extent of
the hazards. Figure 2-51 shows alterations of study area boundaries to consider a stream valley
crossing, as they relate to the collection of LiDAR data. In the example, significant potential
stream valley landslide hazards would be missed if the swath was kept narrow. The LiDAR
swath would be completely adequate for the surrounding flat to gently undulating terrain.
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Figure 2-51 Sketch of typical pipeline LiDAR surveys for flat and gently sloping ground and
recommended expansion of survey at major stream valley crossing location.
(Source: Google EarthTM coverage, Location: Swift Current Creek Valley in
Saskatchewan)

Prior to the identification and mapping of the hazards, qualitative threat/hazard classification
criteria are typically developed. These criteria are specific to the nature, quality and detail of the
available data, and are customized for use on the specific hazard assessment project, for the
specific pipeline or pipeline system. The landslide and subsidence hazards could be assigned a
qualitative and relative initial threat/hazard classification that ranges from “low” to “moderate”
to “high”. These threat/hazard classifications are commonly based on:
•

The proximity or location of the hazard relative to the pipeline,

•

The nature and potential severity of the hazard relative to the pipeline, and

•

The age of the most recent movement or level of activity of the hazard.

For example, the closer the particular hazard is to the pipeline, the higher its threat level may
be, and if the hazard crosses the pipeline, it may have the highest classification. Similarly, the
more active the hazard is, then the higher the threat level could be. Although the threat/hazard
criteria are developed at the beginning of the Phase I screening, their use and continual
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refinement continues through the remaining phases. Because most of the data used in the Phase I
screening are regional-scale, the identified threat/hazard classifications are preliminary and need
confirmation in later phases. Thus, with new, more detailed data obtained in subsequent phases
(e.g., Phase II and Phase III), the threat level of a hazard may change.
Examples of possible preliminary landslide and subsidence threat/hazard classification
criteria for existing pipelines are provided in Table 2-5 and Table 2-6, respectively. The actual
classification criteria would be developed for the specific project, and would likely differ from
these examples. As part of the continuing evaluation process (Figure 2-1), hazard/threat levels
are revised as needed whenever new information is acquired.
Table 2-5

Example of possible landslide hazard/threat classification criteria for pipelines and
for a specific study area

Potential Hazard/Threat Level1
Low

Moderate

-Dormant2 landslide crossed by a -Active2 or recently active2
pipeline with low potential for
landslide within 20 ft (6 m)
renewed activity.
of a pipeline with no obvious
-Landslide (of any age) between observed geomorphic or
20 and 100 ft (6 and 30 m) of the instrumental evidence of
disturbance across a pipeline
ROW.
centerline.
-Slopes steeper than 40 percent
(22°) with no geomorphic
evidence or historical record of
landslide activity.
-Geologic formations or units
underlying a pipeline which are
prone to landslides and with
topographic conditions
conducive to landslide activity,
but with no mapped landslides.

-Debris flow run-out crossed
by a pipeline.
-Active2 or recently active2
shallow or small landslide
across a pipeline centerline,
but with failure surface that
is above a pipeline.

High
-Active2 or recently active2
landslide with geomorphic
or instrumental evidence3
of disturbance across a
pipeline centerline.
-Debris flow source area or
transport zone that crosses,
or is within 20 ft (6 m) of a
pipeline.
-Rock fall hazard in close
proximity to a pipeline.

-Active2 or recently active2
landslide that has been
mitigated or repaired.

Notes:
1) Landslide hazard/threat classifications are based on the apparent threat to a pipeline
from a landslide, and are based on a combination of the landslide characteristics (such
as size, type, and nature and level of activity) and the spatial relationship of the
landslide to one or more pipelines; i.e., a landslide that crosses or intersects an
individual pipeline is a higher hazard to that pipeline than a landslide located some
distance away, or one that is upslope may be less hazardous than one located
downslope or vice versa.
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2) The age of most recent activity is an important consideration in evaluating a landslide
hazard. In this table, landslide age is qualitative, and is expressed as “active,”
“recently active,” or “dormant.” An active landslide is defined as one that has
geomorphic or documented evidence of activity within the last 10 years, a recently
active landslide is defined as one that has geomorphic or documented evidence of
activity from 10 to 200 years ago, and a dormant landslide is defined as a landslide
with geomorphic evidence that the most recent activity was more than about 200
years before present.
3) Instrumental evidence of ROW disturbance refers to quantitative data that indicate
landslide movement on a ROW. Examples of sources of quantitative data could
include pig data (e.g., IMU bending strain), repeat surveying of known points (i.e.,
monitoring points), slope inclinometer measurements, or indications of landslide
induced strain from strain gauge measurements. Data sources could also include
remote sensing data, such as repeated LiDAR or InSAR surveys.
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Example of possible -settlement/subsidence hazard/threat classification for pipelines
Potential Hazard/Threat Level

Subsidence Hazard
Subsurface Bedrock
Dissolution (karst)

Underground Mine
Collapse (abandoned
and operational coal
mines)

Aquifer System
Compaction
(subsurface fluid
withdrawal)

Low

Moderate

-Areas mapped as being underlain by
potentially karstic or pseudokarstic
formations (e.g., limestone, gypsum,
lava tubes), and more than 160 m (525
ft) from apparent karst features (e.g.,
sinkholes).

-Sinkholes or areas with evidence of subsurface
voids (e.g., disappearing streams) between 60
and 160 m (200 to 525 ft) of the ROW.

-Mapped sinkholes or evidence of
subsurface voids (e.g., disappearing
streams) within 60 m (200 ft) of ROW.

-Areas mapped as karst terrain by state
agencies, but with no mapped sinkholes, or
evidence of sinkholes during aerial
reconnaissance.

-ROW areas historically impacted by
sinkholes or other karst phenomena.

-Within region or area of abandoned
underground coal mines, but ROW
greater than 200 m (660 ft) from
mapped abandoned underground
mine, and there is no geomorphic
evidence of surface subsidence.

-Evidence or maps of abandoned underground
room-and-pillar coal mines between 140 and
200 m (460-660 ft) of ROW.

-Evidence or maps of abandoned or
planned underground coal mines directly
below ROW, or within 140 m (460 ft) of
ROW, or within the expected area of
subsidence of planned longwall mining.

-Areas with known, extensively
exploited groundwater aquifers, but
with no reported subsidence that has
resulted in damage to surface
facilities, such as roads or structures.

-Areas that contain oil and gas, or groundwater
well fields that have subsidence, but no
reported damage resulting from this
subsidence.

-Planned underground coal mining (e.g.,
longwall) between 140 and 1,000 m (460-3,300
ft) of ROW, if topography is conducive to
valley closure.

-Areas that contain oil and gas well
fields (exploration and/or production),
but there appears to be no reported
subsidence that has resulted in damage
to surface facilities such as road or
structures.
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High

-ROW areas historically impacted by
subsidence resulting from collapse of
room-and-pillar coal mines.
-Areas that contain oil and gas, or
groundwater well fields that have
documented evidence of fluid
withdrawal-caused subsidence that has
damaged roads and structures.
-Areas that have documented evidence of
fluid withdrawal subsidence that has
resulted in the formation of fissures or
faults.
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For landslides, the focus of the hazard identification in the Phase I screening is on performing
a geomorphic analysis of the remote sensing imagery to identify landslide features. Because
landslides disturb the Earth’s surface, a geomorphic analysis of the terrain visible in the remote
sensing imagery is undertaken. High resolution LiDAR, using a bare Earth DEM, is a common
and preferred tool for the geomorphic analysis because it strips the vegetation so that disturbed
landslide features such as the sheared lateral limits, the main scarp in the head area, the toe, and
the hummocky/disturbed main body of the landslide are typically visible. When using traditional
stereoscopic aerial photography and or ortho-imagery, the vegetation may disguise landslide
features making it a less preferred but also a viable option depending on the scale and quality of
the photography, and whether an aerial reconnaissance is undertaken as part of the Phase I
screening. The landslide limits are mapped, each landslide is given a distinctive identifier code,
and the initial threat/hazard classification for each landslide is assigned.
Figure 2-52, a LiDAR hillshade image, shows the 18 mi2 (47 km2) Cascade-Bonneville
landslide complex in the Columbia River Gorge of Washington. The landslide initially formed
during the late Pleistocene and early Holocene (~10,000 years ago), major translational and flow
displacement into the Columbia River occurred about 200 to 600 years ago [94, 95], and locally
active portions of the slide are moving very slowly (approximately 150 to 200 mm/year; 6 to 8
in/year).
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Figure 2-52 LiDAR hillshade image of the 18 mi2 Cascade-Bonneville landslide complex
(approximate outline in red) in the Columbia River Gorge of Washington. The toe of
most recent major movement of the landslide into the Columbia River is shown by
the arrow. (Puget Sound LiDAR Consortium)

For subsidence features, excepting new or planned underground mines, the focus is also on a
geomorphic review of remote sensing imagery to look for disturbed ground (e.g., sinkholes,
closed depressions, fissures) associated with collapse of subsurface karst caverns, underground
mines or subsurface fluid withdrawal. Again, LiDAR hillshade imagery works well to highlight
such subsidence features. Figure 2-53 illustrates karst sinkholes near Utica, Minnesota imaged
on a LiDAR hillshade.
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Figure 2-53 Karst sinkholes and closed depressions (circles) visible on a LiDAR hillshade
image of an area near Utica, Minnesota [96]

The Phase I screening should include an aerial reconnaissance (e.g., helicopter preferred, or
fixed-wing aircraft) to confirm/verify the office-based assessment, and to identify any potential
hazards that may not have been mapped previously. Based on the threat/hazard classification,
the hazards of concern (typically the moderate and high hazards) are prioritized for study in the
next phase of assessment.
The results of the Phase I are typically entered into a GIS database management system. In
addition, tables and maps of the identified hazards are developed in Phase I. Table 2-7 is an
example listing of identified landslides from a Phase I screening for a pipeline system in the
western United States. Figure 2-54 is a map excerpt of identified and mapped landslides from a
Phase I screening for a pipeline in the eastern United States.
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Example of list of steeper slopes and landslides identified from a Phase I screening
for a pipeline system in the western United States

Beginning Ending Threat/Hazard
MP
MP
Classification

Comments

0.0

2.0

Low

7.42

--

Moderate

10.0

27.0

Low

16.42

--

Moderate

Potential debris flows from canyon to west of ROW

18.3

--

Moderate

Potential dormant landslide across ROW

30.45

--

Moderate

Potential dormant landslide across ROW

31.5

43.0

Low

63.29

63.8

Moderate

206.3

--

High

206.43

--

Moderate

Small active landslide upslope of ROW

231.4

--

Moderate

Small active landslide undercut by stream to east of
ROW.
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Slopes > 40 percent
Potential debris flows from canyon to west of ROW
Slopes > 40 percent

Slopes > 40 percent
Toe of potentially dormant landslide across ROW
Small active landslide about 30 m (100 ft)
downslope of ROW; potential to retrogress upslope
to ROW
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Figure 2-54 Map of landslides identified from a Phase I screening in the eastern United States
with individual landslide identifier codes.

The results of the Phase I screening are reviewed and evaluated to identify and select those
landslide and subsidence hazards recommended for further, site-specific assessment in Phase II.
Commonly, the high threat hazards are automatically recommended for further
assessment/investigation. The moderate threat level hazards may also be recommended for
Phase II assessment depending on the nature and location of the hazard relative to the pipeline,
and the completeness and quality of the data used to support the threat classifications.
2.5.4 Description of Phase II Geologic Hazards Reconnaissance
The Phase II hazards reconnaissance is the first site-specific field work undertaken for the
hazards recommended from the Phase I screening. The Phase II reconnaissance emphasizes and
employs non-intrusive, ground-based geomorphic and geologic assessments and mapping
(Figure 2-55) of the high threat, and commonly, selected moderate threat landslides and
subsidence hazards identified in the Phase I screening that may affect a pipeline. The field data
are typically collected on GIS-based, precision GPS units/tablets on which the Phase I screening
hazards are plotted along with topographic, geologic and LiDAR base maps. The GPS
units/tablets allow for drawing features and taking detailed field notes that can be entered into
the GIS hazard database. Alternatively, field notes can be entered directly into other mobile
devices and automatically added to the GIS database.
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Figure 2-55 Geomorphic and geologic field mapping of an active earth flow landslide adjacent
to a ROW (Photo by: D. West, Location: Ohio, Year: 2012)

For landslides, the type, nature, age and lateral and vertical limits are described and
documented in detail based on the site-specific surface geomorphic and geologic reconnaissance.
Additionally, it is always recommended that the pipeline should be located and marked in the
field; for example, on 10-foot (3-meter) centers, including the pipe depth. It may become
evident following the location that the line has been displaced or deflected by landslide
movement depending on the landslide interaction scenario. Additionally, a surface survey of the
ground contours, pipeline surface locations and measured pipeline depths may allow for the
preliminary detection of possible vertical deformation of the pipeline.
The threat/hazard level assigned from the Phase I screening is re-evaluated based on the
Phase II work, and is verified, or revised based on the site-specific reconnaissance. The sitespecific data collected for each hazard site are entered into the GIS database to update the
database. Any new landslide hazard sites, identified during the Phase II reconnaissance are also
described, assigned a unique identifier, documented, and added to the database.
Examples of high and moderate threat/hazard landslides investigated during a Phase II field
geomorphic and geologic reconnaissance are illustrated in Figure 2-56, Figure 2-57, Figure 2-58,
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and Figure 2-59, respectively. The examples are from a Phase II reconnaissance completed for a
pipeline operator in the eastern United States.
In Figure 2-56, landslide G-417 illustrates a high threat/hazard level landslide that crosses a
pipeline. (In Figure 2-56, there are other high threat landslides with red boundaries and low
threat landslides with green boundaries.) The landslide was initially mapped on a LiDAR
hillshade base in Phase I, and in the field the lateral limits of the landslide were confirmed or
revised, and documented on a GIS-based, GPS tablet that allows for precisely locating polygons
(shapes) and allows for the documentation of detailed notes of the nature of the landslide. The
LiDAR hillshade clearly shows the fresh, hummocky nature of landslide G-417, that it has
disrupted otherwise uniform slope topography, and that it crosses the pipeline. In the Phase I
screening, G-417 was classified a high threat/hazard because it appeared to be active or recently
active and it crossed the pipeline. However, from the LiDAR hillshade the nature of the ROW,
that is whether it was disturbed or not, could not be determined. Thus, the nature and condition
of the ROW across the landslide were examined during the Phase II reconnaissance. During the
Phase II field geomorphic and geologic reconnaissance, it was observed that the toe and body of
the landslide disturbed the ROW surface, and appeared to be less than 10 years old based on its
geomorphic expression (Figure 2-57).

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 95

Figure 2-56 LiDAR hillshade example of a “high” threat level landslide, G-417, that crosses the
pipeline.
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Figure 2-57 “High” threat level landslide G-417 with pronounced toe (at arrow), that disturbs the
ROW and has geomorphic evidence of movement less than 10 years old.

A moderate threat/hazard level landslide, G-130, is depicted on Figure 2-58. The landslide
exhibits subdued hummocky topography and it crosses the ROW and pipeline. However, based
on the Phase II field geomorphic and geologic reconnaissance, it was observed that the landslide
did not disturb the ROW surface (Figure 2-59). Rather, the ROW surface was smooth, lacking
the subdued hummocky topography of the landslide surface either side of the ROW, suggesting
no landslide movement across the ROW after grading of the ROW. Because of these
geomorphic conditions observed in the field, the landslide was classified with a moderate
threat/hazard level.
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Figure 2-58 LiDAR hillshade example of a “moderate” threat level landslide G-130 that crosses
the pipeline, but has no apparent geomorphic evidence of post-construction ROW
movement.
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Figure 2-59 “Moderate” threat level landslide G-130 with no geomorphic evidence of postconstruction disturbance of the ROW surface; the arrow shows the apparently
undisturbed ROW surface that crosses undisturbed through the older landslide.

For subsidence hazards, Phase II reconnaissance work may involve the following activities
depending on the type of subsidence hazard being addressed from the Phase I screening:
•

Aquifer system compaction from subsurface fluid withdrawal:
o Field geomorphic and geologic reconnaissance of the high and selected moderate
threat/hazard subsidence features from the Phase I screening such as fissures with
horizontal separation and differential vertical offset
o Mapping and documentation of the surface subsidence features including type,
length, width, vertical separation, orientation, proximity relative to the pipeline
(e.g., crossing, parallel, projecting toward, etc.), and age of most recent movement,
on to GIS-based, precision GPS instruments
o Re-evaluation and revision, as appropriate, of the Phase I threat/hazard level
classifications

•

Karst subsidence:
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o Field geomorphic and geologic reconnaissance of the high and selected moderate
threat/hazard features identified in the Phase I screening such as sinkholes and
closed depressions
o Targeted geophysics to image potential subsurface voids (Figure 2-60)
o Mapping and documentation of the type, nature, shape, fractures, depth, age and
location with respect to the pipeline
o Re-evaluation and revision, as appropriate, of the Phase I threat/hazard level
classifications
•

Underground mine subsidence:
o Field geomorphic and geologic reconnaissance and mapping of high and selected
moderate abandoned mine threat/hazard areas to examine whether there are
surface features that may be associated with the underground mines that could
affect the pipeline
o For planned longwall mines, review of the mine plans and establishment of
contacts with the mine. Review of topography (high relief and valley bottoms)
along the pipeline within 1¼ miles (2 km) of the mine as it relates to potential
valley closure.
o For planned room and pillar or retreat mines, review of pillar plans and available
stratigraphy to quantify risk of subsidence
o Re-evaluation and revision, as appropriate, of the Phase I threat/hazard level
classifications

Figure 2-60 Example of ERI Dipole-Dipole geophysical results for investigation of karst terrain
along a pipeline ROW

The high threat/hazard landslides and subsidence features that remain following the Phase II
reconnaissance are typically recommended for Phase III investigation.
2.5.5 Description of Phase III Geologic Hazards Investigation
The Phase III assessment is undertaken for those landslide and subsidence high threat/hazard
sites. The intent is typically to develop the detailed site-specific data that are necessary for the
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development of threat/hazard mitigation alternatives, and for the development of threat/hazard
monitoring programs/plans. A Phase III assessment may include site-specific subsurface
investigations (Figure 2-61), and more detailed surface investigations to be able to collect the
necessary detailed data. The common types/tools/techniques for the Phase III intrusive field
investigations are summarized in Table 2-4.

Figure 2-61 Installation of a slope inclinometer in a geotechnical exploration borehole for a
Phase III landslide investigation along a pipeline ROW (Photo by: A. McKenzieJohnson, Location: Southern Indiana, Year: 2010)

The site-specific investigations and their data, which provide the physical characteristics of
the particular hazard, combined with engineering analyses and modeling of the behavior of the
hazard can be used to develop mitigation/monitoring concepts and designs (Section 8).
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Characterization of Stresses and Strains Affecting Girth Weld
Performance
Abstract

This section covers stresses that may exist in a joint of linepipe and stresses in a segment of
pipelines. The stresses in a joint of a linepipe may include forming stress from pipe
manufacturing and field cold bending. These stresses are self-balanced and typically don’t
affect the behavior of girth welds. Stresses that may affect girth weld behavior may come from
field welding, operational conditions such as internal/external pressure and temperature
differentials. Tie-in welds may experience higher stresses than mainline welds due to alignment,
change in stiffness between two sides of the welds, and uneven support conditions. Stresses and
strains from ground movement can have a large range of variations. High stresses generated by
ground movement have been one of the key contributing factors to girth weld failures.
In the absence of changing pipe support conditions and increased stresses at bends,
hydrostatic test does not impose high incremental longitudinal stress over stress levels existing
under normal operational conditions. In contrast, lowering the temperature of linepipe can
impose high levels of longitudinal tensile stress. From the viewpoint of girth weld integrity, the
temperature effects, either during hydrostatic testing or in service, should be considered in girth
weld integrity assessment.
Various methods for measuring and estimating stresses and strains in pipelines are
introduced. Only the pipe-soil interaction models are covered in details in this section. Other
methods are covered in Section 8 and Appendix E.
3.1

Stresses in a Joint of Linepipe

Stresses in a joint of linepipe may come from multiple sources. Some level of stress exists
when pipes leave their manufacturers due to the pipe forming process and cold expansion.
Linepipes may experience stresses during transportation. There could be residual stresses from
field bending. The pipe forming and field bending stresses are self-balanced and should not
affect girth welds. The stresses during transportation are typically within the elastic range.
These stresses return to their original state at the completion of the transportation.
Stresses “locked-in” a joint of pipe can affect the performance of the pipe, especially if pipes
experience plastic deformation. These locked-in stresses contribute to the total stresses
experienced by the pipes when the pipes are subjected to additional loads during service.
However, these locked-in stresses typically do not affect girth weld performance.
3.2

Stresses Affecting Girth Weld Performance

3.2.1 Stresses in the Construction Phase
3.2.1.1 Residual Stress from Welding
Stresses affecting girth welds start at the girth welding stage. Welding residual stresses occur
in part due to the shrinkage of deposited weld metal during the cooling of the deposited weld
metal. There is a local bending created by the welding residual stress. For large D/t pipes, the
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longitudinal residual stress (transverse to the welding direction) is in tension on the ID side of the
pipe and in compression on the OD side. The hoop residual stress is in tension [97, 98].
3.2.1.2 Stresses from Pipe Lifting and Lowering-in during Construction
After completing mainline welding, inspection, and field coating, the next phase of pipeline
construction is lowering pipe into the trench. For most onshore pipelines, girth welds experience
their highest longitudinal stress during this phase of their life. The lifting and lowering-in stress
is typically in the range of 40% to 90% SMYS for an X70 pipe. The lowering-in stress is
primarily driven by the contour of the pipe profile, i.e., lifting height, spacing between the
sidebooms, and the horizontal offset between the pipe support (skids) and trench [99, 100]. The
magnitude of the stress is not related to pipe grade as the material behavior is in the elastic range.
However, the structural integrity significance of the stress is affected by pipe grade. For
instance, a 40 ksi longitudinal stress is 77% of SMYS for an X52 pipe while the same magnitude
of the stress is 50% of SMYS for an X80 pipe. Everything else being equal, the 40 ksi stress is
likely to be more significant to an X52 pipe than an X80 pipe. The stresses from the lifting and
lowering-in are relieved once the pipe is laid on the bottom of the trench, provided that the trench
contour and pipe bends are properly matched.
3.2.1.3 Tie-in Stress
During tie-in welding, ends of pipes may have to be moved for alignment. Tie-in welds are
often made near changes in pipe stiffness at crossings and bends. The varying pipe stiffness may
cause the stresses to be concentrated at tie-in welds. In addition, there could be differential
settlement near tie-in welds. The bedding/support at tie-in welds could be different from that of
the mainline welds. In some cases pipe may be forced into position in order to make a tie-in
weld. All these conditions can lead to high stresses at tie-in welds.
It is generally believed that the longitudinal stresses at tie-in welds are higher than those at
mainline welds.
3.2.1.4 Backfill and Overburden Stresses
After backfill, stresses on the girth welds may come from spanning of the pipeline support or
uneven bedding which can lead to bending moment along the pipeline. However, backfill
(overburden) is thought to generate stresses primarily in the hoop direction (e.g., due to ovaling).
3.2.1.5 Stresses in Special Construction Methods
Girth welds can experience longitudinal stress during HDD from the pull-back force and
curvature of the HDD profile. Occasionally, pneumatic hammers are used to assist pull-back
operation. The action of the pneumatic hammer can generate cyclic longitudinal stress which
may warrant fatigue assessment in some situations.
3.2.1.6 Stresses during Hydrostatic Pressure Testing
During the hydrostatic pressure test, longitudinal tensile stress is generated due to the
Poisson’s effect. In a restrained straight pipeline segment on flat terrain, the maximum pressure
corresponding to a hoop stress of 100% SMYS can produce a longitudinal stress of 30% SMYS.
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However, additional longitudinal stress may be generated from the weight of the water when
there is uneven support or soil settlement. In addition, bending moments may be generated due
to hydrostatic test pressure at bends and other fittings [101].
In the absence of significant settlement stress, the longitudinal stress during the hydrostatic
pressure test is fairly low. This low stress level is based on the assumption that the pipe at the
time of hydrostatic testing has the same temperature as that at the time of pipe lowering-in. Any
temperature differential between hydrostatic test temperature and lowering-in temperature can
introduce additional stresses.
3.2.2 Stresses during Pipeline Service
Stresses during normal pipeline service may come from a number of sources:
1. Lock-in stresses from the pipeline construction. Apart from welding residual stress and
stresses from temperature differential, the “lock-in” longitudinal stress after construction is
principally related to the “lateral bending” of the pipes. The lateral bending may come from
uneven support and overburden, forced movement of pipe ends during tie-in welding, and forced
alignment of pipes to trench or HDD profiles. The subject of welding residual stress is complex.
For most pipeline girth welds experiencing longitudinal tensile stress, the effects of welding
residual stress on the girth weld integrity under static loads are small. Welding residual stresses
are a more important factor in fatigue life assessment of girth welds.
2. Internal pressure. A tensile longitudinal stress is generated from the Poisson’s effect
when a pipe is pressurized. The magnitude of the longitudinal stress is 30% of the hoop stress
for a restrained straight segment of a pipeline on flat terrain without bends.
3. Thermal stress. It is generally assumed that a pipe is in a near-stress-free state when the
pipe is laid at the bottom of a trench (absent of tie-in stress and/or settlement stress). During
service, pipes are generally at a temperature different from that during lowering-in operation.
The temperature difference creates a longitudinal thermal stress. If the service temperature is
lower than the construction temperature, the longitudinal stress is tensile.
4. Ground movement. Ground movement includes all forms of movements that tend to
impose motion on a pipeline, including soil creep, landslide, settlement, earthquake, et al. The
magnitude of the stresses and strains imposed by ground movements can vary greatly. In
contrast, the magnitude of the stresses from the first three sources listed above has limited
ranges. Consequently, ground movement is typically the major determining factor that can
generate sufficiently high stress to rupture a girth weld.
5. Unsupported pipe span or insufficient negative buoyancy. An exposed pipe section or a
pipe section in a body of water that is not sufficiently weighed down can move laterally or
vertically. Such movement can produce both static and cyclic stresses on the girth welds. An
exposed pipe segment can experience bending moment and “cable force” due to the weight of
the pipe and its content [102].
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Baseline Stresses and Strains

A typical scenario of longitudinal stresses from internal pressure, temperature differential,
and other locked-in stresses is shown in Table 3-1. All pipelines are operated at a Class 1
location design factor, i.e., the hoop stress is at 72% SMYS. To highlight the possible tensile
longitudinal stress, it is assumed that the pipeline is constructed at a relatively high ambient
temperature of 80 ºF and operated at 40 ºF, thus having a temperature differential of -40 ºF. This
temperature differential would produce a tensile longitudinal stress of approximately 8.0 ksi1.
The longitudinal stress from internal pressures is proportional to the magnitude of the
internal pressure. At the same design factor, the magnitude of the longitudinal stress from
internal pressure increases with pipe grade (SMYS), but remains at the same percentage of the
SMYS. The longitudinal stress from temperature differential is only affected by the magnitude
of the temperature differential, not by the pipe grade. With the increase of pipe grade, the total
stress becomes a smaller percentage of SMYS at the same temperature differential and design
factor.

Longitudinal Stress
from Pressure

Thermal Stress

Other Locked-In
Stresses

Total Pressure,
Thermal, and Other
Stresses

Total Thermal,
Pressure, and Other
Stresses / SMYS

Baseline Strain

(ksi)

(ksi)

(ksi)

(%)

(%)

0.72

21.6

11.2

8.0

10.0

29.2

56.2

0.10

80

0.72

21.6

13.0

8.0

10.0

31.0

51.6

0.10

40

80

0.72

21.6

14.0

8.0

10.0

32.0

49.3

0.11

40

80

0.72

21.6

15.1

8.0

10.0

33.1

47.3

0.11

(F)

(F)

X52

52

40

80

X60

60

40

X65

65

X70

70

Pipe Grade

(ksi)

Design Factor

(ksi)

Construction
Temperature

(%)

lowest service
Temperature

Longitudinal Stress
from Pressure / SMYS

Stresses and strains from internal pressure, temperature differential, and other
locked-in stresses
Pipe Yield Strength

Table 3-1

In Table 3-1, a locked-in stress of 10 ksi is added to the stresses from internal pressure and
temperature differential. The locked-in number is an educated guess for illustrative purpose.
The actual locked-in stress can vary greatly among different construction conditions and
1

The precise number depends on the coefficient of thermal expansion. Various references put the coefficient at
6.5×10-6 to nearly 8.0×10-6 in/inºF. This current calculation uses a coefficient of 6.67×10 -6 in/inºF.
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practice. When all the stresses are added together, the corresponding baseline strain is
approximately 0.10%.
3.2.4 Cyclic Stress on Girth Welds
For buried pipelines, temperature and pressure fluctuations are typically the source of cyclic
longitudinal stresses. For gas pipelines, the magnitude and the number of cycles of pressure
fluctuation are low. The temperature fluctuation is also sufficiently low so fatigue flaw growth
in girth welds is typically not a concern in gas pipelines. In contrast, liquid pipelines can
experience high magnitude and large numbers of pressure cycles. In some cases, fatigue flaw
growth in girth welds can be a concern.
3.2.5 Stresses of Pipes on Slopes
Pipelines on slopes may experience additional longitudinal stresses in comparison to
pipelines in flat terrain. This is especially true at the locations near over-bends (peaks) and sagbends (valleys). When the slope is sufficiently steep, the soils may not provide sufficient force
to hold the pipeline in place, particularly when fine grained backfill soils become saturated
during wetter times of the year or extreme precipitation events. Tensile and/or compressive
stresses may be generated near over-bends and sag-bends.
3.3

Overview of Methods of Measuring of Stresses and Strains in Pipelines

The applied strain on the pipeline, alternatively termed strain demand, may be estimated
from pipe operations and environmental conditions, such as geotechnical features and soil
conditions. There are principally four types of methods available for estimating strain demand.
(1) IMU (Inertial Measurement Unit). IMU provides centerline position of pipelines.
Successive IMU runs detect pipe movements which can be analyzed and converted to socalled “bending strain.” However, uniform tensile or compressive strains (sometimes
termed extensional strains) can’t be detected by IMU as there is no curvature change of
pipes. Extensional strains can come from thermal expansion or compression or internal
pressure, or from soil movement parallel with the pipeline. In most cases, the bending
strains are reported when the values are greater than a threshold value (typically greater
than 0.125%). The utilization of IMU is detailed in Sections 4 and 8.
(2) Pipe-Soil Interaction Models. These models start from the estimated amount of ground
or soil movement which may come from historical data, ground or aerial surveys, or other
methods; see Section 8. The impact on the pipe of such movements is estimated through
pipe-soil interaction (PSI) models. PSI models of various complexities may be used to
estimate strains imposed on the pipeline due to the ground movement [103,104,105].
(3) Direct Measurement. Strain gauges have been widely used in locations of expected high
strains. Fiber optic cables can provide strains over long segments of pipelines. The
direct measurement techniques are covered in Section 8.3 and Appendix E.
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(4) In-Situ Stress Measurement. A number of vendors claim that stresses in a pipeline may
be measured by the change of steel’s magnetic signature and other properties under
stress. In general, the consistency and accuracy of these methods in field application are
not well established at the time of this writing; however this appears to be a developing
field. One of the major challenges for integrity assessment is differentiating the stresses
from pipe forming (pipe manufacturing and cold field bending) and the stresses from
actively applied external loads. Only the stresses from external loads are of concern in
assessing the integrity of the pipelines. These techniques are covered in Appendix E.
3.4

Pipe-Soil Interaction Models

For a buried pipeline, loads (often represented in stresses or strains) are induced when there
is a differential motion between the pipeline and surrounding soil. The application of the pipesoil interaction models often starts from the characterization of the soil movement. Many factors
affect the loads imparted on the pipeline by the soil. These factors are taken into account in the
pipe-soil interaction models to various degrees. The most important factors related to the pipesoil interaction modeling are [106]:
•

Ability to simulate large relative displacement of pipeline,

•

Correct modeling of the pipe-soil interface behavior,

•

Selection of appropriate constitutive models,

•

Accurate estimation of the soil constitutive parameters,

•

Proper consideration of loading rate effects,

•

Coupling effects from oblique pipe movement, and

•

Recognizing the range of applicability of recommendations over a wide range of soil
condition in practice.

3.4.1 Structural Pipe-Soil Interaction Models
The most widely used pipe-soil interaction models use structural beam elements to represent
the pipe and spring elements to represent the resistance of soil to the pipe movement as shown in
Figure 3-1 [107]. The spring elements are in three orthogonal directions: longitudinal (axial),
transverse horizontal, and transverse vertical. The beam and spring elements are incorporated
into a finite element package, such as ABAQUS®, to assess the pipe response for a given soil
movement condition.
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Figure 3-1 Structure model representing the pipe-soil interaction [107]

One of the key inputs in the structural pipe-soil interaction models is the representation of the
stress-dependent load-deformation characteristics of the springs. The ASCE guidelines were
formerly the standard reference for the representation [108]. These guidelines have been
replaced by the American Lifelines Alliance (ALA) “Guidelines for the Design of Buried Steel
Pipe” [109]. The representation of the spring characteristics in the guidelines was developed by
Honegger and Nyman as given in a PRCI report [110].
3.4.2 Continuum Pipe-Soil Interaction Models
In a continuum pipe-soil interaction model, such as the one shown in Figure 3-2 [106], the
pipe is represented by shell or solid elements. The complex pipe response, such as ovalization
and wrinkling, can be properly modeled. In contrast, beam elements in the structural models are
not capable of representing such behavior. The soil is modeled as a continuous medium, thus
allowing proper representation of complex soil behavior such as shear load transfer. In addition,
variable circumferential and longitudinal pressure distribution can be properly presented in such
models. The continuum pipe-soil model implemented by C-CORE using commercial finite
element package ABAQUS/Standard® was able to simulate large relative displacement and
account for pipe and soil nonlinearity, relative slip and rotation and separation at the pipe-soil
interface [111,112].
While C-CORE’s continuum model uses implicit finite element solver in
ABAQUS/Standard, BMT Fleet has been developing a 3D continuum model that uses Smooth
Particle Hydrodynamic (SPH) method in LS-DYNA® [113]. This model has been applied to
simulate the pipeline response to a translational slide [114].

Figure 3-2 Continuum model representing pipe-soil interaction
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3.4.3 Pros and Cons of Various Pipe-Soil Interaction Models
The principal advantage of the structural pipe-soil interaction models is its computational
efficiency. However, the force-displacement relationship representing the resistance of the soil
is a simplification that introduces modeling errors and prevents certain key features from being
properly modeled. In contrast, the continuum pipe-soil interaction models provide more realistic
representation of the physical mechanism at the expense of computational efficiency. In
addition, there is limited availability of realistic soil constitutive models. The expertise required
to apply the continuum models is higher than that required for the structural models.
3.5

Comparison of Various Stress/Strain Measurement Techniques

Each of the strain estimation/determination methods discussed in Sections 3.3 and 3.4 offers
certain advantages and disadvantages. For instance, the strains measured by strain gauges are
considered highly reliable. However, strain gauges can only monitor isolated locations. Pipe
and soil interaction models can be used for long segments of pipelines. The strains computed
from such models are highly dependent on the spring parameters which are related to soil
properties. Site-specific soil properties are generally not available unless a geotechnical soil
sampling program has been performed, and can change over time or even from season to season
as the water content in the soil changes, which can affect soil properties.
The applicability and limitations of various methods are covered when such methods are
introduced in details in Sections 4 and 8 and Appendix E.
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Utilization of IMU Data for Identifying Strain Locations of Interest
Abstract

This section starts with the working principles of IMU, including various instrumentations in
an IMU. The concept of pig length is introduced. The typical sensitivity and accuracy of IMU
ILI tools are given along with the meaning of the parameters. The basic processing of the
inertial survey data, including numerical differentiation and integration, is introduced. One
significant part in the appropriate use of IMU tools is the recognition of their limitations. Here
the limitations of the tools are introduced. The significance and possible ways to overcome the
limitations are explained.
The processes and procedures to identify strain of interest are described in details. Another
key part of this section is the recommended protocol to characterize and report strains of interest
by ILI service providers. Possible ways to validate/verify IMU data are also given. This is an
essential part of the appropriate use of IUM data, as explained throughout this report, that all
monitoring techniques have their advantages and limitations.
4.1

Principles of IMU

As discussed by Hart, et al. [115], there are several in-line inspection (ILI) vendors who
perform inertial surveys using high resolution inertial survey tools (smart pigs). These ILI tools
travel downstream within the pipe bore carried forward by the flow. Because the axis of the tool
body runs nominally coincident with and parallel to local orientation of pipe centerline, data
from an inertial survey can be used to compute detailed three-dimensional geometry (position
and curvature) profiles to represent the trajectory of the pipe centerline. The primary instruments
on an inertial survey tool are gyroscopes and odometers.
•

The Inertial Measurement Unit (IMU) includes an orthogonal triad of interferometer fiber
optic angle rate gyroscopes and a corresponding orthogonal triad of uniaxial
accelerometers. The IMU is housed within a cup or wheel supported canister of the pig.
These instruments, which are typically sampled at 50 to 100 Hz, respond to the motion of
the tool as it travels down a path which is nominally coincident with the pipeline
centerline.

•

Odometers measure the along-the-pipe “chainage” distance travelled by the pig. The
odometer data can also be used to compute the instantaneous travel velocity of the pig.

Additional instruments are often deployed on an inertial survey tool including:
•

Spring loaded radially oriented mechanical caliper arms which measure the geometry of
the pipe bore to measure the inside diameter profile and to characterize features such as
ovality, dents, ripples, wrinkles and buckles. The mechanical calipers are also used to
locate the girth welds and wall thickness changes in the pipeline. Most tools deploy a
single ring of at least 16 and up to hundreds of individual caliper arms around the pipe
circumference. Some tools deploy two separated caliper rings with the arms offset to the
midpoint between the arms on the adjacent ring in order to increase the circumferential
resolution. Moreover, caliper tools equipped with eddy current based proximity sensors
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at the caliper arms are able to compensate for lift-off effects caused by debris or girth
weld penetration so that the contour of a deformation is more accurately captured when
caliper arm liftoff occurs.
•

Pressure and temperature gauges.

•

Some vendors utilize “Combination Tools” which also include an axial or
Circumferential Magnetic Flux Leakage (CMFL) or ultrasound (UT) instrumentation
canister for measuring the pipe wall thickness/metal loss.

As discussed in Reference [115], the gyroscopes measure the rate of rotation of the tool with
respect to an inertial reference frame. The accelerometers measure both the acceleration due to
gravity and the acceleration of the inertial system with respect to the inertial reference frame.
When the inertial system is stationary with respect to the earth, the accelerometers measure the
gravity vector and the gyroscopes measure the earth rotation vector. This allows for
determination of the pre-survey or post-survey orientation of the tool with respect to the local
level reference frame, i.e., pitch, yaw, and roll. The orientation of the tool during the survey is
obtained primarily by integration of the angle rate gyroscope readings after subtraction of the
earth rotation. The inertial data processing develops the profile of the pitch and azimuth
orientation of the path travelled by the pig during the survey. As shown in Figure 4-1, the pitch
angle describes the inclination angle of the pig in the vertical plane (nose up is positive, nose
down is negative) while as shown in Figure 4-2, the yaw (or azimuth) angle describes the angle
between the pig travel direction/heading and north (yaw is clockwise negative, azimuth is
clockwise positive).
For large diameter pipelines (typically ≥ NPS24), the inertial survey tool consists of a single
supported canister body while for small diameter pipelines (typically < NPS24), the inertial
survey tool is essentially a “train” of several supported canister bodies. Each canister is
supported on a pair of flexible neoprene cups or support wheels which means that the orientation
of the canister containing the IMU is always measured over a finite length – this length is
typically in the range between 1 and 1.5 pipe diameters. The cup-to-cup or support-to-support
length of the canister containing the IMU is referred to herein as Lpig to acknowledge that the
gyroscope-established orientation of the tool is not instantaneous – it is always measured over
this length.
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Figure 4-1 Definition of Pitch Angle θ

Figure 4-2 Definition of Azimuth/Yaw Angle γ
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Typical Sensitivity and Accuracy

As previously noted, the inertial tool travels along with the pipe flow. Optimal tool
velocities are in the range of 1 to 4 m/s (3 to 13 ft/s). As discussed in Reference [115], different
IMU survey vendors provide different specifications related to the accuracy of the inertial survey
data. For example, specified accuracies published for the Geopig® are as follows:
•

Mapping Survey Accuracy 1:2000 (depending on the distance between tie-points)

•

Dent/Feature Size: ±2.5 mm

•

Dent/Feature Orientation: ±2° arc

•

Ovality: ±2.5 mm

•

Weld-to-Weld Distance: ±12.5 mm

•

Curvature Detection/Accuracy: ±2500D Radius of Curvature, ±0.02% Strain

• Bend Angle Detection/Accuracy: ±0.1o
As another example, the ROSEN RoGeo·Xt® tool for detection and sizing of deformations
equipped with an IMU for XYZ mapping has the following specifications:
Feature
ID Changes
Ovality
Dent Depth
Bend Strain Determination
Radius Determination

Accuracy
0.8 mm (0.03 in)
1%
up to 0.8 mm (0.03 in)*
±0.02%
2500 D

Detection Threshold
0.8 mm (0.03 in)
1%
±0.02%

*depending on pipeline diameter

where the values are given for a confidence level of 80%.
Although some vendor reports/papers show results providing bending strain accuracies of
±0.005% to ±0.01% strain, the best available directly specified bending strain accuracy is
±0.02% strain (which is equivalent to a bend radius of ±2500D). Some vendors specify a larger
detection threshold for an initial inertial survey (e.g., 0.125% bending strain or 400D).
The detection threshold describes the sensitivity of a measurement system, typically in terms
of minimum detectable sizes, while the accuracy describes how accurately a defect can be sized
once detected. For meaningful detection thresholds and sizing accuracies, a confidence level
should always be provided. Typical specified confidence levels provided by ILI vendors are
80%, 85% or 90%. To achieve comparability between specified values with different confidence
levels, the following conversion factors can be applied for normally distributed random errors:
80% and 85%: 1.123
85% and 90%: 1.143
80% and 90%: 1.283
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Basic Processing of Inertial Survey Data

As presented in Reference [116], there are two main data processing procedures that are
commonly applied to pipeline inertial survey data, namely: (1) numerical integration of the pitch
and azimuth angle data with the odometer distance data to develop three-dimensional coordinates
of the pipe centerline; and (2) numerical differentiation of the pitch and azimuth angle data with
the odometer distance data to develop pipeline curvature profiles. This section provides an
overview of these procedures.
4.3.1 Numerical Integration
The gyroscope and odometer data can be used to compute the path of the pig (which is taken
to be the same as the pipe centerline) relative to known starting and ending points, using
numerical integration. Euler integration is a straight-forward and reliable integration method
wherein the relative three-dimensional position of a profile point “k+1” is computed based on the
pitch and azimuth (i.e., the slope of the profile) at a closely spaced adjacent point “k”. As
described in Reference [116], in between the known coordinate tie-points, the incremental
position changes of the pipe centerline path are computed using Euler integration of the pitch (θ)
and azimuth (𝛾) angles with the odometer distance data (S) as follows:
∆𝑁 = ∆𝑆 ∙ 𝑐𝑜𝑠 𝜃 ∙ 𝑐𝑜𝑠 𝛾

(4-1)

∆𝐻 = ∆𝑆 ∙ 𝑠𝑖𝑛 𝜃

(4-2)

∆𝐸 = ∆𝑆 ∙ 𝑐𝑜𝑠 𝜃 ∙ 𝑠𝑖𝑛 𝛾

(4-3)

where ∆N, ∆H, ∆E are the increments of Northing (N), elevation (H) and Easting (E) along the
pipe profile, ∆S is the along-the-pipe distance increment between odometer data points “k” and
“k+1”, and θ and 𝛾 are the pitch and azimuth angles corresponding to odometer data point “k”
(where the integration direction is from “k” to “k+1”). The calculated centerline coordinate path
is then translated and rotated such that the starting and ending coordinates pass exactly through
the coordinates at the known tie-points. The integration can be performed over a selected length
of the pipeline in both the forward direction and the backward directions and the average of the
forward and backward profiles can be used for the final pipeline geometry. The tie-points are
typically established by above ground GPS positioning at accessible crossings such as highways
or access roads. Known physical locations including traps, crossovers, taps, and valves are
aligned following the run. Moreover, AGMs are typically placed at the above ground tie-point
locations so that they can be easily identified in the field. Typical tie-point intervals range from
roughly 1000 m to 6000 m (0.6 – 3.7 miles).
The specified accuracy of the pipe position profile is typically 1/2000th of the distance from
the nearest tie-point. For a distance between tie points of say 4,000 m (2.5 miles), the position
error midway between the tie points for a single survey can reach ±1 m (3 ft) (i.e., 4000/2/2000),
which corresponds to up to 2 m (7 ft) difference between two surveys. This illustration neglects
inaccuracies in the tie point coordinates. For tie point coordinates established using GPS, it
should be noted that the elevation coordinate can be 2 to 3 times less accurate than the
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corresponding horizontal coordinates – this effect should be considered when the depth of the
pipeline is important (e.g., depth of cover determination, or depth of pipe below crossings, etc.).
Out-of-Straightness (OOS) plots are often used to display the relative horizontal and vertical
position profiles as a function of chainage over a region of interest. OOS plots present the
relative position profiles as deviations from a straight line with zero OOS at the beginning and
end of the plot. OOS plots can be obtained by integrating locally between additional control
points selected at the upstream and downstream ends of the feature of interest and performing a
coordinate transformation from the Northing-Easting-Elevation coordinates into the horizontal
and vertical OOS deviations from a straight line connecting the feature end points. Example
plots are provided in Appendix B.
4.3.2 Numerical Differentiation
As discussed in Reference [116], the pitch (θ) and azimuth (𝛾) angle data can also be
numerically differentiated with respect to the odometer distance data (S) to develop profiles of
the pipe vertical and horizontal curvature. As illustrated schematically in Figure 4-3 and Figure
4-4, the vertical curvature (ΨV) and horizontal curvature (ΨH) are calculated as the change in
pitch and azimuth angles (∆θ and ∆𝛾), respectively, over a specified change in pipe distance (ΔS)
along the path:
∆𝜃
∆𝜃
=
∆𝑆 𝐿𝑔𝑎𝑔𝑒

(4-4)

∆𝛾
∆𝛾
∙ cos 𝜃 = −
∙ 𝑐𝑜𝑠 𝜃
∆𝑆
𝐿𝑔𝑎𝑔𝑒

(4-5)

𝛹𝑉 =
𝛹𝐻 =

The resultant curvature (ΨR) is:
𝛹𝑅 = √𝛹𝑉2 + 𝛹𝐻2
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Figure 4-3 Illustration of Calculation of Vertical Curvature ΨV

Figure 4-4 Illustration of Calculation of Horizontal Curvature ΨH
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The vertical, horizontal and resultant bending strains are directly related to the corresponding
curvature terms based on the assumption that plane sections remain plane as follows:
𝐷
2
𝐷
𝜀𝐻 = 𝛹𝐻 ∙
2
𝐷
𝜀𝑅 = 𝛹𝑅 ∙
2
𝜀𝑉 = 𝛹𝑉 ∙

(4-7)
(4-8)
(4-9)

where 𝐷 is the outside diameter of the pipe. In order to reduce noise (e.g., due to tool dynamics
and minor imperfections along the pipeline) in the curvature signal, it is typically computed over
length of 3 to 6 pipe diameters. The distance over which the curvature is calculated is normally
referred to as the gauge length Lgage. The sign convention used in equations (4-4) and (4-5)
above is that sag bends and left turns correspond to positive vertical and horizontal curvatures,
respectively. In other words, positive vertical bending strain corresponds to tension at the 6:00
orientation on the pipe cross section and positive horizontal bending strain corresponds to
tension at the 3:00 orientation on the pipe cross section (looking downstream). The sign
convention for curvature and bending strain is somewhat arbitrary and vendors may use different
definitions.
The most efficient curvature calculation is based on a simple finite difference approach. The
∆θ and ∆ 𝛾 numerators in equations (4-4) and (4-5), respectively, are computed as the difference
between the pitch or azimuth at a distance of Lgage/2 downstream and at a distance of Lgage/2
upstream of a given odometer distance coordinate. If the upstream or downstream location
(±Lgage/2) falls between two discrete pitch or azimuth values, the pitch or azimuth value used in
the difference calculation is obtained by linear interpolation between the adjacent values. The
main advantage of the finite difference approach is that it is very efficient numerically. The
main disadvantage of the finite difference approach is that it tends to amplify noise that is present
in the underlying orientation data.
Somewhat smoother and more accurate curvature profiles can be computed using a
“regression line” method where the curvature is computed as the slope of a least-squares line fit
through the profiles of θ vs. S and γ vs. S over the gauge length Lgage. Figure 4-5 provides a
schematic illustration of the regression line processing in θ vs. S space. At the current odometer
distance coordinate, the least-squares fit lines on θ and γ as functions of S over the length Lgage
centered on the current distance coordinate are expressed (in the general linear form y=mx+b
where m and b are the slope and intercept of the line) as follows:
𝜃(𝑆) = 𝛹𝑉 ∙ 𝑆 + 𝜃0

(4-10)

𝛾(𝑆) = 𝛹𝐻 ∙ 𝑆 + 𝛾0

(4-11)

The main advantages of the regression line approach are that it tends to smooth out noise that
is present in the underlying orientation data and that for a given gauge length, it is more accurate
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than the finite difference approach. The main disadvantage of the regression line approach is that
developing the regression line fit involves addition numerical calculations than would be
required using the finite difference approach.

Curvature via Regression Line
Scurrent-Lgage/2

θ

Least Squares Fit “Regression Line”
θ(Scurrent-Lgage/2)

Scurrent-Lgage/2 ≤ S ≤ Scurrent+Lgage/2
θ = Ψv·S + θo

S

Current Location: Scurrent
θ(Scurrent+Lgage/2)

Scurrent+Lgage/2

Vertical Curvature is the Slope of Regression Line = Ψv
Figure 4-5 Illustration of Vertical Curvature Calculation Based on Regression Line

Based on our experience with inertial survey data, a high degree of repeatability with respect
to the important features of the bending strain profiles (i.e., the parts of the signal associated with
real pipeline movement) is typically observed in overlays of pipeline curvature/bending strain
profiles obtained from different surveys. When running a subsequent survey with the same tool,
subtle differences can be expected at girth welds and bends for example due to different tool
velocities and slight differences in the pig-to-pipe attitude during the run. These differences can
be more pronounced when the subsequent survey is run with a different tool or by a different
vendor, particularly if the lengths of the pig (Lpig) are significantly different. Various vendors
have published papers that document survey repeatability and comparisons with discrete strain
gauge measurements (e.g., see References [117], [118] and [119]).
4.4

Limitations of Inertial Survey Data

While pipeline inertial surveys provide an extremely refined basis for characterizing pipeline
geometry, there are several limitations to this technology that are worth noting:
•

The specified accuracy of calculated pipeline coordinates between tie-points is limited to
nominally 1/2000th of the distance from the tie points (due to gyroscope bias and
odometer error). This isn’t necessarily viewed as a significant limitation since pipeline

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 118

curvature and orientation profiles (which are independent of tie-point coordinates) can be
used directly to identify and characterize features of interest. This limitation can be
overcome by reducing the distance between tie-points or using artificial tie-points to
investigate local out-of-straightness (OOS) features.
•

Inertial survey technology is only capable of capturing pipeline curvature/bending strain;
it does not capture strains at the pipe centerline. This limitation is not normally a
significant concern for situations which are dominated by bending action but centerline
strain effects (e.g., cable action) can become significant for very long transverse ground
movement features or ground movements which run parallel to the axis of the pipeline.
For long transverse ground movement features, this limitation can be overcome by postprocessing the survey results using specialized procedures developed to estimate pipe
centerline strain effects (e.g., see Reference [115]) or by utilizing the pipeline profile data
in a finite element model with realistic longitudinal pipe-soil resistance.

•

Pipeline curvature developed from inertial survey data must always be associated with a
curvature calculation gauge length (Lgage). The effects of gauge length should be
evaluated for every survey on a case-by-case basis to arrive at a value that is long enough
to minimize the effects of noise in the data but not so long that it underestimates the true
curvature. Overlay plots of curvature/bending strain calculated using multiple gauge
lengths provide a useful basis for extracting more detailed information regarding certain
pipeline features (e.g., delineation of cold bends, mitered welds, etc.). For girth welds
located very close to cold bends, it may not be possible to determine how much of the
calculated bending strain directly at the weld is real strain vs. how much is due to
“leakage” of the curvature from the bend (i.e., a bend can influence curvature calculations
over an influence length up to (Lgage+Lpig)/2 outside of the bend).

•

Inertial survey data will always contain “noise” due to the dynamic response motion of
the pig body as its support wheels/cups encounter features along the pipeline. These
noise features are related to deviations of the pipe from a continuous, perfect cylinder.
Within the pipe joints, these features include minor imperfections in the pipe wall such as
expander marks and out of roundness. At girth welds, the pig body can experience
“kicks” as the support wheels/cups encounter weld geometry features such as the weld
bead, high-low misalignments, and subtle angular misalignments. While these girth
weld features may be distinguishable in caliper and MFL data, it isn’t practicable to
distinguish the details of these features in the inertial data with the exception of an
angular misalignment which will manifest as a short length step change in the tool
orientation (typically in the pitch signal with a step height in the range of say 0.5° to as
much as 2°). The curvature calculations can show high curvatures at girth welds due to
these “kick” features. Experienced analysts will understand that this is a spurious
component of the curvature feature related to pipe noise - not real pipe strain. The effects
of this noise can be managed by using longer curvature calculation gauge lengths and/or
using regression line instead of divided difference differentiation. Typically, the dynamic
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response of the pig to these features is characterized by a relatively short wavelength
oscillation signature in the tool orientation signals. As described in References [116] and
[123] these features can be removed from the calculated curvature/bending strain profiles
using low-pass filtering techniques (i.e., removal of spurious short wave length/high
frequency features while preserving long wave length/low frequency features).

4.5

•

Inertial survey vendors typically specify optimal tool velocities in the range of 1 to 4 m/s
(3 – 13 ft/s). In very steep terrain the extremes of the range should be avoided to allow
for changes in speed due to gravity. For lines with faster flow velocities, gas bypass
technology would be required as a workaround to keep the tool velocity within the
acceptable range.

•

Inertial survey tools always measure orientation (e.g., pitch and azimuth angles) over a
finite length (Lpig). This may not be important unless you are undertaking a detailed
analysis such as a finite element model. There is no “work-around” for this limitation –
the analyst must simply be aware of it and understand where it might be important (e.g.,
for very short angle change features). An example of this limitation would be a pig
stepping over a mitre bend where it would “soften” the feature.
Identification of Strain Locations of Interest from IMU Data

Inertial surveys are often applied for the purpose of “mapping” of the pipeline geometry
which is computed based on numerical integration of the inertial measurement unit (IMU) and
odometer data relative to specified tie point coordinates. The mapped geometry can be used for
identification and locating key features and components along the pipeline alignment. While the
mapping information is useful, the calculated pipe centerline position coordinates are unlikely to
identify areas of anomalous pipeline movement or strain since the accuracy of the position
profiles is limited by the distance between tie points. In order to identify such areas, it is
necessary to review the pipe orientation and curvature profiles which are essentially the 1st and
2nd derivatives of the position profiles.
For pipelines which may be subjected to ground movement, there is a key interest in
screening the bending strain and/or curvature profiles, which are computed based on numerical
differentiation of the IMU and odometer data. In order to identify locations along the pipeline
that may have been deformed due to differential ground movement, the analyst must be able to
distinguish the pipeline geometry signatures associated with field bends (and fabricated elbows)
from the pipeline geometry signatures associated with ground movement-induced transverse
bending of the pipe. Key aspects that can be used to make this distinction are described as
follows:
(1) Curvature signals resulting from field cold bends and fabricated elbows (i.e., intentional
bends) tend to be fairly short (e.g., the angle change or turn of an individual bend is
always contained within a single joint length between two girth welds). Cold bends and
elbows will normally stand out as significant, abrupt angle change ramps in the pitch
and/or azimuth profiles with very large strain/curvature values. For example, ASME
B31.8 [120] minimum cold bend radii (18D for NPS12 and smaller and 30D for NPS20
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and larger) corresponds to bending strains in the range of roughly 1.7% to 2.7%. The
curvature profile associated with an elbow or a cold bend typically exhibits a single
curvature lobe of a given sign with no side-lobes of the opposite sign.
(2) Ground movement-induced curvature signatures on the other hand, will tend to develop
over relatively long lengths (e.g., spanning over one or more girth welds sometimes up to
several hundred feet) and are often characterized by one or more sinusoidal shaped
“lobes” along the pipeline. Sinusoidal curvature signatures are associated with sinusoidal
ground movement shapes for example, within a long landslide where some sections of the
slide will displace further downhill than adjacent sections. Ground movement-induced
curvature signals associated with a fairly well-defined block or lobe of ground movement
often exhibit a 3-lobe “W-shape” variant of sinusoid corresponding to one dominant
curvature lobe (nominally centered on the ground movement) and two lesser side-lobes
with curvature of the opposite sign. Another important distinction is that ground
movement-induced strain features are usually much less pronounced than intentional
bends with a bending strain amplitude “threshold of interest” in the range of roughly
0.2%.
(3) The pitch and azimuth profiles often provide a useful way to identify possible
ground/pipeline movement locations. In the absence of ground movement induced
geometry changes, a pipeline will normally consist of a series of straight runs and
intentional bends. Straight runs appear as flat regions in the pitch and/or azimuth profiles
while intentional bends appear as steep ramps in the pitch and azimuth profiles. This
means that a section of pipeline consisting of only straight runs and bends (i.e., not
subjected to ground movement) will exhibit an essentially pure “stair-stepped” pitch and
azimuth profiles. Locations where the pitch and/or azimuth profiles also exhibit
underlying longer wavelength features consisting of gentle/gradual ramps or one to
several sinusoidal “lobes” in addition to the typical stair-stepped signature are usually
associated with ground movement.
Based on the observations outlined above, ground movement-induced pipeline geometry
features can be distinguished from intentional pipeline bends based on:
•

Length: Individual cold bends and elbows will always be contained between two girth
welds while ground movement induced features will extend over one or more girth welds
with lengths extending up to several hundred feet.

•

Bending Strain Amplitude: Maximum bending strains for typical pipeline cold bend radii
are in the range of roughly 1% to 2% while ground movement-induced strain features are
much less pronounced with peak bending strain amplitude “thresholds of interest” in the
range of roughly 0.2%.

•

Pitch and Azimuth Profiles: Locations where the pitch or azimuth profiles show long
wavelength features consisting of gentle/gradual ramps or one to several sinusoidal
“lobes” along the pipeline in addition to the typical stair-stepped signature associated
with straight runs and bends are usually associated with ground movement.
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As part of a strain screening for a given inertial survey, it is expected that the profiles of
vertical, horizontal and resultant bending strain will be computed for the entire length of the
pipeline and that the resultant bending strain profiles be screened for locations of interest. The
vendor should have leeway in identifying or “flagging” anomalous bending strain features based
on experience and/or using their standard feature screening procedures. In the absence of a
vendor-defined approach for flagging anomalous bending strain features, the following approach
is recommended:
•

For the first inertial survey of a pipeline, a screening criterion that “flags” all locations
along the pipeline with a peak resultant bending strain of 0.2% or more based on a
curvature calculation gauge length of 10 ft (3 m) which also have a feature signature
length that is longer than one pipe joint (i.e., it extends over one or more girth welds)
should be used. The screening threshold of 0.2% should be an adjustable parameter that
can be specified for any given inertial survey. Operators may choose to tie the screening
threshold to elastic stress-equivalent strain measure. For example, a threshold strain
value of 0.9·SMYS/E can be used to reference the B31.8 longitudinal stress limit of 90%
SMYS [120].

•

Secondary confirmation of the feature can be obtained by reviewing the pitch and/or
azimuth profiles for the existence of long-wavelength ramp or sinusoidal features.

For pipelines that have been subjected to more than one inertial survey, the screening
concepts described above can be supplemented to also look for specified survey-to-survey
changes in the geometry profiles. In order to compare the geometry data from different surveys
at the same point along the pipeline, it is common practice to use the odometer distance at
selected girth welds as a basis for connecting the two pipeline geometry profiles [121]. This is
usually accomplished by scaling the odometer distance between selected girth welds from the
new survey to match the odometer distance between the same selected girth welds from the old
survey or visa-versa. Note that this “odometer matching” isn’t necessarily carried out for every
girth weld but rather using a selected subset of girth welds that are separated by odometer
distances on the order of 100 m or less. Once the odometer matching is carried out, profile plots
of various geometric quantities (e.g., vertical and horizontal bending strain) can be developed
directly overlaying the data from different surveys. As described in Reference [122], it is also
possible to calculate and plot difference profiles of selected geometric quantities by interpolating
the data to a common odometer distance grid (e.g., typically from the survey with the finest data
spacing). As a preliminary basis for screening using survey-to-survey changes, profiles of
bending strain differences (i.e., changes) with peak values in the range of ±0.04% is
recommended.
As described above, the ILI service provider should have leeway in identifying or “flagging”
anomalous bending strain features based on experience and/or using their own anomaly feature
screening procedures. As part of the screening process, it is expected that the vendor will
experiment with a range of different curvature calculation lengths in order to establish and justify
the gauge length used to report strain features of interest on a case-by-case basis. The selected
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gauge length should strike a balance between the tendency for short gauge lengths to amplify
noise in the data and the tendency for long gauge lengths to underestimate curvature. Based on
years of experience on pipelines ranging from NPS10 through NPS48, it has been found that a
gauge length of 10 ft (or 3 m) will normally provide an acceptable balance and hence, this value
is used as the “default” recommended curvature calculation gauge length in the “flagging”
procedure described above. The shortest gauge length that would normally be considered is Lpig.
For real (non-noise) strain features which develop over long lengths, large differences in the
curvature profiles computed using gauge lengths of Lpig vs. 10 ft would not be expected.
However, the differences become more pronounced for short features such as bends, mitered
welds, etc.
4.6

Protocol for Characterization/Reporting at Strain Locations of Interest

Once a strain location of interest has been identified or flagged by the geometry screening
process, it is expected that key information describing the feature(s) of interest will be extracted,
tabulated and plotted. This section summarizes a recommended approach for characterizing and
reporting the pertinent information as well as a set of notes and comments related to bending
strain reporting.
4.6.1 Items Tabulated for Features of Interest
For all areas that are flagged by the screening process, the vendor should have leeway to
tabulate all information considered pertinent to describing the feature of interest (subject to client
requirements and/or feedback). As a minimum, it is recommended that the following
information be tabulated:
•

Unique feature name or identifier.

•

Starting/ending odometer distance and estimated length of the feature.

•

Coordinates of the mid-point of the feature e.g., Easting-Northing or Latitude-Longitude
(WGS-84 decimal degrees) and elevation relative to a specified datum.

•

Peak values of the vertical, horizontal and resultant/total bending strain anywhere within
the feature calculated using a 10 ft (3 m) curvature calculation gauge length.

•

ID number and/or odometer distance of all girth welds that are encompassed by the strain
feature.

•

Maximum values of vertical, horizontal and resultant/total bending strain calculated using
a 10 ft (3 m) curvature calculation gauge length at any of the girth welds spanned over by
the feature (or a tabulation of these strains at each girth weld within the feature).

•

Average tool velocity across the feature.

•

A brief narrative description of the feature.

•

A listing of any supplemental notes or comments regarding the feature.
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4.6.2 Items Plotted for Features of Interest
For all areas that are flagged by the screening process, the ILI service provider should have
leeway to plot all information that is considered pertinent to describing the geometry of the
feature of interest (subject to client requirements and/or feedback). As a minimum, it is
recommended that the following information be plotted:
•

Along-the-pipe profile view of the pipe centerline elevation vs. odometer distance. The
pipe elevation profile may alternately be characterized using vertical out of straightness
(OOS) plots showing the vertical deviation of the calculated pipe centerline path as a
function of odometer distance between selected end points with zero OOS.

•

Plan view “map” of Easting vs. Northing (or Longitude/Latitude). A plan view of the
pipeline geometry may alternately be presented using horizontal out of straightness
(OOS) plots showing the horizontal (plan) deviation of the calculated pipe centerline path
as a function of odometer distance between selected end points with zero OOS.

•

Pitch angle (degrees) vs. odometer distance.

•

Azimuth or yaw angle (degrees) vs. odometer distance.

•

Along-the-pipe profile view plots of vertical, horizontal and resultant bending strain
calculated using a 10 ft (3 m) curvature calculation gauge length vs. odometer distance.

•

Measured wall thickness and diameter (if available from the survey).

Figure 4-6 presents a sample package illustrating some of the geometry plots described
above. The format of Figure 4-6 is attractive since it provides a compact overall view of the
aligned pipeline geometry features including position, orientation and bending strain profiles on
a single page. Alternate geometry presentation packages may also be acceptable.
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Figure 4-6 Illustration of acceptable plot package
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4.6.3 Notes for Bend Strain Reporting
The following notes/comments are provided for additional information.
1. In all along-the-pipe profile view plots, the locations of pipeline girth welds should be
clearly identified (e.g., using a symbol like “o” or “+” (see Figure 4-6), or using a distinct
vertical line at the odometer distance of each girth weld, etc.).
2. All-along-the pipe profile view plots should be presented over an odometer distance long
enough to fully encompass the length of the feature of interest with say an additional pipe
joint of length on either end (e.g., say ±40 to ±50 ft). Plots of this sort typically span over
200 to 300 ft. The plots should be nominally centered on the high strain zone.
3. Plots vs. odometer distance should show the odometer distance on the X axis and the
quantity of interest on the Y axis. The Y axis should be “auto-scaled” (i.e., maximum Y
axis value slightly larger than Ymax and minimum Y axis value slightly smaller than Ymin)
in order to provide an exaggerated/zoomed view of the quantity of interest wherein the
details of the signal will be clearly visible.
4. The units of all plotted and tabulated quantities should be clearly denoted in all plots and
tables.
5. All references to curvature and/or bending strain should identify the curvature calculation
gauge length (e.g., a 10 ft (or 3 m) curvature calculation gauge length).
6. For each high strain zone, it should also be noted whether or not any pipe ovality or outof-roundness was detected. If the inertial survey also includes high resolution caliper
measurements, then the screening criteria may be extended to include a review of the
caliper data. For the areas flagged by the bending strain criteria discussed above, detailed
profile plots of pipe out of roundness (if present) should also be included. Also, any
locations with dents or ovality features of 2% of the pipe diameter or more should be
identified and plotted in the screening report. Any vendor-specific calculations for
localized through-wall bending strains due to pipe wall deformations should also be
provided together with any associated documentation.
7. Similarly, any high strain zone at/near a girth weld should note whether or not rotational
or translational misalignment (or other defect) was detected at the weld. Angular
misalignments at girth welds (i.e., accidental miters) are sometimes readily visible as
very short, nearly vertical offsets (i.e., like a step function) in the pitch and azimuth
profiles.
8. For each high strain zone, it should be noted whether or not any metal loss was detected
at/near the high strain location if such information is available.
9. Additional plots that may be worth presenting to characterize pipeline features of interest
include a profile plot of the circumferential angle or o’clock orientation corresponding to
the orientation of the resultant bending strain. More compact spatial plot packages can be
achieved by overlaying different signals on the same plot (e.g., pipe elevation on the left
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vertical axis and vertical bending strain on the right vertical axis) – see Example 1 in
Appendix B.
10. For pipelines subjected to multiple inertial surveys, it may be useful to develop versions
of these plots which directly overlay the data and/or the differences in the data from two
or more different surveys. In order to align the data from different surveys, it is common
practice to scale the chainage distance between selected girth welds from the new survey
to match the chainage distance between those welds from the old survey (this is
sometimes referred to as “chainage matching”) [121].
4.6.4 Specialized Processing
The main thrust of the reporting requirements outlined herein is toward basic presentation of
the pipeline geometry information needed to characterize strain location of interest. However,
there are certain situations where more advanced/specialized inertial data processing methods
and techniques may be required. Examples of detailed processing applications that are not
discussed in detail herein include the following:
1. Gauge Length. For the plots of bending strain vs. odometer distance, it may be useful to
overlay the bending strain profiles computed using two different calculation gauge
lengths (e.g., a 10 ft (3 m) curvature calculation gauge length and a gauge length equal to
the support to support length of the pig canister containing the IMU). Plots of this sort
can be used to delineate the beginning and ending locations of pipeline bends which may
be useful for estimating strains at girth welds located in close proximity to a bend or in
between two bends.
2. Curvature Calculation Method. Evaluation of curvature calculation method e.g.,
comparison of divided difference method vs. regression line method (or other methods).
Different methods can have somewhat different “influence lengths” for the same
curvature calculation gauge length.
3. Noise. Minor oscillations and vibration of the inertial survey tool is inevitable during a
survey as the support wheels or cups encounter imperfections in the pipe wall, kicks at
girth welds, and other features. These motions, which are commonly referred to as noise,
are exhibited in the pitch and azimuth profiles as short wave length features, much
shorter than the wavelengths associated with real ground/pipe movement. The noise in
the orientation signals tends to be amplified by numerical differentiation to obtain pipe
curvature/bending strain. As discussed in References [116, 122, 123], it is possible to
low-pass filter the pitch and azimuth data to rigorously remove this short wave length
noise from the signal. The filter parameters must be carefully selected so that real
features are not filtered out of the data.
4. Digital Pigging. As described in Reference [123], digital pigging is the process of
operating on a postulated (or measured) pipeline position coordinate profile in order to
obtain a corresponding profile of orientation over a specified pig length (e.g., pigged
pitch and/or azimuth) and the corresponding curvature profile computed for a specified
gauge length. In some situations, an improved understanding of a real pipeline geometry
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feature can be obtained using digital pigging techniques wherein a purely analytical
geometry is postulated and digitally pigged and the results are compared to the measured
profile.
5. Centerline Strain Estimation. As previously noted, inertial survey technology only
captures the pipeline curvature/axial bending strain – it does not capture pure axial strains
that are uniform around the full pipe circumference. In certain situations, it may be
desirable to estimate pure axial strain effects for example by post-processing the survey
results using specialized approximate procedures (e.g., see Reference [115]). Another
approach to estimate pure axial strain effects is by utilizing pipe geometry profile data in
a finite element model with realistic longitudinal pipe-soil resistance.
6. Dent Correction. As the support wheels or cups of the inertial tool travel over an
asymmetric ovality or a dent in the pipe wall, there will be a tendency for the path of the
pig to deviate from the path of the pipe centerline. Using centerline correction methods,
it is possible to adjust the effect of the dent/ovality out of the path. More details can be
found in Reference [116].
4.6.5 Additional Information in an IMU Report
Reference API1163 [124] provides guidance for ILI report contents. The vendor strain report
should also always include the following information:
•

A summary of the tool detection threshold and accuracy specifications including the
gyroscope type and sampling rate.

•

A summary of the sensor accuracies.

•

At least a basic description of the numerical algorithm used to compute
curvature/bending strain and applied data analysis parameters

•

Documentation of the accuracy realized during the survey (i.e., what was the realized
position accuracy and curvature/bending strain accuracy and did they meet or exceed
specifications?).

•

A summary ILI data quality assessment for the survey (e.g., was the tool run within the
range of essential variables, was there any sensor malfunction, etc.)

•

A profile plot of the tool velocity during the entire survey.

•

A detailed drawing of the tool that is used to perform the survey showing all pertinent
dimensions (including the distances between all canister supports) and the locations of all
sensors.

The vendor may also provide specialized software that can be used by operator
representatives to view and/or export selected quantities of the inertial survey data along selected
sections of the alignment.
Once the vendor strain report is reviewed, additional detailed digital data files may be
requested by the operator for some or all the locations that were flagged by the data screening to
perform more detailed analysis. The detailed data files should be provided in digital (CSV or
CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 128

ASCII) format for a specified distance upstream and downstream of the location of interest. The
following columns of data would be included at the raw (or shortest possible) data spacing:
1. UTM Northing coordinate (m or ft) and/or Latitude specified in WGS-84 decimal degrees
2. UTM Easting coordinate (m or ft) and/or Longitude specified in WGS-84 decimal
degrees
3. Pipe centerline elevation referenced to Mean Sea Level (m or ft)
4. Tool velocity (m/s or ft/s)
5. Pipe chainage distance (m or ft)
6. Pitch angle (degrees)
7. Azimuth or yaw angle (degrees)
8. Vertical bending strain (%) for a 10 ft (3 m) gauge length (or a different gauge length
justified by the vendor)
9. Horizontal bending strain (%) for a 10 ft (3 m) gauge length (or a different gauge length
justified by the vendor)
10. Total/resultant bending strain (%) for a 10 ft (3 m) gauge length (or a different gauge
length justified by the vendor)
11. Vertical bending strain (%) for a gauge length equal to the cup-to-cup (or wheel-towheel) length of the pig canister containing the IMU
12. Horizontal bending strain (%) for a gauge length equal to the cup-to-cup (or wheel-towheel) length of the pig canister containing the IMU
13. Total/resultant bending strain (%) for a gauge length equal to the cup-to-cup (or wheelto-wheel) length of the pig canister containing the IMU
A summary tabulation of the girth weld detection data should also be provided over the
length of the exported data set containing a tally of the chainage distance associated with each
girth weld as well as a summary of diameter changes to identify whether any ovality or wrinkles
are associated with strain anomalies.
4.7

Verification of IMU Survey Data

A pipeline owner or operator may have an interest in validating data from an inertial survey
at a location or at a subset of locations along a pipeline which have been flagged by the inertial
data screening process. This section provides an overview of profile measurement procedures
that may be used for verifying pipeline inertial survey data based on comparison with discrete
pipeline profiles measured in the field by either GPS or conventional survey techniques.
When an inertial survey validation effort is undertaken, it is envisioned that a location of
interest (i.e., study area) on the pipeline will be selected for the verification study and that a field
survey will be performed at this location via pothole excavation to expose the top of the pipe at a
grid of selected points extending at least one pipe joint beyond each end of the extent of the
apparent area of pipeline movement (the end points are considered to be stationary). As a
minimum, the field survey will obtain Northing-Easting-Elevation coordinate triples at a
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marked/punched pipe top-dead-center (TDC) spot at each girth weld across the study area and
possibly at additional TDC grid points between some or all of these girth welds. The accuracy of
the geometry profile established from the pothole survey will tend to increase with reduced
pothole spacing so prior to conducting the pothole survey, it is expected that coordination with
the surveyors and careful planning and pre-analysis will be undertaken to plan the pothole
spacing. The idea behind limiting the excavation to relatively small potholes that expose only a
relatively small swath of the top of pipe is to capture the discrete “as-found” trajectory of the
pipe without allowing the pipe to spring back elastically toward the un-deflected geometry in
response to more excessive excavation. If the pipe will be fully excavated after the pothole
survey is completed for stress relief purposes, it may also be useful to accurately survey the “asrelieved” (or “as-left”) pipeline geometry at the same grid of TDC points for comparison with
subsequent inertial surveys.
The field survey measurements can be made using any acceptable field survey method (e.g.,
conventional survey methods, triangulation, differential GPS system, or a combination of these
methods). In any case, the surveyors should clearly specify the type of the system(s) used
together with the accuracy of the surveyed coordinates. Multiple, repeated survey “shots” can
allow for a statistical characterization of the error at each survey point. Modern differential GPS
systems can yield a horizontal accuracy of about ±0.02 m or ±0.07 ft for individual
measurements. Recent experience with field pothole surveys indicates that very accurate (i.e.,
sub-centimeter) coordinates with high repeatability can be obtained based on conventional
surveying techniques.
Once the field survey is complete, the field survey data must then be compared to the inertial
survey data. The most appropriate approach to overlay the data sets is to utilize the field
surveyed coordinates at the outermost potholes at each end of the study area (i.e., the stationary
points) as “local” upstream and downstream tie points and to perform numerical integration of
the pitch, azimuth and odometer data (see Section 4.3.1 for methodology) to establish the inertial
profile between these tie points. This is because the Northing, Easting and Elevation coordinates
of the field survey points are likely to be more accurate than the originally delivered coordinates
as integrated from the inertial data between the nearest “global” upstream and downstream tie
points (i.e., the nearest upstream and downstream points used to tie the overall inertial
survey). Although the along-the-pipe distance between the individual pothole survey points can
be estimated based on the straight-line distance, it is preferable to utilize the odometer distance
data from the inertial survey to generate a local, along-the-pipe distance measure for each
potholed survey point. This means that each point in the inertial data set and the pothole data set
will have a relative odometer distance, Northing, Easting and Elevation coordinates. For the
purposes of overlaying and comparing plots of the pipe position established from the inertial and
pothole surveys, horizontal and vertical out-of-straightness (OOS) plots running between the
local tie points at the outermost potholes are considered to be superior to conventional map plan
view or elevation views since they allow amplification and improved visualization of the out-ofstraightness features. OOS profiles are developed using a coordinate transformation from the
Northing-Easting-Elevation coordinates into the horizontal and vertical OOS deviations from a
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straight line connecting the outermost pothole tie-points. Note that the transformation to OOS is
applied to both the inertial data and the pothole survey data.
A simple validation approach has been put forward by ROSEN. This approach is considered
to be relatively straight forward and can likely be implemented by pipeline operator personnel.
The approach is summarized as follows. For the validation of the IMU survey, the relative
coordinates of the pipe at the pothole locations from the inertial data are directly compared to the
corresponding field surveyed coordinates of the pipe at the pothole locations. If the relative
coordinates match, the trajectory shape and thus the calculated strain can be considered to be
verified. In other words, if the field surveyed and inertial survey position coordinates at the
pothole locations are identically matched, then the inertial survey has been validated. While it is
agreed that this is a reasonable and defendable premise, it is considered almost inevitable that the
inertial survey coordinates at the pothole locations will not exactly match the corresponding field
surveyed coordinates. In this case, more detailed calculations may be undertaken in an effort to
better characterize and quantify the differences between the inertial and field surveyed pipeline
geometry. It may be acceptable to judge the “match” between inertial and pothole profiles by
comparing the difference profiles to the 1:2000 position accuracy specification. In some cases, it
may be possible to explain the differences between the profiles as additional movement that the
pipeline experienced during the time interval between when the inertial and pothole surveys were
performed. In some cases, it may be reasonable to selectively discard a subset of the field survey
points for example if it is believed that the field surveyed point did not correspond exactly to the
pipe TDC point of the pipe (e.g., the survey was performed under high water table conditions
and the point punched/marked for the survey was underwater and located off of the true TDC
spot).
A more rigorous validation approach involves developing more detailed comparisons of the
inertial and field surveyed profiles and their numerical derivatives. This approach is
significantly more complicated than the simple approach described above, and because it falls
into the category of “specialized processing” (see Section 4.6.4), it may be outside of the
expertise of the pipeline operator personnel. Cubic spline interpolation or curve fitting to a finer
grid of points between the field surveyed pothole coordinates provides a more continuous profile
for comparison of the overall shape/OOS of the pipeline. The more continuous interpolated
profile allows for numerical differentiation (e.g., using divided difference or digital pigging
calculation to establish pipeline slope/orientation (i.e., relative pitch and azimuth) profiles which
can also be differentiated numerically to establish horizontal and vertical curvature profiles for
the pothole survey. As always, the numerical curvature/bending strain profiles will likely be
sensitive to the curvature calculation method, gauge length, etc. As previously noted, in some
cases it may be reasonable and defendable to selectively discard a subset of the field survey
points for example if it is believed that the field surveyed point did not correspond exactly to the
true TDC point of the pipe. It may also be justifiable to smooth out the 1st and 2nd derivative
profiles using low-pass filtering procedures.
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In the final analysis, the field verification report should document the accuracy of the field
survey coordinates (including notes/comments for example if the surveyed point may have been
off of TDC) as well as the expected accuracy of the inertial survey profile between the local tie
points (i.e., based on the ±1:2000 accuracy specification). In cases where the inertial and field
surveyed pipe position profiles do not match identically, the additional analysis undertaken to
develop more detailed comparisons of the inertial and field surveyed profiles should be
documented in detail. If possible, the apparent error between the inertial survey profile and the
field surveyed profile should be characterized.
To the extent possible, the field work, pipe locating/marking and the documentation of the
validation study should follow recommendations given in References [125, 126].
4.8

Example Pipeline Strain Features

Appendix B provides several example strain feature geometry plot packages and data
tabulations.
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Mechanical Properties of Pipe and Girth Welds
Abstract

One of the major inputs in quantitative assessment of girth welds’ tolerance to longitudinal
stresses or strains is material property, such as strength, strain hardening capacity, and
toughness. In most cases, such information is not available for in-service pipelines.
This section covers two main parts: (1) history of linepipe manufacturing and the resulting
characteristics of material properties and (2) a large collection of test data of linepipes and girth
welds. The information is presented so the material properties of pipe and girth welds can be
estimated with reasonable accuracy when case-specific data are not available.
The general observations from the available data are as follows.
•

There is a considerable variation in the actual pipe strength relative to the pipe grade.
In all cases, the yield strength in hoop direction meets or exceeds the SMYS of that
particular grade. In some cases, the yield strength in the longitudinal direction can be
lower than the SMYS. In some extreme cases, the yield strength in hoop direction is 30+
ksi above SMYS.

•

There can be considerable anisotropy in linepipes. The stress-strain curves in the
longitudinal direction can be quite different from those in the hoop direction.

•

The UTS in the longitudinal and hoop direction is usually similar.

•

Pipe strength on either side of a girth weld can be quite different. In most cases, though,
the strength is similar.

•

There has been a large decrease in pipe’s strain hardening capacity from hot rolled and
normalized pipes with high carbon (0.2%) to microalloyed steels with low carbon.

•

The strength of the deposited weld metal is often less than the actual strength of the pipe.
In most cases, this strength undermatching does not lead to strain concentration in the
girth weld due to the weld cap reinforcement.

•

Weld cap reinforcement can play a significant role in compensating the possible weld
strength undermatching when such undermatching is not overly excessive. Some vintage
girth welds are found to have a wide and smooth cap reinforcement which is beneficial to
weld’s tolerance to longitudinal stresses and strains.

•

The SMAW welds made in 1940s onwards are expected to behave in ductile manner
under normal service conditions for buried pipelines, i.e., temperature warmer than -10
ºC.

•

Charpy values taken from testing of multiple specimens indicate that, on the average, the
Charpy toughness at -10 ºC is greater than 20-30 ft∙lb.

•

There can be large variations, sometime by a factor of up to 5-6, in individual Charpy
impact energy for specimens with notches in HAZ. Consequently, Charpy transition
curves with multiple specimens tested at the same temperature give better indications of
material’s behavior than the customary tests of three specimens at a single temperature.
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•

A lower bound apparent toughness for vintage welds is around 0.3 mm. In most cases, a
reasonable lower-bound toughness is around 0.40-0.60 mm for vintage welds. Some
welds can have apparent toughness in excess of 1.0 mm.

•

The measured tensile strain capacity of SMAW welds fabricated in 1940-1960s from
specimens with natural construction flaws give a strain capacity as low as 0.2-0.3% and
as high as >2.0%
Introduction

One of the major obstacles in assessing a pipeline’s tolerance to longitudinal stresses and
strains is the lack of relevant material properties. This is especially true for vintage pipelines and
pipelines with a history of multiple owners and operators. The original design, construction, and
inspection records may have never existed in a useful form or may be missing.
Even under the best circumstances that the original design, construction, and inspection
records are available, the records may not be sufficient for a quantitative assessment of the
pipeline’s tolerance to longitudinal stresses and strains. For instance, pipe grade only represents
the minimum yield strength in the pipe’s hoop direction. The actual strength of the pipe can be
significantly higher. Girth welds are qualified to meet the specified minimum strength.
Consequently, a girth weld can have weld strength significantly lower than the actual strength of
the pipe, which leads to low tolerance to longitudinal stresses and strains due to the strain
concentration in the welds. On the other hand, if the pipe strength is close to the specified
minimum values, a weld may have strength close to or even higher than the strength of the pipe.
In this case, the weld’s tolerance to longitudinal stresses or strains can be much higher.
In addition to the weld strength mismatch, other factors that can have significant impact on
girth welds’ tolerance to longitudinal stresses and strains are (1) weld profile, (2) pipe’s stressstrain behavior in the longitudinal direction, (3) existence of weld flaws, and (4) toughness of the
material where the flaws are located. For most in-service pipelines, such information does not
exist.
This section covers two main parts: (1) history of linepipe manufacturing and the resulting
characteristics of material properties and (2) a large collection of test data of linepipes and girth
welds. The coverage of the linepipe manufacturing is far from comprehensive. The focus is on
the characteristics that are relevant to managing ground movement hazards. The test data are
meant to illustrate the “typical” characteristics of the pipes and girth welds. “Outliers” can exist
for a specific pipeline of interest. The possible variations of material properties are duly
considered in Section 9.
5.2

Evolution of Pipe Manufacturing

5.2.1 Type of Pipe
The method of linepipe manufacturing over time in North America is schematically shown in
Figure 5-1. The transition between historical practices versus modern practice occurred
approximately in 1950-1970s.
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Figure 5-1 Evolution of pipe manufacturing practice [127]

5.2.2 Steel Chemical Composition and Rolling Practice
The evolution of the pipe’s chemical composition, rolling practice, and grade as viewed in
late 1990s is shown in Figure 5-2 [128]. There has been a steady reduction in carbon content
since the introduction of TMCP and accelerated cooling process as the pipe grade moved up. In
the case of X70 pipes, the carbon content has reduced to as low as <0.02% as shown in Figure
5-3 [129].
5.2.3 Stress-Strain Response
As it will be shown in Sections 5.5 to 5.9, there has been accompanying changes in the
stress-strain response of the linepipe steels. When pipe steels were manufactured with high
carbon (0.2%) by hot rolling and normalization, the steels exhibit very high strain hardening
capacity with a typical Y/T ratio around 0.62. After the introduction of TMCP and
microalloying (with the reduction in carbon content), there has been an appreciable reduction in
linepipe’s strain hardening capacity with a typical Y/T ratio of 0.85-0.90 or even higher. In
some extreme cases, the Y/T ratio has reached 0.95 or even higher.
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Figure 5-2 Evolution of chemical composition, rolling practice, and grade over time [128]

Figure 5-3 Carbon content versus pipe grade [129]

5.3

Evolution of Construction Practice

The evolution of pipeline construction practice is shown in Figure 5-4 [127]. “Stick
welding” has been in use since the mid-1910s. One of the key factors influencing the integrity of
vintage girth welds is the existence of flaws after construction. This is principally related to
inspection practice, not necessarily welding procedures. Before the introduction of federal
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regulations in 1970, the percentage of girth welds inspection was uneven. After 1970, virtually
100% girth welds were inspected, even though the federal regulations do not require such high
percentage of inspection.

Figure 5-4 Evolution of pipeline construction practice [127]

5.4

Pipeline Mileage by Construction time

The mileage of pipelines and the construction time by decades is shown in Figure 5-5, Figure
5-6, and Figure 5-7 [130]. Approximately 55% of the hazardous liquid pipelines, 59% of the
natural gas transmission pipeline, and 31% of the natural gas distribution pipelines were built
before the 1970s. The peak construction time for natural gas and liquid pipelines was in the
1950s and 1960s.
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Figure 5-5 Hazardous liquid pipelines mileage by decade of construction

Figure 5-6 Gas transmission pipelines mileage by decade of construction

Figure 5-7 Gas distribution pipelines mileage by decade of construction

5.5

Pipe and Girth Weld Properties from Group A

5.5.1 Characteristics of the Pipelines of Group A
The mechanical properties of four pipelines, Lines 1, 2, 3, and 4, were investigated through
an extensive mechanical test program. Lines 1 and 2 were constructed in 1952 and 1957,
respectively. Both lines were constructed with API grade X52 and had a diameter of 30 inch and
CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 138

a nominal wall thickness of 0.375 inch. Line 3 was constructed around 1968 of API grade X60,
36-inch OD and 0.375-inch WT. Line 4 was constructed in 1990 of API grade X65, 36-inch OD
and wall thickness of 0.385 inch and 0.572 inch. The characteristics of those four pipelines were
summarized in Table 5-1. Lines 1, 2, and 3 are pre-regulation pipelines. Line 4 is a postregulation pipeline2.
Table 5-1 Characteristics of four pipelines from Group A
Line
No.

Pipe
Grade

OD

WT

inch

inch

Year of
Construction

1

X52

30

0.375

1952

2

X52

30

0.375

1957

3

X60

36

0.375

1968

4

X65

36

0.385, 0.572

1990

5.5.2 Matrix of Mechanical Tests
Four girth welds from each of Lines 1 and 2 and two girth welds from each of Lines 3 and 4
were selected for mechanical testing. The mechanical test program includes
•

base pipe tensile,

•

all-weld metal tensile,

•

hardness traverse,

•

Charpy transition curves in impact energy,

•

cross-weld tensile with natural flaws, and

•

cross-weld tensile test with artificially introduced planar flaws.

Table 5-2 shows the complete mechanical test matrix.

2

Line 3 is a pre-regulation pipeline by construction time. As shown in the sections that follow, the charateristics
of mechanical properties of Line 3 is close to modern low-carbon steels. Pre-regulation pipelines are often referred
to as “vintage pipelines” and post-regulation pipelines are often referred to as “modern pipelines”. Such designation
is accurate in terms of inspection practice, but not entirely accurate in differentiating mechanical properties.
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Macro

6

N/A

1

3

12, 6 weld o'clock and
positions with large
misalignment

1

Room Temp

22

Microhardness Traverse

6

N/A

1

2

two weld o'clock positions with
least amount of misalignment

1

Room Temp

12

Charpy

6

2

Weld and HAZ

3

3

12, 3, and 6 o'clock

1

-5C

108

Charpy Transition

6

2

Weld and HAZ

3

1

Choose one location that gives
the lowest Charpy at -5C

5

varies from low
to upper shelf

180

All Weld Metal Tensile

6

N/A

1

2

6 and 3 o'clock

1

Room Temp

12

Base Metal Tensile,
Longitudinal

6

N/A

1

4

12, 3, 6, 9 o'clock positions
w.r.t the long-seam weld

2

Room and -20C

48

Base Metal Tensile, Hoop

6

N/A

1

4

12, 3, 6, 9 o'clock positions
w.r.t the long-seam weld

2

Room and -20C

48

Instrumented Cross-weld
Tensile with Natural Flaws

2

N/A

1

4

Use the location that has the
largest natural flaws

1

Room Temp

8

Instrumented Cross-weld
Tensile with
Manufactured Flaws

5

Weld and HAZ

2

1

Choose one location that gives
the lowest Charpy at -5C

2

Room and -20C

40

Notch Location

2

Replicate
Specimens

Type of Test

No. of Material

Total Number of
Specimens

Table 5-2 Mechanical test matrix of Group A

Specimen Circumferential
Location

Temperature

5.5.3 Pipe Tensile Properties
5.5.3.1 Features and Dimensions of Tensile Specimens
Standard tensile tests were conducted on the base pipe materials. Round-bar specimens had
nominal 6.35 mm (1/4 in) diameter and 25.4 mm (1.0 in) gauge length. The tensile tests were
conducted in both longitudinal and hoop directions at the room temperature and -20 ºC. For the
base metal tensile tests, four specimens were cut from 12, 3, 6 and 9 o’clock positions with
respect to the long-seam weld for each pipeline. The 12 o’clock specimens were cut about 4
inches away from the long-seam weld.
5.5.3.2 Stress-Strain Curves
The stress-strain curves of the base pipe material of all four lines are given in Figure 5-8 to
Figure 5-15. The overall characteristics of the pipes may be summarized as follows.
•

The behavior of Lines 1 and 2 (both X52) vs. Lines 3 (X60) and 4 (X65) is very different.
Lines 1 and 2 have much higher strain hardening rate than Lines 3 and 4. The grade X52
pipes made in the 1950s have excellent strain hardening capacity.
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•

Although the grade increased from X52 for Lines 1 and 2 to X60 and X65 for Lines 3 and
4, the UTS of all pipes is quite close, all in the range of 550-600 MPa.

•

The yield strength, and in some cases UTS, in hoop direction is higher than that in the
longitudinal direction.

•

The strength at -20 ºC is higher than the strength at the room temperature.

•

There is a good consistency in pipe tensile properties at different o’clock positions.

Figure 5-8

Hoop and longitudinal tensile stress-strain curves at room temperature and -20 ºC
of Line 1
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Longitudinal tensile stress-strain curves from four o’clock positions at room
temperature of Line 1

Figure 5-10 Hoop and longitudinal tensile stress-strain curves at room temperature and -20 ºC
of Line 2
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Figure 5-11 Longitudinal tensile stress-strain curves from four o’clock positions at room
temperature of Line 2

Figure 5-12 Hoop and longitudinal tensile stress-strain curves at room temperature and -20 ºC
of Line 3
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Figure 5-13 Longitudinal tensile stress-strain curves from four o’clock positions at room
temperature of Line 3

Figure 5-14 Hoop and longitudinal tensile stress-strain curves at room temperature and -20 ºC
of Line 4

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 144

Figure 5-15 Longitudinal tensile stress-strain curves from four o’clock positions at room
temperature of Line 4

5.5.3.3 Actual Strength vs. Specified Minimum Strength
The comparison of the measured strength, both yield and UTS, and the specified minimum
values is shown in Figure 5-16 and Figure 5-17. The following trend may be observed.
•

With the exception of the yield strength of the X52 pipes in the longitudinal direction, the
average yield strength and UTS are approximately 10 ksi above the specified minimum
values.

•

The yield strength of the X52 pipes in the longitudinal direction is slightly lower than
specified minimum yield strength.

•

Linepipe standards specify that the yield strength in the loop direction must meet the
specified minimum values. All pipes meet the specifications in terms of strength.
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Figure 5-16 Measured yield strength vs. SMYS

Figure 5-17 Measured UTS vs. specified minimum UTS

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 146

5.5.4 Girth Weld Tensile Properties and Strength Mismatch
5.5.4.1 Dimensions and Features of Tensile Specimens
All-weld metal tensile tests were conducted on the girth welds at room temperature. The
round-bar tensile specimens of the largest possible gauge length were cut along the welding
direction at 3 and 6 o’clock positions with respect to the seam weld.
5.5.4.2 Stress-Strain Curves
The stress-strain curves of the weld metals are given in Figure 5-18 to Figure 5-21 for all
four lines. The UTS in the two o’clock positions are generally close. The yield strength in the 3
or 9 o’clock position is slightly higher than that in the 6 o’clock position. The yield strength and
UTS of the girth welds in Lines 1 and 2 are approximately 450 MPa and 550 MPa, respectively.
The yield strength and UTS of the girth welds in Lines 3 and 4 are approximately 500 MPa and
600 MPa, respectively. The girth welds in Lines 3 and 4 are stronger than those in Lines 1 and 2
by approximately 50 MPa.

Figure 5-18 All-weld-metal stress-strain curves at room temperature and two o’clock positions
of Line 1
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Figure 5-19 All-weld-metal stress-strain curves at room temperature and two o’clock positions
of Line 2

Figure 5-20 All-weld-metal stress-strain curves at room temperature and two o’clock positions
of Line 3
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Figure 5-21 All-weld-metal stress-strain curves at room temperature and two o’clock positions
of Line 4

5.5.4.3 Girth Weld Strength Mismatch
The weld strength mismatch as measured by the ratio of UTS is shown in Figure 5-22.
Approximately evenmatching is achieved when the measured weld strength is compared with the
measured pipe strength. Overmatching of 15-20% is achieved when the measured weld strength
is measured against the specified minimum UTS of the pipes.
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Figure 5-22 Weld strength mismatch from Group A

5.5.5 Girth Weld Hardness Profile
Hardness traverse tests were conducted on two specimens selected from the macro specimens
with the least amount of high-low misalignment for each line. The locations and values of the
hardness measurement are shown in Figure 5-23 to Figure 5-26. In most cases, the hardness in
the HAZ is higher than that in the pipes or deposited weld metals.
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Figure 5-23 Hardness profile of a girth weld of Line 1

Parent Metal
1
195
2
189

Average

192

HAZ
3
4
5
6
7
8
9
10
Average

180
193
182
167
168
179
186
187
180

Weld Metal
11
142
12
153
13
144
14
160
15
154
16
158
17
156
18
154
Average
153

HAZ
19
20
21
22
23
24
25
26
Average

185
179
208
198
196
182
179
178
188

Figure 5-24 Hardness profile of a girth weld of Line 2
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1
170
2
180

Average

175

HAZ
3
4
5
6
7
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Average

181
209
217
208
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183
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Weld Metal
11
209
12
200
13
199
14
204
15
191
16
197
17
184
18
182
Average
196

HAZ
19
20
21
22
23
24
25
26
Average

195
185
194
209
196
202
194
181
195

Parent Metal
27
196
28
197

Average

197

Figure 5-25 Hardness profile of a girth weld of Line 3

Parent Metal
1
196
2
189

Average

193

HAZ
3
4
5
6
7
8
9
10
Average

178
227
233
179
203
218
214
209
208

Weld Metal
11
246
12
232
13
224
14
193
15
204
16
201
17
177
18
176
Average
207

HAZ
19
20
21
22
23
24
25
26
Average

239
190
236
219
210
221
213
201
216

Parent Metal
27
204
28
197

Average

Figure 5-26 Hardness profile of a girth weld of Line 4
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5.5.6 Charpy Impact Energy
The objective of the Charpy impact tests was to determine the ductile-to-brittle transition
temperature and the upper-shelf impact energy of the girth welds. The Charpy impact tests were
conducted on the girth welds with notches into both the weld metal centerline and HAZ. The
notch of the weld centerline specimens and the HAZ specimens was oriented in the throughthickness direction. The HAZ notch was introduced with the notch line intercepting the fusion
boundary at the 1/3 pipe wall location from the pipe OD. The Charpy impact tests were
conducted first on the specimens taken from 12, 3 and 6 o’clock positions with respect to the
girth welds at -5 ºC. The weld o’clock position with the lowest Charpy energy at -5 ºC was then
selected for the tests of the Charpy transition curves. Based on the results of Charpy impact tests
at -5 ºC, the 12 o’clock position had the lowest Charpy energy for all the girth welds tested. The
pipe wall thickness and necessary machining limited the Charpy specimens to sub-size of either
10×8.0 mm or 10×7.5 mm. The transition curves of the converted full-size Charpy energy are
shown in Figure 5-27 to Figure 5-30. The welds with notch at the weld metal centerline have the
higher transition temperature than those with notch at the HAZ. The welds with notch at the
HAZ have the larger upper-shelf impact energy than those with notch at the weld metal
centerline.
The transition temperatures and upper shelf energy overall have not changed for welds made
in early 1950s to 1990s. The impact energy at -10 ºC is 35 ft∙lb and higher. The transition
temperature, measured at the temperature at the mid-transition point by Charpy energy, is -20 ºC
or lower. There tend to be more scatter in the Charpy energy in HAZ-notched specimens than
weld centerline notched specimens.
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Figure 5-27 Charpy transition curves of a girth weld of Line 1

Figure 5-28 Charpy transition curves of a girth weld of Line 2
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Figure 5-29 Charpy transition curves of a girth weld of Line 3

Figure 5-30 Charpy transition curves of a girth weld of Line 4

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 155

5.5.7 Cross-Weld Tensile Test
5.5.7.1 Overview of the Test
The instrumented cross-weld tensile tests were conducted on the girth welds of all four lines.
Figure 5-31 shows the nominal dimensions of the specimens and the locations of the three clip
gauges. The dimensions in this figure are not to scale. These gauges are used to measure the
deformation across the weld and in the base pipe on either side of the weld. A few selected test
samples are shown in Figure 5-32.
Two types of the specimens were tested: specimens with natural flaws and specimens with
artificially introduced planar flaws. The natural flaw samples were selected by the appearance of
the weld profiles, principally the appearance on the root side. Two specimens were selected
from Line 1 and four specimens were selected from Line 2. No specimens were selected from
Lines 3 and 4 as no obvious flaws could be found in those welds from the appearance.
For the specimens with artificially introduced flaws, the specimens were selected at
circumferential locations with the lowest Charpy energy at -5 ºC. EDM notches were machined
into the weld centerline or HAZ from the ID side as shown in Figure 5-33. The nominal depth of
the flaws was 3 mm, simulating one weld bead height. The flaws cover the entire specimen
width of nominally 1.5 in.
The test results are summarized in Table 5-3.
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Figure 5-31 Schematic of the cross-weld tensile specimens (dimensions are not to scale)
* This is the nominal dimension

Line 2-6

Line 2-10

Line 2-10

Line 2-12

Figure 5-32 Cross-weld tensile specimens
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Figure 5-33 Schematic of manufactured flaw of the cross-weld tensile specimens
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Table 5-3 Summary of cross-weld tensile test results of Group A
Flaw
Flaw
Temp
Natural Depth Depth
Pipe
Flaw?
/Wall
(oC)
Thickness
(mm)

Room
No

3

0.32

Line 1
-20

Yes

Room

Room
No

3

0.32

Line 2

-20

Yes

Room

Yes

Room

Yes

Room

Room
Line 3

No

3

0.32
-20

Room
No

3

0.32
-20

Line 4
Room
No

3

0.21
-20
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Notch
Location

Clock
Position

Strain at Peak Load (%)

Top
Gage
5-6
0.28
HAZ
11-12
0.26
7
0.36
Weld
Center Line
10
0.28
4-5
0.67
HAZ
10-11
0.36
5
0.32
Weld
Center Line 10-11
0.25
11-12
1.02
12-1
1.60
12-1
0.40
HAZ
6-7
0.86
12-1
0.92
Weld
Center Line
8-9
0.35
11-12
0.37
HAZ
5-6
1.15
11-12
0.72
Weld
Center Line
5-6
0.33
2.16
1-2
5.97
11-12
1.42
11-12
1.26
8-9
0.46
HAZ
11-12
0.36
11-12
0.28
Weld
Center Line
8-9
0.36
12-1
0.59
HAZ
9-10
0.31
2-3
0.32
Weld
Center Line 10-11
0.29
12-1
0.27
HAZ
8-9
0.26
7-8
0.26
Weld
Center Line
9
0.31
12-1-2
0.48
HAZ
8-9
0.46
12-1
0.24
Weld
Center Line
8-9
0.34
10-11-12 2.70
HAZ
10-11
2.86
4-5-6
1.41
Weld
Center Line
4-5
1.42
3-4-5
3.28
HAZ
9-10
0.76
4-5
1.75
Weld
Center Line 10-11
2.46

Cross- Bottom
weld Gage Gage
0.76
0.40
0.67
0.24
0.96
0.28
0.82
0.28
1.45
0.68
0.98
0.29
0.93
0.35
0.73
0.29
1.18
1.07
2.55
1.82
0.78
0.37
1.07
0.33
1.02
0.57
0.94
0.73
1.17
0.80
1.36
0.53
1.47
0.82
1.21
0.50
3.53
1.91
5.74
2.18
1.87
0.69
2.00
1.11
2.47
0.48
1.84
0.35
1.09
0.32
1.15
0.33
3.21
0.50
1.37
0.51
1.31
0.40
2.16
0.44
4.11
0.48
2.38
0.41
1.65
0.32
1.44
0.32
3.14
0.43
2.78
0.39
1.27
0.33
1.80
0.37
4.37
3.18
5.71
2.68
2.62
2.17
2.21
1.71
4.53
1.71
1.94
1.89
1.68
0.95
2.72
0.74

February 28, 2017

Ave.
Strain
0.34
0.25
0.32
0.28
0.68
0.32
0.34
0.27
1.05
1.71
0.39
0.60
0.75
0.54
0.59
0.84
0.77
0.42
2.03
4.08
1.06
1.19
0.47
0.36
0.30
0.35
0.55
0.41
0.36
0.37
0.38
0.34
0.29
0.32
0.46
0.43
0.29
0.36
2.94
2.77
1.79
1.57
2.50
1.33
1.35
1.60

Peak
Load

Gross Section
Stress at Peak
Load

(KN)

(MPa)

(ksi)

114
113
115
98
132
110
125
99
124
128
108
113
122
111
127
119
129
108
146
146
132
126
152
134
127
143
161
147
143
164
170
159
158
144
148
147
161
158
262
257
249
254
259
252
255
264

370
347
351
312
394
365
374
344
417
452
343
360
397
354
383
399
411
355
494
521
428
426
433
446
411
422
544
434
458
542
522
513
484
447
486
459
495
493
529
544
515
525
557
547
527
554

53.7
50.4
51.0
45.3
57.2
52.9
54.3
49.9
60.4
65.5
49.7
52.1
57.6
51.3
55.5
57.9
59.6
51.5
71.7
75.6
62.1
61.7
62.8
64.7
59.6
61.2
78.9
63.0
66.5
78.6
75.8
74.4
70.3
64.9
70.4
66.6
71.8
71.4
76.7
78.9
74.6
76.1
80.8
79.3
76.4
80.4

Residual
CTOD
(mm)

1.97
1.37

1.97
1.37
1.21
1.17

1.10
1.18
1.88
1.18
1.30
1.58
1.44
1.57
1.02
2.24
2.55
1.88
1.20
2.15
0.91
0.86
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5.5.7.2 Performance of Girth Welds with Natural Flaws
For the 6 specimens having natural flaws, the averaged strains in the base pipe material (from
the measurement at the either side of the weld) at either fracture or the maximum load are as
follows.
•

Two welds from Line 1: 1.05%, 1.71%, and

•

Four welds from Line 2: 1.06%, 1.19%, 2.03%, and 4.08%.

The specimen from Line 2 with the averaged base pipe strain of 2.03% was tested to fracture
at a cross weld strain of 3.53%. The fracture surface of this specimen is shown in Figure 5-34.
The tests of other five specimens were terminated at a strain level beyond the maximum load, but
prior to specimen fracture.
Cross-weld testing of the girth welds with natural flaws from all four lines was also
conducted prior to the work described above [131]. One interesting feature noted from those
tests is that some welds cracked in the weld region, but the eventual failure did not occur in this
region. For two of the Line 1 cross-weld specimens, the girth welds were not broken when the
tests were stopped due to load drop. Significant cracking was observed in the weld region, see
Figure 5-35 and Figure 5-37. These specimens were broken in liquid nitrogen along the cracked
planes. The failure surfaces of the broken specimens are shown in Figure 5-36 and Figure 5-38.
The weld cracking and fracture surface of Line 3 and Line 4 girth welds are shown in Figure
5-39 to Figure 5-42. The cracking was initiated in the weld region first. As the load increases,
the strain hardening in the weld region increased the weld strength sufficiently that the
deformation was transferred to the base pipe material. Load drop occurred due to the necking of
base pipe material without facture the specimen in the cracked weld region.

Figure 5-34 Fracture surface of a girth weld with natural flaws
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Line 1-B-2

Figure 5-35 Cracking in the weld of Specimen Line 1-B-2 after the test was stopped due to load
drop

Line 1-B-2

Figure 5-36 Weld failure surface of Specimen Line 1-B-2 after the cracked weld was broken in
liquid nitrogen
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Line 1-C-4

Figure 5-37 Cracking in the weld of Specimen Line 1-C-4 after the test was stopped due to load
drop

Line 1-C-4

Figure 5-38 Weld failure surface of Specimen Line 1-C-4 after the cracked weld was broken in
liquid nitrogen
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Line 3

Figure 5-39 Weld cracking observed after the test of Specimen from Line 3

Line 3

Figure 5-40 Weld defect revealed after the cracked weld of Line 3 was broken in liquid nitrogen

Line 4

Figure 5-41 Weld cracking observed after testing of Line 4 cross-weld tensile specimen
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Line 4

Figure 5-42 Girth weld from Line 4 was fractured in liquid nitrogen after cross-weld tensile test,
showing the fracture path along the fusion line/HAZ

5.5.7.3 Performance of Girth Welds with Artificial Flaws
Out of the 40 CWT specimens with artificial flaws, 4 specimens tested at -20 ºC from Lines 3
and 4 fractured. No specimens tested at room temperature fractured. The specimen shown in
Figure 5-43 with weld centerline flaw fractured at cross-weld strain of 1.27% and remote strain
of 0.29%. The specimen shown in Figure 5-44 with HAZ flaw fractured at cross-weld strain of
1.37% and remote strain of 0.41%.

Figure 5-43 Fracture surface of a girth weld with an artificial flaw
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Figure 5-44 Fracture surface of a girth weld with an artificial flaw

5.5.7.4 Estimation of Apparent Toughness by Residual CTOD
As will be described in Section 7.3.4, one of the most critical parameters in predicting girth
weld tensile strain capacity is its apparent CTOD toughness. This toughness is maximum
blunting a planar flaw can sustain at the incipient flaw growth (i.e., initiation). The cross-weld
tensile tests described here were not instrumented to detect initiation during test. It is, however,
possible to determine the extent of residual blunting (after unloading) from the flaw tip profile
after the completion of test. For specimens that did not fracture along the flawed plane, the
residual blunting represents the minimum level of blunting the flaw can sustain without the
initiation of flaw growth. For specimens that fractured along the flawed plane, the contribution
from flaw growth can be subtracted to obtain the maximum residual blunting.
The residual CTOD toughness was measured from the photograph of the notch using 90degree rule as shown in Figure 5-45. The side view of the specimen notch from Lines 3 and 4
after the test is shown in Figure 5-45 to Figure 5-47. The residual CTOD values before
subtracting the initial notch width (about 0.2 mm) are summarized in Figure 5-48.
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Figure 5-45 Side view of specimen from Line 3-1-1 at the termination of the test

Figure 5-46 Side view of specimen Line 3-1-3 at the termination of the test

Figure 5-47 Side view of specimen Line 4-1-4a at the termination of the test
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Figure 5-48 Residual CTOD vs. specimen characteristics

5.5.8 General Observations from Group A Data

5.6

•

The welds are expected to behave in a ductile manner at normal service temperature as
low as -10 ºC. Only a few cross-weld tensile specimens fracture at test temperature of 20 ºC, while none fractured at room temperature.

•

The cross-weld tensile specimens with the worst natural flaws were able to sustain a
strain 1.0% and above.

•

The cross weld tensile tests for specimens with artificial flaws indicate that the flaw can
sustain a large amount of blunting without growth. The residual CTOD measured
directly from the specimen deformation profiles of Lines 3 and 4 welds has a minimum
value of ~0.8 mm. In most case, the residual CTOD is 1.0 mm and above.
Pipe and Girth Weld Properties from Group B

5.6.1 Overview of the Group B Materials and Tests
Group B consists of 23 X52 vintage girth welds with 26-inch diameter and 0.281-inch wall
thickness. Non-destructive tests (NDT) were first conducted on 10 randomly selected welds out
of the 23 welds. These 10 girth welds were constructed in 1950 – 1956. The results of the NDT
inspection were used to select the locations of material property test specimens and cross-weld
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tensile test specimens along the circumference of the welds. After extracting these specimens,
material property tests and cross-weld tensile tests were conducted.
5.6.2 Non-Destructive Testing Techniques
The 10 selected vintage girth welds were inspected using two non-destructive testing (NDT)
techniques: Magnetic Particle Inspection (MPI) and Phased Array Ultrasonic Testing (PAUT).
5.6.2.1 Magnetic Particle Inspection (MPI)
In this technique, a magnetic field is applied to the girth weld using a hand-held electromagnetic yoke, and magnetic particles (dry powders or wet ferrous suspensions) are applied to
the tested weld area. The presence of a flaw in the tested weld area causes a leakage in the
magnetic flux. This flux leakage leads to a build-up of the ferrous particles at the flaw and forms
a visible flaw indication.
5.6.2.2 Phased Array Ultrasonic Testing (PAUT)
PAUT is an ultrasonic testing technique that uses an array consisting of multiple ultrasonic
transducers which can be individually controlled and excited. PAUT can be used to detect weld
anomalies and can be used to determine the depth, height, and length of flaws. Unlike MPI
which can only detect surface anomalies, PAUT can detect both surface flaws as well as
embedded flaws.
5.6.3 Summary of NDT Results and Distribution of Flaws
Out of the total of 110 flaws detected, 75 were planar flaws and 35 were volumetric flaws.
The types of planar flaws detected were inadequate penetration (IP), lack of fusion (LOF), and
root crack (RC). The types of volumetric flaws detected were slag/porosity and burn-through.
The types of flaws detected are shown in Figure 5-49. The number of flaws detected in each
weld is shown in Figure 5-50.

Figure 5-49 Types of flaws detected by NDT
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Figure 5-50 Number of flaws detected by NDT in each of the 10 vintage girth welds

5.6.3.1 Planar Flaws Detected by NDT
Figure 5-51 to Figure 5-53 provide the characteristics of the planar flaws detected by NDT.
Note that the ‘flaw area’ values shown in Figure 5-53 do not necessary reflect to the actual area
of the flaws. The flaw area value plotted here was obtained by determining the product of each
detected flaw’s height and length (thus, assuming that it has a rectangular geometry – which may
not be the case always). Figure 5-54 and Figure 5-55 show the distribution of the 75 planar
flaws, divided into groups based on the flaw height and flaw length, respectively.
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Figure 5-51 Maximum planar flaw height reported in each weld by NDT

Figure 5-52 Maximum planar flaw length reported in each weld by NDT
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Figure 5-53 Maximum computed area of planar flaws in each weld

Figure 5-54 Distribution of reported planar flaw height by NDT

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 171

Figure 5-55 Distribution of reported planar flaw length by NDT

Looking at each weld individually:
•

The maximum flaw height ranges from 0.048 in to 0.083 in.

•

The maximum flaw length ranges from 0.8 in to 9.3 in.

•

The maximum flawed area ranges from 0.038 in2 to 0.326 in2.

Most of planar flaws detected have a recorded height less than 0.08 in (2 mm) and recorded
length less than 4 in.
5.6.3.2 Volumetric Flaws Detected by NDT
Figure 5-56 to Figure 5-60 provide the characteristics of the volumetric flaws detected by
NDT.
Looking at each weld individually:
•

The maximum flaw height ranges from 0.05 in to 0.145 in.

•

The maximum flaw length ranges from 0.5 in to 7.3 in.

•

The maximum flawed area ranges from 0.03 in2 to 0.409 in2.

Most of volumetric flaws detected have a recorded height less than 0.08 in (2 mm) and
recorded length less than 6 in.
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Figure 5-56 Maximum reported volumetric flaw height in each weld

Figure 5-57 Maximum reported volumetric flaw length in each weld
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Figure 5-58 Maximum computed area of volumetric flaws in each weld

Figure 5-59 Distribution of reported volumetric flaw height by NDT
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Figure 5-60 Distribution of reported volumetric flaw length by NDT

5.6.4 Matrix of Mechanical Tests
The mechanical test program includes
•

Base pipe tensile,

•

All weld metal tensile,

•

Macrohardness traverse,

•

Charpy transition curves in impact energy,

•

Cross-weld tensile with natural flaws, and

•

Cross-weld tensile test with artificially introduced planar flaws.

5.6.5 Base Pipe Tensile Properties
In order to determine the tensile properties of the base metal in the longitudinal (along the
length of the pipe) direction and hoop (circumferential) direction, 14 longitudinal direction round
bars, 13 hoop direction round bars specimens were extracted from base metal pipe. The
specimens were selected from weld areas close to the locations from which cross-weld tensile
(CWT) specimens were extracted. This allows the tensile properties determined from the round
bar tensile specimens to be close to the tensile properties of the CWTs tested. Weld regions
close to seam welds were avoided. Also, for selection of all-weld round bar specimens, weld
locations with flaws (found using NDT) were avoided.
Figure 5-61 shows the dimensions of the base metal longitudinal round bar specimen. The
diameter of the reduced section of the specimen is 0.118 in (3 mm). The dimensions of the
specimen were chosen so as to maximize the diameter of the reduced section, at the same time
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ensuring that the grip section’s diameter and length would be large enough to enable holding the
specimen in a stable manner during the test.
Figure 5-62 shows the dimensions of the base metal hoop round bar specimen. Note that
the all weld metal round bar specimens have the same dimensions as the base metal hoop
direction specimens. The diameter of the reduced section of these specimens is 0.118 in (3 mm).
The length of the grip sections (dimension ‘B’ in Figure 5-62) is short because of the curvature
of the pipe. Hence, to ensure a stable grip during the tests, these round bar specimens were
threaded and threaded grip adaptors were used to hold the specimens in positions during the
tests.
Figure 5-63 shows the ultimate tensile strength (UTS) and 0.2% yield strength (0.2% YS) of
the base metal longitudinal round bar specimens. Figure 5-64 shows the UTS and 0.2% YS of
base metal round bar hoop direction specimens.
The yield strength in the hoop direction is around 52 ksi or slight higher, meeting the
minimum strength requirements of X52. The yield strength in the longitudinal direction is
slightly lower by a few ksi.
Figure 5-66 compares the UTS of the base metal round bar in longitudinal direction and base
metal round bar in hoop direction. This comparison is a measurement of anisotropy in the base
metal. In most cases, the UTS in both directions are close. However, for pipe no. 37, 42, and 53,
the UTS in longitudinal direction is higher than the UTS in hoop direction by as much as 10 ksi.
The averaged UTS in both direction is around 80 ksi. The averaged Y/T ratio in the longitudinal
direction is around 0.62.

Figure 5-61 Dimensions of the base metal longitudinal round bar tensile specimen
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Figure 5-62 Dimensions of the base metal and all weld metal hoop direction round bar tensile
specimen

Figure 5-63 Mechanical properties of base metal round bar longitudinal direction specimens

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 177

Figure 5-64 Mechanical properties of base metal round bar hoop direction specimens

5.6.6 Girth Weld Tensile Properties
In order to determine the tensile properties of weld metal in hoop (circumferential) direction,
14 hoop direction round bar specimens were extracted. Similar to the base metal specimens, the
weld metal specimens were selected from weld areas close to the locations from which crossweld tensile (CWT) specimens were extracted. Weld regions close to seam welds were avoided.
Also, for selection of all weld round bar specimens, weld locations with flaws (found using
NDT) were avoided.
As mentioned in sub-section 5.6.5 and shown in Figure 5-62, the dimensions of the all weld
metal round bar specimens are same as those of the base metal hoop direction round bar
specimens.
Figure 5-65 shows the ultimate tensile strength (UTS) and 0.2% yield strength (0.2% YS) of
the weld metal round bar hoop direction specimens. The average yield strength is around 60 ksi
and the averaged UTS is around 75 ksi, giving an averaged Y/T ratio of 0.80.
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Figure 5-65 Mechanical properties of weld metal round bar hoop direction specimens

Figure 5-66 Comparison of UTS of base metal round bar longitudinal direction and base metal
round bar hoop direction

5.6.7 Comparison of Base Metal and Girth Weld Strength
Figure 5-67 compares the UTS of base metal round bar in longitudinal direction and weld
metal round bar in hoop direction. Except pipe no. 46 and 51, the UTS of the weld metal is
lower than that of the base pipe materials. Figure 5-68 compares the 0.2% yield strength of base
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metal round bar in longitudinal direction and weld metal round bar in hoop direction. For all the
specimens, the 0.2% yield strength of weld metal is higher than base metal.

Figure 5-67 Comparison of UTS of base metal round bar longitudinal direction and weld metal
round bar hoop direction
70

0.2% Yield strength (ksi)

60
50
40
Base metal
longitudinal

30

Weld metal
hoop

20
10
0
35

37

37

42

46

46

47

47

50

51

53

54

54

Pipe ID

Figure 5-68 Comparison of 0.2% yield strength of base metal round bar longitudinal direction
and weld metal round bar hoop direction
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5.6.8 Macrohardness Traverse
A total of 12 macrohardness specimens were chosen from 10 welds so that the flaw locations
detected by NDT were avoided. Figure 5-69 shows the dimensions of the specimen used for
macrohardness traverse and Figure 5-70 shows the locations of 28 hardness indentations (10 kg
Vickers).

Figure 5-69 Dimensions of the macro specimens

Figure 5-70 Locations of hardness indentations

The macrohardness results are shown in Table 5-4. The macrohardness data shows that all
test welds had an average WM/BM hardness ratio slightly less than unity; this indicates that the
UTS of the weld metal is lower than that of the base pipe material. The hardness of the weld
metal is in the range of ~ 83% to 91% of the hardness of base pipe materials. This trend is
consistent with the directly measured UTS as shown in Figure 5-67. With the exception of two
welds, the hardness of the HAZ is the same as that of the base pipe material. For the other two
welds, the hardness of the HAZ is ~ 91% of the base pipe material’s hardness.
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Table 5-4 Summary of macrohardness traverse of 12 samples of Group B

CRES
Weld #

Macro
Sample ID #

34
35
37
42
46
46
47
47
50
51
53
54

34-6-1
35-6-1
37-6-1
42-6-1
46-6-1
46-6-2
47-6-1
47-6-2
50-6-1
51-6-1
53-6-1
54-6-2

Average Vickers Hardness
Number
BM
WM
HAZ
180
169
178
176
163
184
185
166
184
180
168
176
183
168
175
180
154
172
182
160
182
181
158
186
179
163
170
181
160
176
179
159
168
191
176
187

Hardness Mismatch
Ratio
WM/BM HAZ/BM
0.91
1.00
0.91
1.00
0.91
1.00
0.91
1.00
0.91
1.00
0.83
1.00
0.91
1.00
0.83
1.00
0.91
0.91
0.91
1.00
0.91
0.91
0.91
1.00

5.6.9 Charpy Impact Energy
The specimens were selected from weld areas with no NDT detected flaws as well as no
seam welds nearby. A total of 108 Charpy V-notch (CVN) specimens were machined; 18
Charpy specimens each were machined out of 6 test welds (these 6 welds were randomly chosen
out of the 10 test welds which were subjected to NDT).
The Charpy specimens were sub-sized with a 5-mm width because the pipe WT (7.14 mm/
0.281 in) is less than the standard 10 mm Charpy specimen width. Figure 5-71 shows the
dimensions of the CVN specimens along with their locations in the weld region. Half of the 108
CVN specimens had the notch in HAZ and the rest had a weld center line (WCL) located notch.
Since the specimens were sub-sized, the Charpy impact energies reported were converted to
full-size equivalent values, by scaling the reported energies by the ratio of the cross-sectional
area of the sub-sized specimens to that of the standard specimens.
Figure 5-72 and Figure 5-73 show the transitions curves obtained using Charpy HAZ notched
specimens and Charpy WCL notched specimens, respectively. Figure 5-74 and Figure 5-75
show the curves plotted after adjusting the impact energies and temperatures to reflect full scale
values. The full scale Charpy upper shelf energy of the HAZ notched specimens and the WCL
notched specimens is ~36 ft·lb and ~44 ft·lb respectively. The full scale Charpy transition
temperatures of the HAZ notched and the WCL notched specimens are ~31.5 °F and ~4.5 °F
respectively. Table 5-5 and Table 5-6 summarize the Charpy test data for the HAZ notched and
WCL notched specimens, respectively.
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Figure 5-71 Dimensions of Charpy specimens; the locations of the HAZ notch CVN and WCL
notch CVN specimens are shown in blue and green respectively (not to scale).

Figure 5-72 Transition curve of Charpy HAZ notch specimens of Group B
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Figure 5-73 Transition curve of Charpy WCL notch specimens of Group B
40

Impact Energy (ft.lbs)

35

Impact Energy Adjusted
to Full Size Equivalent,
Charpy HAZ V Notch

30
25
20
15

Average
Fitted transition curve

10
-37.5

-25.0

-12.5

0.0

12.5

25.0

37.5

50.0

62.5

Temperature (F)
Figure 5-74 Adjusted transition curve of Charpy HAZ notch specimens of Group B
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50
Impact Energy Adjusted
to Full Size Equivalent,
Charpy WCL V Notch

Impact Energy (ft.lbs)

45
40

35
30
25
20
Average

15

Fitted transition curve

10
-62.5

-50.0

-37.5

-25.0

-12.5

0.0

12.5

25.0

37.5

Temperature (F)
Figure 5-75 Adjusted transition curve of Charpy WCL notch specimens of Group B
Table 5-5 Average Charpy energy for HAZ notch specimens of Group B

Temperature (°F)

Charpy Impact Energy-HAZ (ft·lb)

Measured

Measured

Full-Size Equivalent

-25.0

6.4

12.9

-12.5

8.2

16.4

0.0

12.2

24.4

12.5

13.9

27.8

25.0

18.8

37.6

50.0

16.9

33.8

Table 5-6 Average Charpy energy for WCL notch specimens of Group B

Temperature (°F)

Charpy Impact Energy WCL (ft·lb)

Measured

Measured

Full-Size Equivalent

-50.0

8.2

16.4

-37.5

11.7

23.3

-25.0

16.2

32.4

-12.5

18.6

37.1

0.0

20.3

40.7

25.0

21.9

43.8
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5.6.10 Cross-Weld Tensile Tests
Two types of cross-weld tensile (CWT) specimens, with natural flaws and artificial flaws,
were tested to measure the tensile strength in presence of flaws in weld. The specimens were
extracted along the circumference of all the ten pipes based on locations and dimensions of flaws
measured by NDT. The natural flaw specimens were chosen so as to include the flaws in the
specimen. Artificial flaw specimens were chosen from the areas along the circumference with
no flaws.

Figure 5-76 Dimensions of natural flaw cross-weld specimen

Side View
Pipe WT
CWT Grip End

Machined Artificial Flaw

CWT I.D. Surface

0.025” (0.635 mm)

Machined Artificial Flaw
Magnified View:
CWT Thickness
Direction
Notch
Tip

CWT
Notch
Mouth

0.024”

0.009”

Two-stepped
Notch
CWT
0.118” (3 mm)

CWT Grip End

Figure 5-77 Dimensions of an artificial flaw
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Figure 5-76 shows the dimensions of dog-bone shaped natural flaw and artificial flaw crossweld tensile specimen. The dimensions of artificial flaw specimens are same as the natural flaw
except the artificial notch (flaw) cut in weld metal or HAZ. Figure 5-77 shows the dimensions of
artificial flaw. Figure 5-78 shows the artificial notch in weld metal and HAZ. A total of 37
natural flaw specimens and 28 artificial flaw specimens were extracted from 10 welds.
In order to measure the deformation of weld (cross-weld strain, blue bracket) and
deformation of base pipe (remote strain, red bracket), a laser extensometer and clip gauges were
used as shown in Figure 5-79. The test set up is shown in Figure 5-80.

Figure 5-78 Machined flaws in Weld metal (WM) and heat-affected zone (HAZ)
17”
7.5”
7”
5”

Clip
Gage
(2”)

Laser
(2”)

Clip
Gage
(2”)

Figure 5-79 Location of clip gauges and laser extensometer
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Figure 5-80 Setup for cross-weld tensile tests

5.6.10.1

Test Results of Natural Flaw CWT Specimens

Seven out of 37 natural flaw CWTs failed in weld and remaining specimens failed in base
metal. Figure 5-81 shows the natural flaw CWT specimen failed in weld and Figure 5-82 shows
its stress-strain curves. Table 5-7 is the summary of the tensile test results of natural flaw CWT
specimens failed in weld. Figure 5-83 shows a natural flaw specimen failed in base metal and
Figure 5-84 shows its stress-strain curves.
Table 5-8 is the summary of test results of CWT specimens with natural flaws that failed in
the base metal. The term ‘N/A*’ in the table refers that the flaw was detected by NDT but was
not visible as the specimen did not break into the plane of flaw. The specimen 47-10-1 did not
contain any flaw but was tested only for the comparison purpose.
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Figure 5-81 A CWT specimen with natural flaw failed in the weld region.

Figure 5-82 Stress-strain curves of a specimen with natural flaw failed in the weld region
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Base Metal
0.2% YS

Maximum
Stress

Flaw Dimension
(in)

Strain at Maximum
Stress (%)

455

1.37

1.98

2.64

2.58

6 to 7

0.76

1.11

546

79

53

5.0

9.7

5.7

37-1-6

10 to 11

0.23

0.64

514

75

50

3.1

4.6

3.2

47-1-3

5 to 6

0.89

1.59

503

73

51

5.3

5.1

5.3

47-1-4

5 to 6

0.89

0.95

524

76

52

12.4

8.2

6.3

51-1-4

11 to 12

0.66

0.96

457

66

51

3.0

2.0

2.3

34-1-3

4 to 5

37-1-5

Cross-Weld

0.64

3 to 4

ksi

Base Metal
(Top)

0.25

34-1-2

ksi

Base Metal
(Bottom)

MPa

NDT

Physical
Measurement

O’ clock Position

Specimen ID

Table 5-7 Summary of CWT specimens with natural flaws failed in the weld region

66

48

2.7

3.4

2.5

492

71

48

7.4

4.3

5.5

Figure 5-83 CWT specimen 34-1-1 with natural flaw failed in the base metal
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Figure 5-84 Stress-strain curves of a CWT specimen with natural flaw failed in base metal

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 191

Base Metal
0.2% YS

Cross-Weld

Failure Location

74
73
75
73

49
49
50
49

5.7
6.1
11.0
14.4

14.1
14.2
6.3
4.3

6.1
6.3
5.6
6.5

Top
Top
Bottom
Bottom

508

74

51

6.1

13.6

5.2

Top

549
554
544
550
551

80
80
79
80
80

56
52
52
50
54

6.1
6.2
5.2
10.3
11.8

12.1
12.1
11.8
4.8
6.2

6.2
6.4
6.3
5.2
5.4

Top
Top
Top
Bottom
Bottom

1 to 2
6 to 7
2 to 3
2 to 3
4 to 5
4 to 5
2 to 3
2 to 4
6 to 7
3 to 5
0 to 1
1 to 2
1 to 2
2 to 4
2 to 3
11 to 12
1 to 2
5 to 6
2 to 3
3 to 4
5 to 7

1.30
0.99
1.17
1.52
0.79
0.79
0.66
0.66
0.89
-1.35
1.35
0.66
0.66
0.56
0.86
1.24
1.19
0.64
1.27
1.68

N/A*
1.11
0.79
0.35
0.64
0.64
0.64
0.79
0.95
-N/A*
0.64
1.11
0.96
0.48
1.27
1.25
N/A*
N/A*
0.32
0.79

524
519
508
501
506
511
530
527
524
526
500
502
505
505
519
528
516
506
525
528
539

76
75
74
73
73
74
77
76
76
76
72
73
73
73
75
77
75
73
76
77
78

50
71
49
49
49
50
52
50
50
52
52
52
51
50
52
52
48
49
51
48
52

6.2
3.0
13.5
13.3
6.7
6.2
12.5
13.6
13.1
12.9
11.5
5.9
10.1
6.0
10.5
4.1
12.9
10.1
5.1
12.6
5.7

13.2
8.6
8.2
7.4
15.3
12.5
9.6
7.7
9.0
8.5
5.3
10.9
5.8
10.7
3.6
11.8
5.8
6.8
12.0
5.0
11.1

5.6
3.4
6.3
6.3
6.1
6.2
6.5
5.8
6.4
6.3
6.6
6.5
6.3
5.1
4.3
5.2
6.5
6.4
5.1
4.8
N/A

Top
Top
Bottom
Bottom
Top
Top
Bottom
Bottom
Bottom
Bottom
Bottom
Top
Bottom
Top
Bottom
Top
Bottom
Bottom
Top
Top
Top

2 to 3
1 to 2
3 to 4
6 to 7

35-1-4

0 to 1

37-1-1
37-1-2
37-1-4
37-1-7
37-1-9
42-1-1
42-1-2
46-1-1
46-1-2
46-1-3
46-1-4
47-1-1
47-1-2
47-1-5
47-10-1
50-1-1
50-1-2
50-1-3
50-1-4
51-1-1
51-1-3
53-1-1
53-1-2
54-1-1
54-1-2
54-1-3
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Physical
Measurement
0.64
0.79
0.32
0.79
1.27
1.59
0.64
2.06
0.64
0.635
N/A*

508
503
518
503

2 to 3
3 to 4
5 to 6
11 to 12
0 to 1

0.66
1.09
0.81
0.84
1.45
1.55
1.07
1.22
0.46
-1.04

34-1-1
34-1-4
35-1-1
35-1-3

NDT

Base Metal
(Top)

Strain at Maximum
Stress (%)

Base Metal
(Bottom)

Flaw Dimension
(in)

Maximum
Stress

Specimen O’ clock
Position

Specimen
ID

Table 5-8 Summary of test results of specimens with natural flaws failed in the base metal
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Test Results of Artificial Flaw CWT Specimens

All the 28 artificial flaw CWT specimens failed in the weld. The specimens either broke
completely or partially when the test was stopped at 90% of the maximum tensile load. Figure
5-85 shows the stress-strain curves of one the artificial flaw specimen. Figure 5-86 and Figure
5-87 show the completely broken and partially broken artificial flaw CWT specimens.
Table 5-9 provides the summary of tensile testing of artificial flaw CWT specimens.

Figure 5-85 Stress-strain curves of artificial flaw CWT

Figure 5-86 Artificial flaw CWT specimen completely broken in weld

Figure 5-87 Top view and side view of artificial flaw CWT specimen partially broken in weld
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Table 5-9 Summary of test results cross-weld tensile specimens with artificial flaws
Specimen
ID

Notch
Location

Weld
HAZ
Weld
Weld
HAZ
HAZ
Weld
HAZ
Weld
HAZ
Weld
Weld
HAZ
HAZ
Weld
Weld
HAZ
HAZ
Weld
HAZ
Weld
HAZ
Weld
HAZ
Weld
Weld
HAZ
HAZ

34-2-1
34-3-1
35-2-1
35-2-2
35-3-1
35-3-2
37-2-1
37-3-1
42-2-1
42-3-1
46-2-1
46-2-2
46-3-1
46-3-2
47-2-1
47-2-2
47-3-1
47-3-2
50-2-1
50-3-1
51-2-1
51-3-1
53-2-1
53-3-1
54-2-1
54-2-2
54-3-1
54-3-2

5.6.10.3

Specimen
O’clock
Position

Strain at Maximum Stress (%)

Maximum
Stress

7 to 8
7 to 8
7 to 8
10 to 11
7 to 8
11 to 12

MPa
336
365
403
343
342
340

ksi
49
53
58
50
50
49

7 to 8
7 to 8
3 to 4
4 to 5
6 to 8
10 to 11
7 to 8
11 to 12
0 to 2
7 to 9
1 to 2
8 to 9
10 to 12
11 to 12
7 to 8
7 to 9
7 to 8
7 to 8
7 to 8
9 to 10
7 to 9
10 to 11

377
353
344
369
347
352
352
330
350
342
352
368
354
386
371
389
379
369
345
352
379
360

55
51
50
54
50
51
51
48
51
50
51
53
51
56
54
56
55
54
50
51
55
52

Base Metal
(Bottom)

Base Metal
(Top)

Cross
Weld

0.4
1.1
2.3
0.8
0.1
0.2

0.3
0.4
1.2
0.2
1.0
0.2

1.2
1.6
1.6
1.2
0.9
1.0

0.3
0.2
0.2
0.9
0.7
0.4
0.5
0.2
0.4
0.2
0.3
0.7
0.2
0.8
0.2
1.8
0.6
0.2
0.2
0.2
0.8
0.4

0.6
0.6
0.5
0.8
0.3
0.5
0.9
0.2
0.4
0.5
0.5
0.8
0.2
1.4
0.8
1.0
1.4
1.1
0.2
0.5
0.2
0.2

0.9
0.8
0.9
1.1
1.0
1.2
1.2
0.7
1.2
1.2
1.0
1.7
1.1
2.0
1.3
1.6
1.7
1.6
1.0
0.6
1.3
0.7

Exposed Flaws after CWT Testing

Figure 5-88 to Figure 5-91 show the exposed flaws after CWT testing. Few CWTs did not
break in the plane of flaws at the end of test. Those were further broke opened in liquid nitrogen
to expose the flaws.
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SLAG
IP

Figure 5-88 Broken CWT surface showing Slag and Inadequate penetration (IP) flaws

IP

LOF

Figure 5-89 Broken CWT surface showing lack of fusion (LOF) and inadequate penetration (IP)
flaws
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Figure 5-90 Broken CWT surface showing root crack (RC) flaw

Figure 5-91 Broken CWT surface showing inadequate penetration (IP) flaw

5.6.11 Measure of Fracture Toughness with Residual CTOD
Figure 5-92 shows the load-displacement relation of an artificial flaw specimen 34-2-1 as
recorded by CMOD gauge.
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Figure 5-92 Load-CMOD relation for an artificial flaw specimen 34-2-1

The CMOD results could not be recorded for all the artificial flaw CWT specimens as either
the clip gauge fell off during testing or the geometry of the sample was not suitable for the
mounting of clip gauge. The I.D. protrusion in case of HAZ notch artificial flaws made it
impossible to mount the CMOD gauge on the sample except specimens 35-3-2 and 54-3-2.
At the end of tensile testing, at 90% of the maximum load, 7 specimens completely broke and
the remaining 21 specimens remained partially broken. Figure 5-93 shows the artificial flaw
CWT specimen completely broken in weld. Figure 5-94 shows the artificial flaw CWT
specimen and its side view, partially broken in weld.

Figure 5-93 Artificial flaw CWT specimen completely broken in weld
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Figure 5-94 Top view and side view of artificial flaw CWT specimen partially broken in weld

The Crack tip opening displacement (CTOD) value for partially broken specimens was
measured from the photograph of the notch. The method followed for the measurement of CTOD
value from photograph is explained in Figure 5-95. The residual CTOD value was obtained by
𝐶𝑇𝑂𝐷

subtracting the initial notch width (0.2 mm) from the measured CTOD value. The ratio (𝐶𝑀𝑂𝐷)
was obtained, for 10 specimens, for which the CMOD gauge data was available. The values used
for calculating this ratio are included in Table 5-10. This ratio was further used to estimate the
CTOD value of completely broken specimens. The flow chart in Figure 5-96 explains the
procedure followed for measuring the CTOD value. The CTOD value for 2 specimens could not
be estimated as the CMOD gauge data was not available.
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Figure 5-95 CTOD measurement procedure from CWT specimen photograph
Table 5-10 CTOD-CMOD relation
Specimen
ID
35-2-1
35-2-2
37-2-1
42-2-1
47-2-1
47-2-2
50-2-1
51-2-1
53-2-1
54-2-1

CMOD at End
of Test (mm)

1.30
2.03
1.22
1.58
1.82
1.91
1.90
1.72
1.71
1.70
Median
Standard Deviation

CRES-2012-M03-01
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Residual CTOD - Initial
Notch Width (mm)

CTOD/CMOD

1.02
1.32
0.92
1.12
1.42
1.12
1.42
1.22
1.14
1.12
1.13
0.16

0.78
0.65
0.75
0.71
0.78
0.59
0.75
0.71
0.67
0.66
0.71
0.06

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 199

Figure 5-96 Flow chart of the procedure followed for measuring the CTOD value for artificial
flaw specimens

Table 5-11 and Table 5-12 summarize the CTOD values for weld metal notch and HAZ
notch artificial flaw specimens, respectively. CTOD value for completely broken specimens 343-1 and 37-3-1 could not be estimated because of the unavailability of CMOD gauge data.
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Table 5-11 CTOD of artificial flaw specimens with weld metal notch
Specimen
ID

Status of Sample

CMOD at End
of Test (mm)

34-2-1
35-2-1
35-2-2
37-2-1
42-2-1
46-2-1
46-2-2
47-2-1
47-2-2
50-2-1
51-2-1
53-2-1
54-2-1
54-2-2

Completely broken in weld
Partially broken in weld
Partially broken in weld
Partially broken in weld
Partially broken in weld
Completely broken in weld
Partially broken in weld
Partially broken in weld
Partially broken in weld
Partially broken in weld
Partially broken in weld
Partially broken in weld
Partially broken in weld
Completely broken in weld

1.74
1.30
2.03
1.22
1.58
0.98
N/A
1.82
1.91
1.90
1.72
1.71
1.70
1.50
Median
Standard Deviation

Residual CTOD - Initial Notch
Width (mm)
1.24
1.02
1.32
0.92
1.12
0.69
0.55
1.42
1.12
1.42
1.22
1.14
1.12
1.07
1.12
0.24

Table 5-12 CTOD of artificial flaw specimens with HAZ notch
Specimen
ID

Status of Sample

34-3-1
35-3-1
35-3-2
37-3-1
42-3-1
46-3-1
46-3-2
47-3-1
47-3-2
50-3-1
51-3-1
53-3-1
54-3-1
54-3-2

Completely broken in HAZ
Partially broken in HAZ
Completely broken in HAZ
Completely broken in HAZ
Partially broken in HAZ
Partially broken in HAZ
Partially broken in HAZ
Partially broken in HAZ
Partially broken in HAZ
Partially broken in HAZ
Partially broken in HAZ
Partially broken in HAZ
Partially broken in HAZ
Completely broken in HAZ

CRES-2012-M03-01
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CMOD at End
of Test (mm)
N/A
N/A
1.46
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
1.05
Median
Standard Deviation
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Residual CTOD - Initial Notch
Width (mm)
N/A
0.92
1.04
N/A
0.89
1.22
0.72
0.92
0.72
1.92
1.32
1.12
1.62
0.75
0.98
0.37
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5.6.12 General Observations from Group B Data

5.7

•

From round bar tensile tests, it is apparent that, there is anisotropy in UTS along
longitudinal and hoop direction of base metal (pipe).

•

There is a weld metal strength undermatch as compared to base metal strength in all but 2
out of the 10 tested vintage girth welds.

•

The macrohardness data also shows a case of weld strength undermatch, with the weld
metal strength.

•

The full scale Charpy transition curves indicate that the weld and base metals of the test
welds are on the upper shelf of the ductile-to-brittle transition curve at room temperature.

•

The CWT specimens with artificial flaw consistently showed the maximum stress
capacity reduction when compared with base metal UTS.
Pipe and Girth Weld Properties from Group C

5.7.1 Characteristics of the Welds of Group C
After a girth weld failure in 1981, a full-scale test program was launched to evaluate the girth
weld performance of in-service vintage pipelines [132]. A total of 68 full-scale tests were
conducted on grossly defective girth welds in late 1980s and early 1990s. The defective girth
welds were cut out from pipelines of 18-inch OD and nominally Grade B pipes. The wall
thickness ranges from 7.8 mm to 10.4 mm, with the majority of the wall thickness around 8.0-8.5
mm.
The time of girth weld fabrication are not known. From the grade of the material, it is almost
certain that the welds would be qualified as vintage girth welds. The majority of the welds are
listed as of “MMA” type, a few are listed as of “CO2” type.
5.7.2 Pipe Tensile Properties
The tensile samples of the pipe metal were tested and the results are shown in Figure 5-97.
The average values of yield strength and UTS are 49.2 ksi (339 MPa) and 70.2 ksi (484 MPa),
respectively. The averaged Y/T ratio is therefore 0.70. The lowest yield strength obtained from
the pipe samples is 45.7 ksi which is close to the SMYS of X46. Although the pipe was
nominally Grade B which was equivalent to X35, its actual yield strength was better described
by X46.
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Figure 5-97 Pipe tensile material properties from Group C

5.7.3 Cross-Weld Tensile Strength
Cross-weld specimens with a width ranging from 14.23 mm to 22.6 mm were tested at 5 ºC
by applying across-weld tensile load. The specimens had various defect depth. The lower bound
failure stress is approximately in a linear relationship with the defect depth as shown in Figure
5-98. The approximate lower bound failure stress for welds without defect is 60.9 ksi (420
MPa). This failure stress is between the average yield strength and UTS of the pipe. In the
absence of brittle fracture, the failure stress is expected to be close to the UTS of the material.
These test results indicate that the UTS of the weld is likely below that of the base pipe material.
Seven out of the 17 test samples failed by cleavage, indicating that the welds would have
brittle fracture risk if the load is sufficiently high.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 203

Figure 5-98 Cross-weld failure stress as a function of defect depth

5.7.4 Type and Dimensional Distribution of the Flaws from Group C
5.7.4.1 Flaw Types
A total of 1743 flaws were found in the full-scale tests. The most common flaws were root
concavity (245), slag inclusions (199), porosity and void (195), incomplete root (177), arc burns
(160), bad pick-up (113), lack of root fusion (107), and burn-through (79). Figure 5-99 shows
the flaw types and the corresponding percentage of each type of flaws.
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Figure 5-99 Types of flaws in Group C

5.7.4.2 Flaw Dimensions
The amount of weld length (% circumference) containing flaws is shown in Figure 5-100. It
shows that almost half of the tested welds (30 out of 68 welds) have 75% to 100% pipe
circumference containing flaws. Figure 5-101 shows the distribution of the total flaw length in
each individual weld among all the welds. Around one half of the 68 tested welds have the total
flaw length ranging from 200 mm to 399 mm.
The 54 of the 68 full-scale specimens contained a total of 261 flaws of burn-through (79), arc
burns (160), and crater cracks (22). The longest individual flaw length of those flaws is shown
in Figure 5-102. A length of 15 mm can be roughly selected as the longest individual flaw
length of all three flaws.
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Figure 5-100 Number of welds containing flaws with the circumferential length fall within
certain range

Figure 5-101 Distribution of total girth weld flaw length from Group C
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Figure 5-102 Longest individual flaw length of burn-through, arc burns and crater cracks flaws
from Group C

5.7.5 Results of the Full-Scale Tests
The full-scale test specimens were loaded in tension. The tests were stopped when either (1)
rupture occurred or (2) the strain reaches 1% or the stress reaches 100% SMYS (46 ksi),
whichever occurred first. Among the 68 specimens tested, 36 failed during tests (i.e., rupture
occurred before the tests were stopped). The remaining 32 did not fail during the test and all 32
survived a strain of 1%. Twenty-seven of the 32 specimens also survived 100% SMYS. The 36
tests that failed by through-wall fractures recorded failure stresses in the range of 64 to 116%
yield strength. Only two tests failed below 91% yield strength and 13 tests failed below 100%
yield strength. The results of all full-scale tests are shown in Figure 5-103.
If surface-breaking (root and cap) flaws are combined into one single length, the relationship
between test failure and combined surface flaw length can be shown in Figure 5-104. There is a
clear trend that the probability of failure increases with the increase of surface flaw length.
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Figure 5-103 Failure stresses of full-scale tests from Group C

Figure 5-104 Percentage of tests as a function of surface flaw length from Group C
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5.7.6 General Observations from Group C Data
A few general conclusions may be drawn from the Group C data.

5.8

•

The nominally Grade B pipes (SMYS =35 ksi) can be better described as X46 (SMYS =
46 ksi). The averaged value of yield strength and UTS are 49.2 ksi (339 MPa) and 70.2
ksi (484 MPa), respectively. The corresponding Y/T ratio is 0.70.

•

The lower bound UTS of the weld is estimated at 60.9 ksi (420 MPa). This value is about
10 ksi below the averaged UTS of the pipe.

•

Most of the welds have many flaws. The total length of the flaws in any individual weld
is quite long.

•

The failure stress of the finite-width cross-weld tensile test specimens is approximately
linear to the depth of the defect. This indicates that the failure event is mostly strengthdominated event, not brittle facture-dominated event. However, the tests also showed
that the welds would have brittle fracture risk when the load is sufficiently high.

•

Despite having massive amount of flaws, approximately one-half of the welds survived to
a strain of 1.0%. Only two of the 68 tests failed at a stress level less than 91% SMYS.

•

There is a clear increase of failure probability with the increase of the surface-breaking
flaw length.
Pipe and Girth Weld Properties from Group D

5.8.1 Overview of the Welds
Three girth welds (termed as weld X, weld Y and weld Z) were made to an API 5L X70
linepipe of 30 in OD and 0.441 in (11.2 mm) wall thickness [133]. The welds were fabricated in
early 1990s using a SMAW process and 80 ksi (E8010-G or E55010-G) tensile strength
cellulosic electrodes. These electrodes were chosen to obtain overmatching deposited weld
metal. During welding, the typical workmanship weld defects were introduced to the welds.
After welding, the complete circumference of each weld was radiographed to determine the
defect length actually achieved.
5.8.2 Matrix of Mechanical Tests
The three girth welds were subjected to a large variety of mechanical tests as detailed in
Table 5-13. The detailed test setup and results are discussed in the following subsections.
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Total # of
Specimens

Table 5-13 Testing matrix of Group D

# of Specimens
Type of Test

Weld Weld Weld
X
Y
Z

Hardness Traverses

10

10

4

24

Pipe Metal Tensile

1

1

1

3

All-weld Metal Tensile

1

1

1

3

Charpy V Impact

9

9

9

27

CTOD B2B Tests

4

4

4

12

Curved Wide Plate

5

5

2

12

5.8.3 Pipe Tensile Properties
5.8.3.1 Features and Dimensions of Tensile Specimens
The tensile properties were determined by the round bar 6 mm (0.236 in) diameter specimens
at the ambient temperature. The pipe metal tensile tests were conducted on longitudinal
specimens, i.e. orientation of the specimen axis was perpendicular to the direction of the girth
weld. The specimens were machined from unflattened blanks. All specimens were tensile
loaded at 21 C and the elongation was measured by an extensometer on a gauge length of 25
mm (1 in). For each test, the 0.2% and 0.5% offset proof stress, the ultimate tensile strength, and
the yield to tensile ratio were determined.
5.8.3.2 Test Results
The results of the pipe metal tensile tests are show in Table 5-14.
Table 5-14 Pipe material tensile test results of Group D

0.2% YS
Specimen
#
MPa ksi

MPa

ksi

MPa

ksi

Y/T
(0.5%
YS)

0.5% YS

UTS

Pipe 011

517

75.0

539

78.1

644

93.4

0.84

Pipe 019

550

79.6

551

79.9

639

92.6

0.87

Pipe 016

585

84.8

592

85.8

691

100.2

0.86

The comparison of pipe metal yield strength and ultimate tensile strength obtained from
tensile tests to those from mill certificates is shown in Figure 5-105 and Figure 5-106. The
measured yield strengths at 0.5% strain of all pipes are higher than either the SMYS of X70 or
the yield strength from the mill certificates. For example, for pipe 016, the measured yield
strength at 0.5% strain is 592 MPa which is about 10% higher than the value from the mill
certificates and 23% higher than the SMYS of X70 (483 MPa). For the ultimate tensile strength,
the pipe 011 has the measured value which is very close to the one from mill certificates. The
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UTS of pipe 019 and 016 is about 3% lower and 7% higher than the mill certificates,
respectively. The Y/T ratio obtained from the tensile tests by using yield strength at 0.5% strain
is in the range of 0.84 to 0.87

Figure 5-105 Measured yield strength vs. mill certificates
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Figure 5-106 Measured UTS vs. mill certificates

5.8.4 All-Weld Metal Tensile Properties and Strength Mismatch
5.8.4.1 Features and Dimensions of Tensile Specimens
The test specimen had the same geometry and dimensions as the pipe tensile specimen, i.e.
round bar of 6 mm in diameter and a gauge length of 25 mm. The test temperature was 21 C.
5.8.4.2 Test Results
The all-weld metal yield and ultimate tensile strength are shown in Table 5-15. The
measured yield strengths varied between 570 MPa (82.6 ksi) and 584 MPa (84.7 ksi).
Table 5-15 All-weld metal tensile test results of Group D

Specimen Sampling
#
Location

MPa

ksi

MPa

ksi

MPa

ksi

Y/T
(0.5%
YS)

0.2% YS

0.5% YS

UTS

Weld X

8 o'clock

560

81.2

570

82.6

677

98.2

0.84

Weld Y

10 o'clock

580

84.1

584

84.7

687

99.6

0.85

Weld Z

4 o'clock

583

84.5

584

84.7

701

101.6

0.83

The weld strength mismatch ratio, defined as the ratio of the averaged weld UTS over the
averaged pipe UTS, are show in Figure 5-107. The UTS of the pipe is taken either from the
current tests or from the mill certs. The weld strength is generally a few percentage points higher
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than the pipe strength. Pipe 106 has the highest strength, resulting in approximately evenly
matched girth weld.

Figure 5-107 Weld strength mismatch from Group D

5.8.5 Girth Weld Hardness Profile
Hardness traverses in three macros (2, 6, and 8 o’clock), taken from Welds X and Y, were
obtained. For Weld Z, the examination was limited to one macro taken from the 4 o’clock
position. The hardness measurements were done either across the weld or through the thickness
with a 50 N (HV5) proof load at a spacing of 0.5 mm (0.02 in). The average hardness levels of
weld deposits and pipe materials are summarized in Table 5-16. The photomacrographs of girth
weld cross section and hardness profiles are show in Figure 5-108 for Weld Z as an example.
The photomacrographs of Welds X and Y can be seen in Appendix A1 of [133].
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Table 5-16 Hardness of the weld deposits and pipe material of Group D

Sampling
Weld Loaction

X

Y

Z

CRES-2012-M03-01

Center for Reliable Energy Systems

Hardness Values (HV5)
Average Weld
Deposit

o'clock

Root

Cap

2

221

234

6

225

235

8

221

240

2

223

248

6

203

230

8

208

223

4

212

252

Pipe
Metal

Pipe

Average
227

pipe 016

pipe 011
219 and
and pipe
232
019

February 28, 2017

232

pipe 019
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Figure 5-108 Hardness profiles of Weld Z from Group D: (a) girth weld cross section and
hardness measurement locations; (2) hardness profiles at cross weld locations;
(3) hardness profile at through wall location
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5.8.6 Charpy Impact Energy
The Charpy V-notch impact tests were carried out to establish the E8010 weld deposit notch
properties over a range of testing temperatures and to enable the energy absorption transition
temperature to be derived. Full-size standard Charpy V-notch impact specimens of 55 mm
(2.165 in) long and 10 mm (0.394 in) square section were extracted transversely to the weld
(specimen longitudinal axis perpendicular to the weld) with the 2 mm deep “through thickness”
notch in the weld metal center and perpendicular to the pipe surface. The notch bottom sampled
the root, hot and filling passes. The Charpy impact tests were performed in accordance with
ASTM E23, using specimens in triplicate at each of the test temperatures of -10 ºC (+14 ºF), -20
ºC (-4 ºF) and -30 ºC (-22 ºF). There are 9 specimens for each weld and 27 specimens for all
welds. Figure 5-109 shows the results of all Charpy V-notch impact tests. Each data point of
one weld was obtained by averaging the results of three individual test specimens. The average
value in Figure 5-109 (shown as triangular markers) was obtained by averaging the impact
energies of three welds. The Minimum/Maximum values (shown as dashed lines) were taken
among all the specimens. At -10 ºC (+14 ºF), the minimum and averaged Charpy impact energy
is approximately 20 and 30 ft∙lb, respectively.

Figure 5-109 Charpy V-notch impact energy from Group D
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5.8.7 CTOD Fracture Toughness Testing
Full wall thickness rectangular B2B (B=11.2 mm) specimens were machined from the pipe
samples with their longitudinal axis perpendicular to the axis of the girth weld. The test
specimens were taken from the 2, 4, 6, 8 and 10 o’clock positions. All notches were generated at
the weld deposit centerline and finished by applying fatigue loading under low stress intensity
conditions at room temperature. The testing temperature is -30 C (-22 F). The CTOD test
results are shown in Table 5-17. The minimum CTOD value of the tested weld deposits is 0.07
mm (Weld Z).
Table 5-17 CTOD test results of Group D

Specimen
O'clock
#

CTOD
mm

inch

Pipe X
A1

2

0.11

0.004

A2

2

0.20

0.008

B

6

0.19

0.007

C

8

0.18

0.007

D

2

0.17

0.007

E

4

0.19

0.007

F1

10

0.18

0.007

F2

10

0.22

0.009

G1

4

0.07

0.003

G2

4

0.17

0.007

G3

4

0.17

0.007

Average

0.17

0.007

Min

0.07

0.003

Max

0.22

0.009

Pipe Y

Pipe Z

5.8.8 Wide Plate Tests
5.8.8.1 Overview of the Test
The wide plate tests were conducted to determine the failure characteristics of tensile loaded
wide plate test specimens containing workmanship type defects. The wide plate test specimens
were extracted from one meter long pipe sections. The geometry and dimensions of the
specimen are shown in Figure 5-110. The cap and root weld reinforcements were not removed.
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Figure 5-110 Geometry and dimensions of wide plate test specimens of Group D

The wide plate test specimens were tensile loaded in a closed loop servo-hydraulic control
system. The tests were conducted at -30 C (-22 F). During the test, the applied load and
deformation occurring in a 20 mm gauge length straddling the weld were monitored and each
was plotted autographically against the average overall extension of the test specimens. The
deformations were measured by means of two spring loaded LVDTs. The applied load vs.
overall extension and the weld metal elongation vs. overall extension records were used to
determine the yield load and the maximum or failure load. The stresses were calculated
regarding the gross section of the test plate. The strain values were obtained based on the
deformation and gauge length. Upon completion of testing, each fracture surface was examined
to determine the nature and the actual dimensions of the defect. Photographs of the broken
specimens and fracture surfaces were taken. Figure 5-111 is a typical picture of a broken wide
plate specimen. Finally, the position of the defect was identified and photographed.

Figure 5-111 A fractured curved wide plate specimen from Group D
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5.8.8.2 Defects in Wide Plate Test Specimens
The types and dimensions of the defects in the wide plate test specimens are summarized in
Table 5-18. The dimensions in the column of “Measured Length” were determined after the
wide plate testing.

Specimen #

Table 5-18 Types and dimensions of the defects in wide plate tests of Group D

Defect

Type

Target
Length

Length from
NDT

Measured
Length

mm

inch

mm

inch

mm

inch

25

0.984

15

0.591

17.3

0.631

25

0.984

27

1.063

40.5

1.606

12

0.472

11

0.433

29.5

1.161

X2 Cap - Incomplete
Y6 Fusion

12

0.472

12

0.472

11.6

0.457

25

0.984

27

1.063

26.3

1.035

Y1 Fill - Lack of Side Wall
X3 Fusion

100

3.937

113

4.449 110.0 4.370

50

1.969

40

1.575

43.0

1.693

X4 Elongated Slag (Wagon
Y2 Tracks)

50

1.969

45

1.772

42.2

1.661

100

3.937

110

1.772 107.7 4.232

12+16 0.600
Root bead - Incomplete
X5
25
0.984
Penetration
Z5
12+16 0.600

22

0.866

19.2

0.783

32

1.260

31.0

1.220

22

0.866

20.3

0.799

Y3

Root bead - Incomplete
Z2
Fusion
X1

Y5

5.8.8.3 Summary of Test Results
A general summary of the test results is shown in Table 5-19. The test results are grouped by
the defect types: (1) incomplete root bead fusion; (2) incomplete cap fusion; (3) lack of side wall
fusion; (4) elongated slag (wagon tracks); and (5) incomplete root bead penetration. The length
and depth of the defect were measured from the fracture surface after testing. The stresses and
strains corresponding to 0.5% strain offset (may be viewed as a yield point) and final failure or
maximum load are shown in Table 5-14. The stresses corresponding to the 0.5% strain offset are
higher than the SMYS and the measured yield strength of the pipe. At the 0.5% offset strain, the
cross-weld strains are highest for the welds with root bead incomplete fusion. This indicates that
flaws of this type are likely to be more detrimental to the weld performance than other types of
flaws investigated. The overall strains at the maximum load or failure are all greater than 2.0%,
indicating those welds offers good resistance to longitudinal strains.
The fracture surfaces and the shapes and dimensions of the test specimens are available from
reference [133].
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Table 5-19 General summary of wide plate test results from Group D

Wide Plate Test Results ( at -30 C)

Specimen #

Defect
Dim

Type

Yield (0.5%)
Max. Load/Failure
CrossCrossL  D Strength Weld Stress Weld Strain
Strain
Strain
mm × mm MPa
%
MPa
%
%

Y3

17.3 × > 2
Root bead - Incomplete
Z2
40.5 × 2.7
Fusion
X1
29.5 × 3.0

617

0.98

697

11.25

5.76

610

1.40

661

8.30

2.42

604

1.00

702

18.15

5.38

X2 Cap - Incomplete
Y6 Fusion

11.6 × 2.0

587

0.40

666

9.50

3.81

26.3 × 3.0

610

NA

706

NA

5.15

Y1 Fill - Lack of Side Wall 111.0 × 2.6
X3 Fusion
43.0 × 3.3

609

0.32

658

3.20

2.40

596

0.70

639

6.10

2.17

X4 Elongated Slag (Wagon 42.2 × 1.5
Y2 Tracks)
107.7 × 2.6

585

0.50

686

10.25

5.15

613

0.10

693

7.63

5.36

Y5

612

0.40

698

15.50

6.14

597

0.77

653

6.70

2.63

615

1.30

694

15.30

3.88

19.9 × 2.2
Root bead - Incomplete
X5
31.0 × 3.1
Penetration
Z5
20.3 × 3.7

5.8.9 General Observations from Group D Data
•

The measured yield strengths at 0.5% strain of all pipes are higher than either SMYS of
X70 (+10 ksi) or the yield strength from the mill certificates (+5 ksi). The Y/T ratio
obtained from the tensile tests by using yield strength at 0.5% strain is in the range of
0.84 to 0.87

•

All the weld metals have either even- or over-matching strength in comparison with the
strength of the pipes.

•

The average and minimum Charpy V-notch impact toughness at -10 ºC (+14 ºF) is
approximately 30 and 20 ft∙lb.

•

The minimum CTOD value of the tested weld deposits is 0.07 mm (Weld Z). For Weld
X, the lowest CTOD value is 0.11 mm. For Weld Y, all CTOD values were greater than
0.17 mm.

•

For the curved wide plate tests, the overall strains at the maximum load or failure are all
greater than 2.0%, indicating that the welds have good resistance to longitudinal strains at
-30 C.

Wang et al. have shown that there can be marked increased in the tensile strength and strain
hardening rates of both pipe materials and girth weld metals at temperatures lower than room
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temperature at which most material characterization tests are conducted [134]. Since the wide
plate tests were done at -30 ºC and the tensile tests of the pipe materials and weld metals were
done at room temperature, the wide plate specimens may have “gained advantage” in
performance from the low temperature. The conventional wisdom is that a low temperature test
is a more severe test condition than a room temperature test. This is only true if the failure event
is fracture dominated, as the low temperature can lead to reduction in toughness. The
performance of the wide plate indicates that the failure events were not fracture dominated.
Therefore the -30 ºC tests may have shown welds having better performance than they might
have at higher temperature.
5.9

Data in Other Sources

In a PRCI-funded effort started in 2014, i.e., PRCI project SIA-1-4 [135], material properties
and flaw characteristics of vintage girth welds are generated and analyzed. The basic material
property data generated are similar to those shown above, include (i) pipe tensile properties in
both hoop and longitudinal directions, (ii) all weld-metal tensile, (iii) macrohardness traverse,
and (iv) Charpy impact transition curves with notches in the heat-affected zone (HAZ) and
deposited weld metal. In addition, tensile tests were conducted on cross-weld specimens with
natural flaws and artificially machined planar flaws. All tested girth welds were inspected using
radiography and phased array UT. Thus, this work provides a coherent picture of the material
properties, flaw characteristics, and stress and strain capacities of the tested vintage girth welds.
Some limited girth weld data are also available in PRCI project MATV-1-3 [136].
5.10

Summary of Material Characteristics and Recommendations

5.10.1 Key Features of Material Characteristics
The basic material property tests provide essential information for quantitative assessment of
the stress and strain capacity of pipeline girth welds. The key information used in assessment
include: pipe tensile strength, pipe strain hardening rate, weld strength mismatch, and toughness.
The general observations from the data described above and test data available to CRES, but not
shown above, are given below.
•

There is a considerable variation in the actual pipe strength relative to the pipe grade. In
all cases, the yield strength in hoop direction meets or exceeds the SMYS of that
particular grade. In some cases, the yield strength in the longitudinal direction can be
lower than the SMYS. In some extreme cases, the yield strength in hoop direction can be
30+ ksi above SMYS.

•

There can be considerable anisotropy in linepipes. The stress-strain curves in the
longitudinal direction can be quite different from those in the hoop direction.

•

The UTS in the longitudinal and hoop direction is usually similar.

•

In most cases, the pipe strength on either side of a girth weld is similar. In some minority
cases, the strength difference can be quite large; much more than typical strength
variation within a joint of pipe. This large difference is most likely caused by linepipes
on either side of a girth weld coming from different heats of steels, different plate/coil
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manufacturers, or even different pipe manufacturers. In cases where such large
differences were found in vintage pipelines, records were not available to determine
which of those scenarios might be at play.
•

There has been a large decrease in pipe’s strain hardening capacity from hot rolled and
normalized pipes with high carbon (0.2%) to microalloyed steels with low carbon.

•

The strength of the deposited weld metal is often less than the actual strength of the pipe.
In most cases, this strength undermatching does not lead to strain concentration in the
girth weld due to the weld cap reinforcement.

•

Weld cap reinforcement can play a significant role in compensating the possible weld
strength undermatching when such undermatching is not overly excessive. Some vintage
girth welds are found to have a wide and smooth cap reinforcement which is beneficial to
weld’s tolerance to longitudinal stresses and strains.

•

The SMAW welds made in 1940s onwards are expected to behavior in ductile manner
under normal service conditions for buried pipelines, i.e., temperature warmer than -10
ºC.

•

Charpy values taken from testing of multiple specimens indicate that, on the average, the
Charpy toughness at -10 ºC is above 20-30 ft∙lb.

•

There can be large variations, sometime by a factor of up to 5-6, in individual Charpy
impact energy for specimens with notches in HAZ. Consequently, Charpy transition
curves with multiple specimens tested at the same temperature give better indications of
material’s behavior than the customary tests of three specimens at a single temperature.

•

A lower bound apparent toughness for vintage welds is around 0.3 mm. In most cases, a
reasonable lower-bound toughness is around 0.40-0.60 mm for vintage welds. Some
welds can have apparent toughness more than 1.0 mm.

•

The measured tensile strain capacity of SMAW welds fabricated in 1940-1960s from
specimens with natural construction flaws give a strain capacity as low as 0.2-0.3% and
as high as >2.0%.
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Detection and Sizing of Girth Weld Anomalies
Abstract

This section consists of three main parts. In Section 6.1, available standards for ILI and
general guidance on the use of ILI are given. In Section 6.2, various girth weld anomalies are
tabulated with short descriptions. These anomalies are further divided into three categories: (1)
geometrical weld inhomogeneities, (2) volumetric anomalies (metal loss and metal gain), and (3)
planar anomalies (crack, notch, etc.). The characteristics of each category and its impact on ILI
performance are described. In Section 6.3, the main categories of ILI tools and their working
principles are explained.
One of the most detrimental girth weld anomalies is tightly-closed planar flaws, such as
hydrogen cracks. Although a few free-flowing and tethered ILI tools are available for detecting
such flaws, reliable information on the performance of these tools has been difficult to obtain.
These tools are not covered in this section presently.
6.1

Overview of ILI

In-line inspection (ILI) tools are widely used to detect and size pipeline anomalies of
different types. No single ILI tool is capable to identify all different types of girth weld and
HAZ anomalies. ILI tools are usually specialized to detect a certain type of anomaly. For
example there are metal loss tools, crack detection tools, caliper tools, etc. Diverse ILI tools
based on different detection technologies (ultrasound, magnetic field, etc.) are developed to
detect the same type of pipeline anomaly.
Several standards deal with the application of ILI tools, data analysis and reporting, including
•

API Standard 1163, In-line Inspection Systems Qualification, serving as an umbrella
document to be used with and complement standards,

•

NACE SP01 02, In-line Inspection of Pipelines,

•

POF 2009, Specifications and Requirements for Intelligent Pig Inspection of Pipelines,
and

•

ASNT ILI-PQ, In-line Inspection Personnel Qualification and Certification.

These documents are general guidelines for application of ILI technology and enable pipeline
operators and ILI vendors to provide processes that consistently qualify the tools, personnel,
procedures, and software utilized in the ILI industry.
A pipeline operator should first understand the exposure of the pipeline to specific anomalies
types and then select appropriate ILI tools to detect the anomaly and size its dimensions. Even if
the capabilities of the selected ILI tool are well proven, the pipeline operator should be aware of
the limitations of ILI technology. Despite the general performance specifications, the actual
inspection performance could be influenced by the specific pipeline properties, ILI tool
configuration and inspection conditions (cleaning, product type, flow regime, tool speed, etc.).
In addition, reporting requirements and data analysis procedures have a significant impact on the
performance of ILI results.
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Typology of Girth Weld Anomalies

ILI tools are specialized to specific anomaly types independently of their location (base
material or girth weld). Therefore, it is important to understand different types of girth weld
anomalies and then to differentiate them in categories associated to specific ILI tools and
technologies.
Girth weld anomalies can be categorized by the ways they are created. MACAW’s Pipeline
Defects describes and shows pictures of more than 30 different examples of manufacturing
related girth weld anomalies [137]. Table 6-1 shows an overview of these anomalies and
associates them with morphology-related ILI categories (metal loss, crack-like, lamination, etc.)
Table 6-1 Overview of manufacturing related girth weld anomalies (Cont’d.)

Anomaly Type

Category

Description

Arc Strikes

may cause
cracking

Caused by a misplaced electrode and creates a localized heataffected zone that may produce hardening which is susceptible for
cracking.

Burn Through

metal loss

Root bead is partially missing but is often covered by the next pass
- also known as ‘window’.

Cap Undercut

metal loss

Cap undercut is a smooth groove between the capping run of the
weld and the parent plate.

Concave Root

metal loss

The root run has a concave profile and occur most commonly at
the 6 o’clock position on the pipe.

Copper Cracking

crack

Fine cracking in the weld metal, often with associated copper
inclusions, and concentrated at the grain boundaries.

Excess Cap
Height

metal gain

Excess weld reinforcement on the cap, usually greater than 3 mm.
It is more common at the 6 o’clock position.

Excess
Penetration

metal gain

Excess weld metal in the root of the weld, usually more than 3
mm. It is most common at the 12 o’clock position.

Hydrogen
Cracking of
Cap HAZ

planar (crack)

This cracking originates at the edge of the weld cap and follows
the heat-affected zone.

Hydrogen
Cracking of
Root HAZ

planar (crack)

‘Cold cracks’ initiate in the heat-affected zone of the root bead and
propagate up the heat-affected zone or into the weld metal.

Hydrogen
Cracking of
Weld Metal

planar (crack)

Cracking in the weld metal which is often transverse to the weld
axis and lying at an angle of 45° to the weld surface.
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Table 6-1 Overview of manufacturing related girth weld anomalies (Cont’d.)

Anomaly Type

Category

Description

Repair Weld
Crack

planar (crack)

Poor repair welding practice such as, lack of preheat or use of
single back weld run instead of two can result in hydrogen cracks
associated with the repair weld.

Lack of Side Wall
Fusion

planar
(lack of fusion)

Lack of side wall fusion occurs as planar discontinuities between
successive weld passes or between the weld bead and the pipe.

Lack of Root
Fusion

planar
(lack of fusion)

Lack of fusion between the edge of a fully penetrated root bead
and the root face on one side - also known as ‘missed edge’.

Lack of
Penetration

planar
(lack of fusion)

This refers to an incomplete penetration of the weld through the
full thickness of the joint to leave an un-fused crevice in the root
run.

Lack of Inter Run
Fusion

lamination

Horizontal lack of fusion between adjacent weld beads (‘cold
laps’).

Misalignment

geometrical
inhomogeneity

Misalignment of the pipe ends across the weld bead produces an
asymmetric weld, which is also known as ‘Hi-Lo’.

Misplaced Cap

geometrical
inhomogeneity

The weld capping run is misplaced to one side so that it does not
fully cover the underlying filler pass.

Parallel Slag
Lines

lamination

Linear voids or slag inclusions are most commonly found between
the first and second pass welds in manual ‘stovepipe’ welds.

Porosity Cluster

inclusion

Porosity cluster refers to a group of pores within the weld metal.

Porosity Isolated

inclusion

Isolated gas pores in the weld metal.

Porosity Piping

inclusion

Also known as wormholes or herring bone porosity this appears as
elongated porosity in the weld bead.

Root Porosity

inclusion

Root porosity is comprised of a continuous pore in the center of
the root bead. It is also known as ‘hollow bead’.

Porosity Scattered

inclusion

Scattered gas pores in the weld metal are caused by the weld pool
solidifying too rapidly whilst supersaturated with dissolved gas.

Root Bead Slag
Intrusion

surf-break lam

Trapped slag at the inside edge of the root weld bead is often
associated with a crack-like lack of fusion defect.

Root Undercut

planar

A groove or channel melted into the pipe metal adjacent to the root
or cap run which has not been filled with weld metal.

Solidification
Cracks

planar (crack)

This occurs as a crack in the center of the weld bead, especially
within hot pass. It is also known as ‘hot tear’.

Stop Start Defect

planar or
metal loss

This appears as a lack of fusion, a lack of fill or a lack of
penetration at the stop / start position, often in the root bead.
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Table 6-1 Overview of manufacturing related girth weld anomalies (Cont’d.)

Anomaly Type

Category

Description

Trapped Slag

inclusion

Slag trapped between individual weaves of the weld run (‘slag
holes’).

Tungsten
Inclusions

inclusion

Isolated inclusions of un-dissolved tungsten in the weld bead only
appear as white spots on the weld radiograph.

Girth welds are also affected by anomalies occurring during the operational life, such as
corrosion, SCC, and mechanical damage. Manufacture-related planar anomalies (e.g. lack-offusion, lack-of-penetration) can grow during the pipeline operation and become a threat for the
pipeline integrity. Other anomalies may also foster the development of corrosion and cracking
defects. Hardened spots from arc strikes can, for example, develop cracking in high strength
hardenable steels. High hardness might encourage preferential corrosion in HAZ (heat-affected
zone).
Regardless of an anomaly’s origin, its morphology is the main detection and identification
criteria for ILI. Apart from mechanical damage, three main anomaly categories are:
•

Geometrical weld inhomogeneities,

•

Volumetric anomalies (metal loss and metal gain), and

•

Planar anomalies (crack, notch, etc.).

Specific ILI tools are specialized in the detection and sizing of each of the above categories.
6.2.1 Geometrical Weld Inhomogeneities
Geometrical inhomogeneities of girth welds are frequently detected by ILI tools.
•

Misalignment of the pipe ends (out of roundness) produce asymmetric girth weld (HiLo).

•

Concave root, misplaced caps, stop-start-defects, irregular trimming and weld repairs are
further examples of weld inhomogeneities.

Apart from their impact on the pipeline integrity, weld inhomogeneities and internal
volumetric anomalies (e.g., excess root penetration) could influence the alignment of the ILI tool
to the pipe surface (e.g., lift-off of sensor carrier) and so impair the detection and sizing
performance in the affected section.
6.2.2 Volumetric Anomalies at/in Girth Weld
Metal loss is the main category of volumetric anomalies.
•

Preferential Weld Corrosion (PWC) occurs both in the girth weld metal and heat-affected
zone. PWC could affect large areas of the girth weld circumference.

•

Axially extended general corrosion crossing the girth weld (e.g., int. channeling) can
affect and reduce weld thickness.
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•

Internal corrosion pits in the girth weld and HAZ of crude lines have often higher depths
than the pits in the neighboring pipe materials.

•

Cap undercut, burn-through (window), lack of fill (stop-start-defects) are examples of
manufacturing related metal loss anomalies that affect girth welds.

Girth welds have extra material in the form of weld cap (typically 1 mm and more) and root
penetration. Excess cap height (typically at 12 o’clock) and excess root penetration (typically at
6 o’clock) are typical examples of metal gain in the girth weld.
Because of the weld bead curvature and the irregular pattern of the weld cap reinforcement, it
is difficult to define accurately a depth threshold as reporting criteria for metal loss anomalies in
girth welds. Since the sound pipe wall or nominal WT is the typical reference for the depth
sizing and reporting, metal loss anomalies in the girth weld are usually reported if the remaining
weld thickness of the anomaly is significantly smaller than the neighboring sound pipe wall.
6.2.3 Planar Anomalies at/in Girth Weld
Several types of manufacturing related planar anomalies occur at/in the girth weld and heataffected zone (HAZ).
•

Hydrogen cracking initiates at the weld cap or root region. Although modern girth
welding standards require the removal of hydrogen cracks, hydrogen cracks have been
found in vintage pipelines due to lack of inspection at the time of construction and in
modern pipelines due to delayed hydrogen cracking.

•

Lack of fusion (LOF) could affect root bead, side wall and weld metal.

•

Lack of penetration of the weld through the full thickness leaves an unfused crevice in
the root.

Cracking anomalies in the girth weld and HAZ could also develop and grow during pipeline
operation.
Complicated girth weld geometry (misalignment, lack or excess penetration, sharp trimming
edges, etc.) may negatively affect the detection performance of ILI tools for planar anomalies.
6.3

Main Categories of ILI Tools

The most common ILI tools for volumetric and planar anomaly are based either on ultrasonic
(UT) or on magnetic-flux-leakage technologies (MFL). Caliper tools for detection of pipe ID
changes and geometrical deformations are not covered in this section.
•

UT wall thickness measurement tools (UT WM) and circumferential MFL are used to
detect and size the dimensions of volumetric anomalies.

•

UT crack detection tools (UT CD) and axial MFL are used to detect and size the
dimensions of planar and semi-planar anomalies.

•

EMAT crack detection tools (Electro Magnetic Acoustic Transducer) are becoming
increasingly popular to inspect planar anomalies in gas pipelines. Although the EMAT
technology can be basically applied to both axial and circumferential anomalies, the
available EMAT ILI tools are specialized to axial cracking.
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The following figure shows the main categories of ILI tools.

ILI Tools
Crack
Detection

Metal Loss
UT WM

UT CD

MFL - C

MFL - A

Pipe
Geometry

EMAT - CD
Figure 6-1 Overview of ILI tools and technologies

6.3.1 Ultrasonic Wall Thickness Measurement Tools
UT inspection is based on beam pulse echo technique. Figure 6-2 demonstrates its basic
principle. In this technique, piezoelectric sensors are used as transmitter and receiver. The
electrical excitation in the sensor is converted to an ultrasonic wave propagating in the liquid
coupling medium and into the pipe wall or weld material. This wave is then reflected at
interfaces, the multiple echoes reflected at front wall (internal surface of the pipeline) and back
wall of the test material (pipeline) are received by the ultrasonic sensor and recorded.

Figure 6-2 Schematic view of the ILI ultrasonic WT measurement (compression waves)
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The UT wall thickness (WT) measurement is based on the so-called compression waves
(straight beam) which propagate perpendicularly to the pipe surface (90).
Measurement of the time-of-flight of reflected ultrasonic signal permits determination of the
material thickness and the distance between the sensor and the front surface of the material
(standoff distance).
•

The measurement of WT and depth values is based on the sound velocity of steel which
is constant (ca. 5920 m/s).

•

The depth of internal anomalies can be additionally measured from the stand-off profile
(redundant information). The sound velocity of the coupling medium influences
calculation of the “Stand-off” (spacing between sensor and internal pipe surface).

The standard UT WM tools have a circumferential resolution (sensor spacing) of about 8 mm
and axial resolution (data sampling rate) of about 1 mm to 3 mm. The circumferential resolution
is defined for the tool class but the data sampling rate can be usually configured for the
individual inspection run in consideration of the maximum tool speed during the run.
Since the volumetric anomalies in the girth welds are usually very short, it is useful to use
tools with high resolution.
A typical performance specification of standard UT WM tools for metal loss anomaly is:
•

Detection (POD of 90%)

min. anomaly diameter of 10 mm and min. depth of 1.0 mm

•

Depth sizing

min. anomaly diameter of 20 mm and min. depth of 1.0 mm

•

Depth sizing accuracy

±0.5 mm at 90% Confidence level

6.3.2 Ultrasonic Crack Detection Tools
The detection of planar anomalies is based on the UT shear waves (angle beam) which
propagate transversally to the pipe wall. Figure 6-3 demonstrates its basic principle.

Figure 6-3 Schematic view of the ILI ultrasonic crack detection (shear waves)

The shear waves should ideally propagate in 45 angle into the pipe wall. In order to achieve
the optimum refracted angle of 45 in the pipe wall, the UT beam should propagate in the
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coupling medium with an incidence angle of 16 to 19, depending on the sound velocity in the
propellant medium. Therefore, it is important to know the expected range of the sound velocity
prior to the inspection in order to adopt mechanically the sensor-carrier to an inclination angle
that creates the optimum propagation angle of the shear waves.
The attenuation of the coupling medium weakens the signal strength of UT shear waves.
Highly damping liquids (e.g. heavy crude oil) can thus significantly reduce the signal strength
and the quality of the UT data. Since the depth sizing is based on signal strength (amplitude), it
is indispensable to know reliably the damping properties (attenuation) of the coupling medium
(crude, diesel, water, etc.).
UT crack detection (CD) tools of different sensor carrier configuration are used for the
detection of axially oriented and circumferential oriented planar anomalies. In both
configurations, double number of angled sensors measure each position from two opposite sides.
The sound beams of neighboring sensors overlap, enabling 100% coverage from each side.
In the UT CD tools for axial cracks, the UT sensors are circumferentially oriented and angled
in both the clockwise (CW) and counter-clockwise (CCW) direction. The sensor spacing around
the circumference for each direction (CW or CCW) is typically between of 7 mm to 10 mm. The
UT CD tools for axial anomalies (UT CD-C) are the most commonly used crack detection tools,
mainly for crude and liquid product pipelines.
In the UT CD tools for circumferential cracks, the UT sensors are axially oriented and angled
in both the upstream (US) and downstream (DS) direction. The axial sensor spacing for each
direction (US or DS) is typically in the range of 8 mm to 10 mm. The axial resolution (data
sampling rate) is typically 2 mm to 3 mm.
The UT CD tools for circumferential anomalies (UT CD-A) are designated to detect
circumferential planar anomalies of the girth weld and also in the pipe base material.
UT CD-A tools are generally much less used in comparison to the tools for axial cracks
detection. Figure 6-4 shows a schematic view of UT CD detection of circumferential crack at
the girth weld.
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Figure 6-4 Schematic view of the UT detection of circumferential crack at girth weld

The depth sizing of the crack detection tools is historically provided in four depth classes
(buckets):
•

depth class of < 1 mm

•

depth class of 1 mm – 2 mm,

•

depth class of 2 mm to 4 mm

• depth class of > 4 mm
Up to crack depth of 4 mm, the crack depth is nowadays reported as a discrete depth with an
accuracy interval (e.g. 2.7 mm ± 1.0 mm). Crack depths above 4 mm cannot be further
differentiated because of signal saturation.
6.3.3 Axial Magnetic Flux Leakage
Magnetic flux leakage (MFL) represents robust technology to detect and size structural
changes and volumetric flaws at girth welds. By inducing a strong saturating magnetic field in
the pipe wall high coverage of response signals is achieved. Between two yoke shoes a closed
magnetic circuit is built easily penetrating a girth weld. Even smallest changes in the structure or
thickness of the wall generate magnetic field disturbance signals. These are recorded with highly
sensitive hall sensors or coils optionally in all three principal directions, axial, circumferential
and radial.
The axial conventional MFL technology has the following major advantages making it
suitable for girth welds anomalies:
•

MFL is not only sensitive to volumetric flaws but also to the tiniest changes in the wall
thickness.
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In addition to metal loss anomalies, the axial MFL tool can detect semi-planar anomalies
with a very small volumetric component like lack of penetration, lack of fusion and
cracks with an opening >0.1 mm. The axial MFL tools can contribute to distinguish
semi-planar anomalies (e.g. lack of root penetration) from purely planar anomalies with
negligible crack opening.

Semi-planar anomalies and open cracks have produce shorter magnetic flux leakage signal in
comparison to volumetric anomalies. Therefore, it is useful to increase the resolution of the axial
MFL tool for crack detection (higher data sampling rate).
The continuous data recording of an MFL tool at a girth weld creates a signal which is
superimposing three principal sources:
•

The normal structure of the weld causing a signal comparable to an inverted metal loss
signal, because of the extra metal of the weld bead reinforcement. This normal girth
weld signal has the major advantage to be principally homogenous for the entire
circumference and very similar for all the welds of the same manufacturing.
The detection of a flaw therefore mainly is defined as difference to the circumferential
background or generally expected signal.

•

The lift-off of the sensor pad caused by the weld root penetration, dynamically
susceptible also to the passage velocity, i.e. impulses caused by the interaction.

•

Abnormal structural elements in the girth weld or its vicinity.

The detection of a volumetric flaw at girth welds depends on the special individual
combination of the three factors mentioned above. For instance, a 5% deep internal pinhole may
cause a clearer signal in the center of the root than in straight pipe, but becomes invisible if the
sensor starts to jump at a certain speed. The detection performance at girth welds is a complex
individual consequence of all interacting factors, not only the geometry of the flaw itself.
The differences in signal between the normal weld signal and the abnormal signal will also
contain components which are affected by the individual mechanical and geometrical situation of
the measurement at the girth weld.
6.3.4 EMAT Crack Detection
EMAT (Electro Magnetic Acoustic Transducer) in ultrasonic based NDE technology that
does not require liquid coupling medium. Therefore, the EMAT based ILI tools are mainly used
for the inspection of gas pipelines.
The ultrasonic waves are generated directly in the pipe wall. A coil induces eddy currents in
the presence of a magnetic field and creates forces that excite ultrasound beam in the pipe wall.
EMAT technology can be basically applied both to volumetric anomalies (like UT WM) and
to planar anomalies (like UT CD). EMAT technology is so far mainly used for crack detection.
It has some significant differences in comparison to liquid coupled UT CD and axial MFL tools.
•

EMAT does not require liquid coupling.
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•

The crack opening has no impact on the detection capability of the EMAT tools. Like the
UT CD tools, EMAT tools can also detect purely planar anomalies without any
volumetric component (crack without visible opening).

•

The crack depth sizing of EMAT is discrete (no depth classes) and has no upper limit of
the depth differentiation like UT CD tools with the signal saturation effect.

•

EMAT tools for circumferential cracks and thus for girth weld anomalies are not
commercially available presently.
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Fitness-for-Service Assessment
Abstract

In this section, the framework of FFS assessment is first introduced. In broad terms, FFS
assessment involves the comparison of strain demand and strain capacity. A pipe segment or a
weld is deemed safe when the strain capacity is higher than the strain demand by a sufficient
margin.
FFS assessment procedures are divided into three categories, depending on the loading
mode and the level of strain demand:
•

FFS procedures under small tensile strain,

•

FFS procedures under moderate to large tensile strain, and

• FFS procedures under compressive strain.
Within each category, the procedures are covered with the following elements:
•

Applicability and limits,

•

Fundamental basis,

•

Key considerations and key input parameters to the procedures, and

• Example applications.
The application of FFS assessment procedures under various field scenarios is described in
Section 9 in which the overall hazards management process is outlined.
The sample applications, such as alternative X-Ray criteria and tensile strain capacity of
manual welds, are meant to demonstrate the capabilities and possible use of FFS assessment for
conditions outside general industry knowledge. The outputs/numbers in those sample
application cases should not be taken literally as conditions for proper FFS assessment are sitespecific.
7.1

Framework of FFS Assessment

Two predominant limit states associated with high longitudinal stresses and strains are tensile
leak/rupture and compressive buckling (see Figure 7-1). The fitness of the pipeline may be
assessed by comparing the strain demand and strain capacity, as shown Figure 7-2. If the
capacity is determined to be greater than the demand by a sufficient margin of safety, the
pipeline is deemed safe.
As described in Section 1.2, other limit states can involve (1) tensile failure in the hoop
direction due to the local high hoop strains from wrinkles and buckles, (2) tear of materials in the
longitudinal direction, e.g., along seam weld, due to very high location strains from severe
wrinkles and buckles, and (3) fatigue flaw growth in areas of local high strains. Although
procedures/tools are available to assess those limit states, such assessment requires specialized
analysis on a case-by-case. The focus of this section is the assessment of tensile rupture,
particularly that of girth weld, and compressive buckling.
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Figure 7-1 Possible failure models of a pipeline due to mine subsidence

Figure 7-2

7.2

Schematic illustration of the relationship between strain demand and strain
capacity in FFS assessment

FFS Assessment at Small Tensile Strains

7.2.1 Applicability of Traditional Stress-Based FFS Assessment Procedures
Traditional stress-based FFS assessment procedures are formulated to provide accurate
assessment when the applied stress is slightly below the yield strength. The customary definition
of linepipe’s yield strength is at 0.5% total strain. The 0.5% strain is beyond the elastic
proportional limit for linepipe steels. For instance, if the material response is completely linear
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elastic up to the yield strength, the proportional limit of the strain for a steel of yield strength of
60 ksi is 0.2% (0.2% = 60/30,000, where 30,000 ksi is the elastic modulus of the steel). Figure
7-3 shows a sub-set of the stress-strain curves of Figure 5-9 at small strain and the definition of
yield strength at 0.5% total strain. The strain at linear elastic limit is lower than 0.5% strain.
When strains are greater than elastic limit, the accuracy of stress-based assessment
procedures in resolving strains becomes poor. These procedures are designed to resolve stresses.
When the strains are greater than elastic limit, a small change in stress is associated with large
change in strain. In order to resolve small changes in strains, the procedures need to be
extremely precise in resolving stresses.
The upper bound strain level at which the stress-based FFS procedures may be applied can be
determined by setting the upper limit of stress at 90% SMYS. The strain level corresponding to
this stress level varies, depending on the yield strength of the material. For instance, for X52,
X60, X65, and X70 pipes, the corresponding strain levels are 0.17%, 0.18%, 0.20%, and 0.21%,
respectively. Therefore, the stress-based FFS procedures are good to strains levels up to
approximately 0.2%.

Figure 7-3 Definition of yield strength relative to stress-strain response

7.2.2 Fundamentals of Stress-Based FFS Assessment Procedures
Some of the most frequently used stress-based FFS procedures are API 1104 Annex A [138],
CSA Z662 Annex K [139], BS7910:1999 [140], API 579 [141], and DNV OS F101 [142].
Most of the recent stress-based FFS assessment procedures use the concept of failure
assessment diagram (FAD). The FAD approach was first proposed by the Central Electricity
Generating Board (CEGB) in the United Kingdom in 1976. The procedure was termed R-6
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procedure after the report number issued that year [143]. The original R-6 procedure used
Dugdale strip yield model which was only applicable to elastic perfectly plastic materials. The
procedure has since been extended to materials with strain hardening by replacing yield stress
with flow stress (the average of the yield stress and tensile stress). The FAD-based ECA allows
the simultaneous consideration of brittle fracture, plastic collapse, and the interaction between
those two failure modes (elastic-plastic fracture). The three key components that constitute the
FAD-based ECA are:
1. Failure assessment curve (FAC),
2. Stress ratio, Sr or Lr, and
3. Toughness ratio, Kr.
These three key components are shown graphically in Figure 7-4 [144]. The FAC is a locus
that defines the critical states in terms of the stress and toughness ratios. The stress ratio is the
ratio of the applied stress over the plastic collapse stress. It defines the likelihood of plastic
collapse. The toughness ratio is the ratio of applied crack driving force over the material’s
fracture toughness. It defines the likelihood of fracture. For a structure with a known defect, the
stress and toughness ratios define an assessment point in the FAC plane. If the point falls inside
the FAC locus, the structure is deemed safe.
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dn, Eqs. (8), (9), (10), and (1)
, Eq. (7)
Je, Eqs. (11), (12), and (13)

e
, Eq. (6)
 mat

mat, CTOD toughness

1.6

Kr

Brittle Fracture

1.4

Failure Assessment
Curve, Eq. (4)

1.2
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Lr = a , Eq. (14)
c
Figure 7-4

0.6

0.8

1

1.2

1.4

Lr1.6

a, stress analysis
c, Eq. (15)

FAD structure and associated equations for the application of API 1104 Appendix
A Option 2 approach. The equation numbers in the text boxed refer to the
equations in the API 1104 Appendix A document.

7.2.3 Key Considerations in Applying Stress-Based FFS Assessment Procedures
For pipeline girth welds, the stress-based FFS assessment procedures, such as API 1104
Annex A and CSA Z662 Annex K, have been successfully applied to new pipeline construction.
The fundamental basis of those procedures is applicable to in-service pipelines, when appropriate
values of input parameters can be determined or estimated. For in-service pipelines, the FFS
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procedures may be applied in one of two ways. The first one is comparing the critical flaw size
(the maximum flaw size at the point of incipient failure) with the estimated flaw dimensions (that
can come from ILI indications or other inspection methods). If the estimated flaw size is smaller
than the critical size, the girth weld is deemed safe. The second approach is comparing the
maximum permissible stress/strain at the point of incipient failure with the anticipated applied
stress/strain on the weld. If the anticipated stress/strain is lower than the maximum permissible
stress/strain, the weld is deemed safe for continued operation.
There are practical differences in applying FFS assessment procedures to in-service
pipelines, particularly vintage pipelines, vs. new pipeline construction. The principle difficulties
for in-service pipelines is the lacking of appropriate material properties, uncertainties with flaw
dimensions and stresses experienced by the segment of interest, particularly girth welds. The
estimation of those parameters is discussed below.
7.2.3.1 Characterization of Girth Weld Flaws
Girth weld flaws can be characterized by ILI tools or in-ditch inspection. ILI tools are
further divided into free-flowing tools and tethered tools. ILI tools are preferred when inspecting
long segments of pipelines. These tools are capable of locating and characterizing anomalies
such as mechanical damage (dent and gouges), corrosion, wrinkles, and cracks. The possibility
to find a particular anomaly depends on a number of factors, including the anomaly size and
orientation, pipeline condition such as material variation, proximity to other features,
construction practices, and debris and deposits, etc. [145, 146]. There are no universal intelligent
pigs able to detect and size all laws. A given type of inspection tool is designed to look for a
specific type of anomalies [147, 148, 149].
When performing FFS assessment, it is critical to recognize the capabilities and limitation of
inspection tools. For instance, current MFL tools are capable of providing the length of
indications of certain features in girth welds, but they are not capable of discerning the nature of
the indications and the height or depth of anomalies. More on the capabilities and limitations of
various tools are given in Section 6.
7.2.3.2 Flaw Types
Flaws in a girth weld can be either surface-breaking or buried in terms of their position in the
pipe wall thickness direction. Flaws can be either volumetric, such as slag or porosity, or planar,
such as cold cracking or IPD.
As shown in Section 5, a large proportion of the flaws in vintage girth welds are volumetric,
such as porosities and slags. Extensive experimental tests have shown that that buried
volumetric flaws are not a structural integrity concern in pipeline girth welds. Planar surfacebreaking defects are the most detrimental to the integrity of girth welds. In API 1104 Annex A,
buried flaws are conservatively treated as surface-breaking flaws of the same dimensions.
When the nature of the flaws is not precisely known, they are conservatively treated as planar
surface-breaking flaws in FSS assessment.
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7.2.3.3 Flaw Height
As shown in Section 5, most of the planar and volumetric flaws in vintage girth welds have a
height of 2 mm. The length of those flaws can vary significantly, but most have a length of less
than 4-6 in. The flaw height in some cases can be as high as 4-5 mm.
It’s a generally sound practice to correlate flaw height with weld bead height. Most flaws are
one weld bead height, typically 2-3 mm. In less common cases, the flaw height can be of two
weld bead height, typically 4-6 mm.
In rare cases when hydrogen cracking was found to be a major contribution to field failures,
the height of these cracks can be as large as nearly full nominal wall thickness; only weld cap
provides the pressure boundary. It may be argued that, in some extreme cases, the flaw height
can be such that only one weld bead is left as the remaining ligament (as the pressure boundary).
This extreme assumption about flaw height is not reasonable for assessing long segments of
pipelines as such instances are rare. Furthermore such assumption can lead to “predicting”
failures of many welds. Such an outcome is not helpful in developing practical maintenance
actions.
7.2.3.4 Fracture Toughness
One key difference between the new pipeline construction and the in-service pipeline is the
availability of material’s toughness. In new pipeline construction, the toughness is determined in
the welding procedure qualification before field welding. For in-service pipelines, destructive
testing of a particular weld of interest is not possible. Therefore, the toughness is often estimated
from welds of similar vintage for which test data are available.
The material toughness in API 1104 Appendix A is expressed in CTOD. For in-service girth
welds, the most widely available toughness is Charpy impact energy. A generally accepted
conversion process from Charpy impact energy to CTOD toughness is used to derive the CTOD
toughness. The Charpy energy may be converted to material’s toughness in stress intensity
factor (Kmat) [150],
2

 K mat 



 = 0.52 Cv − 0.02 
  


 y 
 y


(7-1)

where Kmat is in the unit of MPa√m , the Charpy energy in the unit of Joule, and the yield strength
in the unit of MPa.
The Kmat may be converted to Jmat (in the unit of MN/m) using the following relation,

J mat =
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where E is elastic modulus in the unit of MPa and v is the Poisson’s ratio. The Jmat may be
converted to CTOD toughness (δmat) through the following relation [151],

 mat = d n

J mat
y

(7-3)

where dn is a dimensionless conversion constant that is related to material’s strain hardening
exponent n. For most pipeline steels, the value of dn is in the range of 0.5-0.8. The value of dn
can be obtained from Y/T ratio using a relationship in API 1104 Appendix A.
Equations (7-1) to (7-3) establish the relationship between Charpy impact energy and the
CTOD toughness. For a given Charpy impact energy, the CTOD toughness is estimated from
the relationship for the development of tolerable flaw size.
Test data from Section 5 show that a reasonable lower bound full-size Charpy energy is 2030 ft∙lb is converted to a CTOD toughness of 0.031-0.046 mm. This CTOD toughness is
relevant to a test specimen under bending load. Girth welds with anomalies are under tension
load. As shown in Appendix F, materials under tension behave tougher than under bending. The
apparent increase in toughness is attributable to the so-called constraint effects [152]. The
increase of toughness is generally accepted in the range of a factor of 2-3 as given in CSA Z662
Annex C [139].
Based on the evidence presented above, reasonable lower bound CTOD toughness for
applying stress-based FFS assessment is 0.1 mm.
7.2.3.5 Applied Stress Level
Except in rare occasions, longitudinal stresses in pipelines are generally unknow. As shown
in Table 3-1, a stress level of 50-60% SYMS is a reasonable baseline value. For lower grades,
the stress level relative to SYMS is on the higher range, because the stress from temperature
differential is independent of pipe grade. The design limit for longitudinal stress in ASME
B31.4 and B31.8 is 90% SYMS for most pipelines.
For case-specific assessment, a stress level of 75%-90% SMYS is proposed. For screening
purposes, a stress level of 60%-75% is proposed. These proposed stress levels are applicable for
pipe segments with nominal settlement after construction, but without evidence of ground
movement, unsupported spans, or insufficient negative buoyancy.
7.2.4 Alternative X-Ray Criteria
One of the key contributors to the occasional girth weld failures of vintage pipelines is the
existence of large flaws left from construction. Given the difficulties associated with the
detection and sizing of those flaws by in-line tools, an operator may choose in-ditch NDT –
typically X-ray or ultrasonic testing (UT) – and decide if the welds should be repaired, cut out, or
a segment of the pipeline should be replaced. The seemingly logical criteria for making such
decisions are the workmanship flaw acceptance criteria in API 1104 or equivalent standard. In
fact, bringing welds to current code requirements can be mandated by regulators.
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The workmanship criteria in API 1104 are intended as a construction quality control measure
with no built-in or assumed performance target. Flaw height, which plays a critical role in weld
performance, is a not part of the criteria. All welds, regardless of their mechanical properties and
wall thickness, have the same allowable length.
FFS procedures in Appendix A of API 1104 are applied to develop allowable flaw length a
few sample cases, including a range of pipe diameter, wall thickness, and grades, as shown in
Table 7-1. Two levels of longitudinal stress are assumed for the basis given above. Similarly
two levels of CTOD toughness are assumed. The flaw heights are given as one weld bead height
(2.5 mm), two weld head height (5.0 mm), or three weld bead height (7.5 mm). The maximum
flaw height is capped to a limit so the remaining ligament would be approximately one weld
bead height (2.5 mm), representing nearly worst case scenario. All flaws are planar surfacebreaking.
The maximum allowable flaw length in Table 7-1 is capped at 25% of the pipe circumference
even when the FFS assessment procedure produces greater allowable length. It is evident that
the minimum allowable flaw length is slightly greater than 1.0 in, which is the allowable flaw
length in the workmanship criteria for planar flaws. The allowable flaw length in most cases is
much greater than 1.0 in. These sample cases demonstrate that FFS assessment procedures can
be applied to achieve consistent level of integrity and safety while reducing the number of
unnecessary repairs and cutouts. These sample cases also shown that the workmanship criteria
in API 1104 are poorly suited for assessing the girth weld performance of in-service vintage
pipelines.
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Table 7-1 Allowable flaw length per API 1104 Appendix A FFS procedure with the listed pipe
dimensions, material properties, and applied longitudinal stress level
Diameter
and WT

Pipe
Grade

inch, inch

mm
X52

26, 0.281
X60

X65
36, 0.375
X70

X70
42, 0.500
X80

7.3

CTOD = 0.1 mm
CTOD = 0.2 mm
Flaw
Height Longitudinal Stress / SMYS Longitudinal Stress / SMYS
0.75

0.90

0.75

0.90

mm

inch

mm

inch

mm

inch

mm

inch

2.5

519

20.4

122

4.8

519

20.4

145

5.7

4.5

108

4.3

44

1.7

185

7.3

68

2.7

2.5

514

20.2

110

4.3

519

20.4

137

5.4

4.5

97

3.8

39

1.5

164

6.5

62

2.4

2.5

718

28.3

189

7.4

718

28.3

210

8.3

5.0

135

5.3

49

1.9

231

9.1

87

3.4

7.0

71

2.8

31

1.2

119

4.7

51

2.0

2.5

718

28.3

177

7.0

718

28.3

201

7.9

5.0

126

5.0

45

1.8

217

8.5

82

3.2

7.0

66

2.6

29

1.1

112

4.4

48

1.9

2.5

838

33.0

314

12.4

838

33.0

314

12.4

5.0

223

8.8

72

2.8

420

16.5

138

5.4

7.5

97

3.8

37

1.5

173

6.8

67

2.6

2.5

838

33.0

269

10.6

838

33.0

269

10.6

5.0

190

7.5

58

2.3

347

13.7

120

4.7

7.5

82

3.2

32

1.3

151

5.9

59

2.3

FFS Assessment at Large Tensile Strains

7.3.1 Factors Affecting Tensile Strain Capacity
The tensile strain capacity of a pipeline is dominated by the tensile strain capacity of its girth
welds. The girth welds here refer to the entire weld region, including the weld metal, the fusion
boundary, and the heat-affected zone (HAZ). Girth welds tend to be the weakest link due to the
possible existence of weld defects and often deteriorative metallurgical and/or mechanical
property changes from welding thermal cycles. Consequently, tensile strain capacity (TSC) is
intrinsically related to the metallurgical and mechanical properties of linepipes and girth welding
procedure.
The dominant factors that affect tensile strain capacity are:
•

Weld profile, broadly referring to the cross-sectional profile of girth weld, including
the height and width of weld cap reinforcement, high-low misalignment, etc.
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•

Weld strength mismatch, referencing to the relative strength different between the
deposited weld metal and base pipe

•

Heat-affected zone softening, or lack of it. Both the width of the softened zone and
the magnitude of the softening are important.

•

Weld bevel geometry. The bevel angle and the width of the weld metal relative to the
thickness of the pipe are influencing factors.

•

Flaw type and dimensions. Planar surface-breaking flaws are more detrimental than
buried volumetric flaws. For most flaws with aspect ratios found in realistic welds,
flaw height is more critical than flaw length.

•

Fracture toughness. For pipes with light to moderate wall thickness (up to about 0.5
in or 12.7 mm), initiation toughens is much more important than stable ductile growth
resistance.

7.3.2 Physical Process of Tensile Rupture

CMOD

The physical process of a tensile strain failure starting from a planar girth weld flaw may be
described as follows. Under increasing stress or strain, the flaw first blunts from the initial sharp
flaw. The blunted flaw initiates ductile tearing upon further loading. The small ductile tear then
grows in size, and eventually forms a growing flaw with a sharp tip. The initial blunted profile
remains behind the sharp flaw. The evolution of the flaw profiles is shown in Figure 7-5.

Figure 7-5 Behaviour of a girth weld flaw under increasing longitudinal tensile strain

The significance of flaw growth is shown by the sequence of the growth relative to the
remote tensile strain. The strain vs. flaw growth history of the full-scale tests conducted by JFE
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is shown in Figure 7-6 [153]. At 0.5 mm flaw growth, the strain is at approximately 2.4%. At
the point of leakage, the strain is approximately 2.6% and the flaw growth is 2.0 mm. Much of
the flaw growth occurs near the final leakage point accompanied by a small increase of remote
strain. This and other similar tests have shown that once the flaw growth rate starts to accelerate,
the remaining additional strain capacity is limited. Much of the strain capacity comes from the
straining process prior to a small amount of flaw growth. Therefore, setting the limit state for
tensile strain capacity at the ductile flaw initiation is a physically sound and accurate
representation of material’s strain capacity.

Figure 7-6 Flaw growth vs. strain history from a full-scale pipe test [153]

7.3.3 Applicability of Tensile Strain Models
7.3.3.1 Tensile Strain Models for New Pipeline Construction
Tensile strain models developed in the last decade principally targeted for new pipeline
construction in areas expected to have ground movement hazards [154, 155, 156]. The two
predominant models are the PRCI-CRES models developed with the support of US DOT
PHMSA [157, 158, 159, 160] and the ExxonMobil models [161, 162, 163, 164, 165]. Early
work supported by PRCI [166, 167, 168, 169, 170, 171, 172, 173] has been largely superseded by
the more recent models. SINTEF was also earlier developer of tensile strain models [174, 175,
176]. Other less used or newer tensile strain models in various stages of development are those
by JFE [177, 178, 179 ], the University of Gent [180] and TWI [181].
The intended principal applications of those modes are:
•

New pipeline construction,

•

Modern line steels,

•

Mechanized welding processes, and

•

Moderate to high level of applied strains. For instance, the PRCI-CRES models have
a lower bound applicable strain of approximately 0.75%. The upper bound of
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applicable strain is about one third of the pipe material’s uniform strain. Many
modern microalloyed linepipe steels have a uniform strain of 6-10%. Therefore, the
models are good for strains up to a range of 2-3%3.
In Section 7.3.4, the PRCI-CRES models are further described as an example of the recent
tensile strain models.
7.3.3.2 Tensile Strain Models for In-Service Pipelines with Manual Girth Welds
A PRCI funded effort is under way to develop tensile strain models for in-service pipelines
with manual girth welds [182]. The initial focus is on pipelines constructed without the use of
modern microalloyed steels, approximately before mid- to late 1960s in North America. The
models are suitable for strains greater than approximately 0.2%. This work is scheduled to be
completed by the first half of 2017.
7.3.3.3 Use of Tensile Strain Equations in CSA Z662 Annex C
In the 2007 Edition of CSA Z662 [183], a set of equations for computing tensile strain
capacity was included as a Tier 2 approach based on work funded by PRCI [169, 170]. The
equations gained popularity in some operators because its simplicity and ease of use. In the most
recent publication of CSA Z662 (2015 Edition), these equations were removed from the Annex
C without replacement. Although not officially confirmed, one of often-cited reasons is the
equations did not consider the effects of internal pressure. This is a mischacterization of the
historical events and the outcome can be misleading.
By the time those equations were being incorporated in Annex C of CSA Z662, the potential
impact of internal pressure on tensile strain capacity was starting to emerge, but there was no
sufficient work to determine the magnitude of the impact. As a precautionary measure, the
apparent toughness, which is used to compute tensile strain capacity, was set to have an upper
bound limit of 0.3 mm. This effectively eliminated the possibility of over-predicting tensile
strain capacity even in the presence of internal pressure. Recent comparisons of tensile strain
capacity prediction among different models and with experimental data show that the equations
in CSA Annex C were almost always conservative [184]. In some cases, these equations tend to
be overly conservative. In summary, the equations in CSA Z662 Annex C are conservative, even
when the internal pressure is not an input parameter in those equations.
7.3.4 Building Blocks of PRCI-CRES Models
The PRCI-CRES models are fully documented in two comprehensive reports to PHMSA
[185, 186] and in conference publications [157, 158, 159, 187, 188]. These models are used as
an example to demonstrate the concept of tensile strain models.

3

As described in Section 9.1.2, ASME B31.4 and B31.8 have a design strain limit of 2.0%. With uncertainties
associated with factors affecting tensile strain capcity, it is recommended that upper bound strain demand limit be
limited to 2.0% unless case-specific justifications can be made to allow for higher strain limit.
CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 246

7.3.4.1 Limit States
Two limit states are recognized in the PRCI-CRES models.

F and A

The initiation-control tensile limit state is achieved when the crack driving force CTODF or
δF reaches material’s apparent toughness CTODA or δA. The apparent toughness is the toughness
corresponding to the onset of stable tearing. Both CTODF and CTODA are represented by the
crack tip opening displacement, i.e., CTOD. The strain corresponding to the apparent toughness
is the tensile strain capacity (TSC), i.e., tcrit. This limit state is schematically shown in Figure
7-7. The ductile instability limit state is achieved when the crack-driving force, δF, is about to
exceed the resistance, δR, when the flaw grows. This limit state is schematically shown in Figure
7-8.

A

tcrit Remote Strain

F and R

Figure 7-7 Schematic illustration of initiation-control limit state
Remote Strain

F

4
3 =tcrit

A

2
1

R

Failure Point
Da = 0

Flaw Growth Da

Figure 7-8 Schematic illustration of ductile instability limit state
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7.3.4.2 Crack-Driving Force
7.3.4.2.1

Development of Crack-Driving Force Relations

The crack driving force, CTODF or δF, is given as a function of remotely applied nominal
strain, 𝜀𝐹 , as shown in Figure 7-7 and Figure 7-8. The relationship between 𝛿𝐹 and 𝜀𝐹 is obtained
through extensive finite element analysis (FEA). The FEA incorporated the following
parameters:
(1) Geometric parameters:
t
pipe wall thickness, mm,
a
flaw height, mm,
2c
flaw length, mm, and
h
girth weld high-low misalignment, mm.
(2) Material parameters:
𝜎𝑦
pipe yield strength, MPa,
𝜎𝑈

pipe ultimate tensile strength, MPa,

𝜎𝑈𝑊

weld metal tensile strength, MPa, and

(3) Loading parameter:
pressure factor, ratio of applied hoop stress to pipe yield strength.

fp

Weld profiles representing narrow-groove mechanized GMAW and standard groove SMAW
and FCAW processes were incorporated into finite element models. A database of crack-driving
force was generated from the FEA. Two sets of parametric equations, one for GMAW and one
for FCAW/SMAW, were developed from the database. These equations use the follow
normalized parameters:

 = a/t
 = 2c/t
 = h/t

normalized flaw depth,
normalized flaw length,

𝜉 = 𝜎𝑦 ⁄𝜎𝑈

normalized weld high-low misalignment,
base metal Y/T ratio,

𝛷 = 𝜎𝑈𝑊 ⁄𝜎𝑈

weld metal strength mismatch ratio
pressure factor, ratio of applied hoop stress to pipe yield strength.

fp
7.3.4.2.2

Parametric Form of Crack-Driving Force Relations

The crack driving force relationship takes the following generic form,
𝜀𝐹 = 𝑚𝑖𝑛(𝜀𝑢 , 𝑃(𝑓𝑝 )𝐺(𝑡)𝜀𝑃 )

(7-4)

where u is pipe uniform strain (uEL) and the functions G(t) and P(fp) characterize the effect of
wall thickness and internal pressure, respectively.
The function G(t) is given as,
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15.9 0.8096(1+1.503𝜓
)
𝐺(𝑡) = (
𝑡

1.229 )

(7-5)

and the function 𝑃(𝑓𝑝 ) is in the form of,
5
𝑃𝑚𝑎𝑥 − 𝑓𝑝 (𝑃𝑚𝑎𝑥 − 1) if 0 ≤ 𝑓𝑝 < 0.6
𝑃(𝑓𝑝 ) = {
3
1
if 0.6 ≤ 𝑓𝑝 ≤ 0.8

(7-6)

A conservative and fixed value of 1.5 was initially given to 𝑃𝑚𝑎𝑥 in [186]. A more refined
relation was developed later as,
𝑎
𝑃𝑚𝑎𝑥 = 2.25 − 2
(7-7)
𝑡
The function 𝜀𝑃 in Eq. (7-4) is given as,
𝜀𝑃 = 𝐴

𝐹(𝛿𝐹 )
1 + 𝐹(𝛿𝐹 )

(7-8)

where the function 𝐹(𝛿𝐹 ) is
𝐷

𝐹(𝛿𝐹 ) = (𝐶𝛿𝐹 )𝐵𝛿𝐹

(7-9)

A, B, C, and D in Eqs. (7-8) and (7-9) are fitted functions of normalized geometry and
material properties [158].
7.3.4.3 Toughness
7.3.4.3.1

Form of Toughness and Test Specimens

Two forms of toughness, (1) initiation toughness as represented by apparent toughness and
(2) resistance curves, may be used in the PRCI-CRES tensile strain models as shown in Figure
7-7 and Figure 7-8. Such toughness may be obtained from multiple types of test specimens,
including traditional Charpy impact and standards three-point bend CTOD test specimens and
low-constraint test specimens of shallow-notched three-point bend CTOD, SENT (single edge
notched tension), and CWP (curved wide plate). The images of some toughness test options are
given in Figure 7-9.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Figure 7-9

7.3.4.3.2

Page 249

Images of various toughness test options that may provide input to the PRCICRES tensile strain models. Left: standard three-point bend CTOD; Middle: SENT;
and Right: CWP

Obtaining Apparent Toughness from Traditional Test Specimens

As the apparent toughness represents the initiation toughness of girth welds under
predominantly tensile loading, the relevant toughness is that from low-constraint specimens. A
conversion process is provided for toughness obtained from traditional specimens.
The apparent toughness CTODA may be estimated from Charpy upper shelf impact energy,
UCVN4.
For welds of X52 to X65 linepipes, the conversion relation is given as,



 A =  0.00590 Y − 0.00103U CVN

T


.

For welds of X70 and X80 linepipes, the conversion relation is given as,



 A =  0.00634 Y − 0.00155U CVN
T


.

In the above equations, Y is the yield stress at 0.5% total strain and  is the ultimate tensile
strength in the pipe longitudinal direction. The units of the Charpy energy UCVN and CTODA are
Joule and mm, respectively. The maximum CTODA that may be used from the conversion is 1.2
mm.
When upper-shelf CTOD toughness is available from standard CTOD test specimen, a
multiplication factor of 1.5 - 2.0 may be applied to obtain CTODA. The recommended default
conversion factor is 1.75. The conversion factor is applicable to standard SENB specimens
without side grooves. It should be emphasized that the relevant CTOD toughness for conversion
4

These relations are valid for mechanized GMAW welds made onto modern microalloyed TMCP steels.
Different relations are necessary for SMAW welds made onto vintage or modern steels.
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must be from upper-shelf CTOD. A single CTOD toughness value from maximum load, i.e., m,
is not sufficient to indicate upper shelf behaviour [189].
7.3.4.3.3

Obtaining Apparent Toughness from Resistance Curves

Resistance, CTODR

The CTODA may be obtained from resistance curves of low-constraint specimens, such as
SENT, at a flaw growth Da = 0.5 – 1.0 mm as illustrated in Figure 7-10. The selection of the
amount of flaw growth depends on pipe wall thickness and possibly other parameters.
Generally, the recommended Da is 0.5 mm for pipe wall thickness of 12.7 mm or 1/2 in and 1.0
mm for pipe wall thickness of 25.4 mm or 1.0 in. When the pipe wall thickness is between
above two extreme values, a linear interpolation may be used to determine the appropriate Da
value.

CTODA

Da = 0.5 – 1.0 mm

flaw growth, Da
Figure 7-10 Schematic illustration of obtaining CTODA from a resistance curve

7.3.4.4 Selection of Test Specimens
As described previously, the PRCI-CRES models accept toughness from multiple types of
test specimens. If there is a choice, low-constraint tests are preferred to high-constraint tests.
Similarly tests from large-scale specimens are preferred to small-scale specimens as the
toughness used here is no-longer a material parameter. When a limited number of tests are done,
resistance curves tend to have smaller variations than tests that generate single toughness values,
such as traditional CTOD tests.
The selection of test specimens should be considered in conjunction with the recognition of
difficulties of the tests and possible inconsistency in implementing test procedures by different
labs. In some cases, uniformly acceptable test procedure may not exist, e.g., that for curved wide
plate test.
7.3.4.5 Predicted TSC vs. Toughness Options
The allowance for multiple test specimen types inevitably introduces the possibility of nonuniqueness of the predicted TSC. This issue has always existed when assessments are done with
multiple options of toughness. In stress-based assessment, such as that using BS 7910, results
are generally different when toughness converted from Charpy, toughness from CTOD, or
toughness from J-integral are used. Similarly, different results are obtained from different levels
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of assessment, either in accepted assessment procedures like BS 7910 or in the PRCI-CRES
models. The toughness conversion for the PRCI-CRES models is biased towards conservatism.
As indicated previously, the toughness from traditional tests must be from upper-shelf behavior
before the conversion.
7.3.5 Structure of PRCI-CRES Models
The PRCI-CRES models are organized in four levels as shown in Figure 7-11.
The Level 1 models are intended for quick estimations of the likely tensile strain capacity.
The TSC is tabulated for selected pipe dimensions, material properties, and flaw size [186]. The
apparent toughness is estimated from the upper shelf Charpy impact energy.
The Level 2 models are given in a library of parametric equations. The apparent toughness
can be estimated from either the upper shelf Charpy impact energy or the upper shelf standard
CTOD toughness.
The Level 3 models have two options. Level 3a uses an initiation-control limit state. Level
3b uses a ductile instability limit state. In Level 3a, the TSC is obtained by the use of the same
library of parametric equations as in Level 2. The apparent toughness is obtained by a number of
low constraint test options, including shallow-notched SE(B), SENT, or CWP.
The Level 4 models are structured in the same format as Level 3 models, except that the
crack-driving force relations are directly obtained from FEA as opposed to from parametric
equations. The toughness options are the same as in Level 3. This level allows for special cases
when the specific weld geometry and material properties do not allow the use of the first three
options. The Level 4 models should only be exercised by seasoned experts.

Figure 7-11 Overall structure of the PRCI-CRES tensile strain models
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7.3.6 Correlating Parameters in PRCI-CRES Models
The PRCI-CRES models correlate the following parameters.
(1) Pipe dimensions:
t

pipe wall thickness, mm,

(2) Girth weld geometry feature
h

girth weld high-low misalignment, mm.

(3) Flaw dimensions
a

flaw height, mm,

2c

flaw length, mm, and

(4) Material tensile properties:

y

pipe yield strength, MPa,

U

pipe ultimate tensile strength, MPa,

UW

weld metal tensile strength, MPa, and

(5) Material toughness:
Either initiation toughness (apparent toughness) or resistance curve
(6) Loading parameter:

fp

pressure factor, ratio of applied hoop stress to pipe yield strength.

(7) Tensile strain capacity
Tensile strain capacity may be obtained when other input parameters in Nos. (1)-(6) are
known. Alternatively, necessary conditions of parameters in Nos. (1)-(6) can be determined for
a target tensile strain capacity.
7.3.7 Application of CRES Tensile Strain Models
7.3.7.1 Role of Tensile Strain Models
Tensile strain models may be used in the design phase of a pipeline or in the integrity
management of an existing pipeline. In the design phase, tensile strain models may be used for
•

Setting linepipe specifications,

•

Setting requirements for girth weld qualification,

•

Determining flaw acceptance criteria, and

•

Helping to develop field inspection procedures, such as treatment of high-low
misalignment.

For the integrity management of existing pipelines, tensile strain models may be used for
•

Assessing the risk of tensile rupture,

•

Facilitating the decision-making on mitigation options, and

•

Determining the intervention threshold in allowable strain demand.
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7.3.7.2 Applications at Levels 2 and 3
The PRCI-CRES tensile strain models are very versatile. They may be used to estimate the
tensile strain capacity (TSC) for a given set of conditions as shown in Figure 7-12. One of the
major applications is the development of flaw acceptance criteria for field girth welding as
shown in Figure 7-13. The models may also be used to play “what-if” scenarios to meet the
same target level of TSC as shown in Figure 7-14. For instance, a balanced approach between
weld toughness and strength mismatch may be developed against practical limits of welding
processes and realistically-achievable material properties.

Figure 7-12 Sample applications of the PRCI-CRES tensile strain models in the form of tensile
strain capacity (TSC) vs. various physical parameters
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Sample applications of the PRCI-CRES tensile strain models in the form of flaw
acceptance criteria with a target tensile strain capacity (TSC) of 1.5%

Figure 7-14 Sample applications of the PRCI-CRES tensile strain models at various levels of
target tensile strain capacity (TSC)
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7.3.7.3 Applications at Level 4
7.3.7.3.1

Example 1 – Use of Weld Cap Overbuild to Enhance TSC

One of the effective means of overcoming the potential strain concentration caused by weld
strength undermatching and HAZ softening is building additional weld deposit at the girth weld,
i.e., weld overbuild. As depicted in Figure 7-15, an overbuild can be achieved by depositing
more weld metal at the cap than in a “normal” girth weld. The weld overbuild must have
adequate thickness and width to ensure no excessive strain concentration occurs at the girth
weld. On the other hand, too much weld overbuild would increase the cost of pipeline welding
as the production rate of girth welding may be negatively affected. It is therefore important to
have sufficient, but not excessive amount of weld overbuild.
The effectiveness and proper level of weld overbuild are assessed using Level 4a of the
PRCI-CRES tensile strain models. The principal focus is the effects of weld profile on the crack
driving force (CTODF). Level 4a of the PRCI-CRES models allows for the development of
weld-specific crack-driving force relation.

Figure 7-15

Cross section of a pipe girth weld with weld overbuild

The schematic of the finite element modes is shown in Figure 7-16. The key parameters for
the overbuild is its thickness and width. Figure 7-17 shows the overall model geometry and the
detailed profile of the girth weld and the overbuild. The total length of the pipe used in the
model is 10 times of the pipe OD. Only one half of the pipe was modeled due to symmetry
conditions. Two flaw locations are analyzed: one in the weld central line, the other at the fusion
boundary between the weld metal and HAZ, as shown in Figure 7-18. All flaws are introduced
on the ID surface of the pipe. The sample case has a pipe outer diameter of 12.75 in (324 mm)
and thickness of 0.5 in (12.7 mm).
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Overbuild Thickness

ID Surface Flaw

Figure 7-16

Schematic illustration of cross sections of a girth weld without overbuild (top) and
a girth weld with overbuild (bottom)

Figure 7-17 Geometry of the pipe and the girth weld with overbuild. The green region
represents the base pipe; the red region represents the weld metal; the pink region
represents the HAZ of both girth weld and overbuild. The black line in the middle
of the weld represents the flaw.
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Flaw locations: at weld centerline (left) and at HAZ (right)

Figure 7-19 shows the crack driving force as a function of the remote strain for the flaw at
the weld centerline with a size of 5.0×75.0 mm. The weld without the overbuild is estimated to
have a TSC of ~0.6%. While all the weld overbuilds improve the strain capacity of the girth
welds, those with 5.0-mm width show the least amount improvement. At this small width,
increasing the thickness of the overbuild by 100% (from 1.5 mm to 3.0 mm) only improve the
strain capacity slightly.

CTOD Driving Force (mm)

1.4
1.2
1.0
0.8

Tensile Strain Limit State

0.6
0.4
0.2
0.0
0.00

0.01

No Overbuild

1.5x5.0-mm Overbuild

1.5x12.7-mm Overbuild

3.0x5.0-mm Overbuild

3.0x9.0-mm Overbuild

3.0x12.7-mm Overbuild

0.02

0.03

0.04

Remote Strain (mm/mm)

Figure 7-19 Crack driving force vs. remote strain relationship for 5.0×75.0 mm flaws at the weld
centerline with various overbuild sizes

To understand the importance of overbuild width, the longitudinal strain distributions on the
symmetry plane (where the deepest point of the flaw is located) are plotted for the flaw of
5.0×75.0 mm, all with the remote strain at 0.375% in Figure 7-20. The contours clearly show
that the bands of high longitudinal strain emit from the crack tip and expand in the directions of
45o with respect to the flaw plane. For the no-overbuild case, the bands of high longitudinal
strain expand and reach the OD surface of the pipe. The 1.5×5.0-mm overbuild provides some
reinforcement, but its width is not enough to cover the bands of high longitudinal strain at the
OD surface. When overbuild width is increased to 12.7 mm, the overbuild covers the bands of
high longitudinal strain. The size of the high strain bands is a direct indication of the crack-tip
deformation. Wide overbuild width leads to small amount of crack-tip deformation, therefore
low crack driving force.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 258

As shown in Figure 7-20, there are two small regions having black contours that indicate
negative (compressive) strains. One of the regions is near the very crack tip. The other one is
the two long strips on the ID surface at the either side of the crack (bottom of the contour plots).
These negative strains are the result of numerical extrapolation of the strain values calculated in
the elements’ integration points. The steep strain gradient cause negative strains when the strain
values at the integration points are extrapolated. The zones of negative strains could be reduced
progressively with increasingly refined finite element mesh.

Figure 7-20 Longitudinal strain contours on symmetry plane with remote strain = 0.375% for
flaw of 5.0×75.0 mm at the weld centerline. Top: no overbuild; middle: 1.5×5.0-mm
overbuild; Bottom: 1.5×12.7-mm overbuild
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Figure 7-21 Longitudinal strain contours on symmetry plane with remote strain = 0.375% for
flaw of 5.0×75.0 mm in HAZ. Top: 3.0×5.0 mm overbuild; middle: 3.0×9.0-mm
overbuild; Bottom: 3.0×12.7-mm overbuild

The TSC of girth welds with planar weld and HAZ flaws was estimated using the Level 4a
approach of the PRCI-CRES tensile strain models. The TSC and the associated flaw size and
overbuild dimensions is shown in Table 7-2. It is evident that weld overbuild can be an effective
method to enhance the TSC of girth welds. The flexibility of the Level 4a approach is
demonstrated through the application of the same fundamental principles of Levels 1-3 to weld
profiles not covered in the parametric crack-driving force relationships.
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Estimated TSC with weld overbuild of various size

Flaw
Flaw Depth Flaw Length
Overbuild
Location*
(mm)
(mm)
Thickness (mm)

Overbuild
Width (mm)

Estimated Tensile
Strain Capacity (%)

1

WM

3.0

100.0

0.0

0.0

0.64

2

WM

3.0

100.0

1.5

5.0

0.81

3

WM

3.0

100.0

1.5

12.7

2.80

4

WM

3.0

100.0

3.0

5.0

0.80

5

WM

3.0

100.0

3.0

9.0

1.70

6

WM

3.0

100.0

3.0

12.7

>5.00

7

WM

5.0

75.0

0.0

0.0

0.47

8

WM

5.0

75.0

1.5

5.0

0.56

9

WM

5.0

75.0

1.5

12.7

0.84

10

WM

5.0

75.0

3.0

5.0

0.58

11

WM

5.0

75.0

3.0

9.0

0.82

12

WM

5.0

75.0

3.0

12.7

1.67

13

HAZ

3.0

100.0

0.0

0.0

0.64

14

HAZ

3.0

100.0

1.5

5.0

0.79

15

HAZ

3.0

100.0

1.5

12.7

2.24

16

HAZ

3.0

100.0

3.0

5.0

0.83

17

HAZ

3.0

100.0

3.0

9.0

1.57

18

HAZ

3.0

100.0

3.0

12.7

3.04

19

HAZ

5.0

75.0

0.0

0.0

0.47

20

HAZ

5.0

75.0

1.5

5.0

0.55

21

HAZ

5.0

75.0

1.5

12.7

0.81

22

HAZ

5.0

75.0

3.0

5.0

0.57

23

HAZ

5.0

75.0

3.0

9.0

0.75

24

HAZ

5.0

75.0

3.0

12.7

1.26

* WM: Weld Metal; HAZ: Heat-Affected Zone

7.3.7.3.2

Example 2 - Application of Level 4 to Modern Girth Welds

The Level 4a methodology can be applied to assess the impact of weld strength mismatch,
HAZ softening, and weld bevel geometry. One of such applications is given in Appendix D.
7.3.8 Tensile Strain Models for Manual-Welded Pipelines
7.3.8.1 Model Setup
The Level 4a methodology has been applied manual girth welds. Extensive review of the
cross-sectional profiles of girth welds fabricated in the 1940s to 1960s revealed that the weld
profiles were quite different from those modelled in developing the Levels 1-3 procedures in the
PRCI-CRES models. A typical weld macro is shown in Figure 7-22. In the FE models, the weld
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profile is simplified into three material zones: (1) weld metal (WM), (2) heat-affected zone
(HAZ), and (3) base metal (BM). To better characterize those three material zones, some key
dimensions were selected and shown in Figure 7-22.

Figure 7-22 Weld macro of vintage girth welds

Compared to the modern mechanized girth welds, these girth welds often have a wide weld
cap. Analysis of nearly 100 weld macros showed the weld cap overbuild had the mean value of
2.2 mm and a standard deviation of 0.8 mm. Since the pipe wall thickness of those girth welds is
often less than 10 mm, the weld cap overbuild has a strong influence on TSC of those girth
welds. The key dimensions of the representative girth weld profiles used in the analyses are
shown in Table 7-3.
Table 7-3 Key dimensions of representative vintage girth weld profiles

Root Root
Width Height

WT

HAZ
Width

Cap
Height

Cap
Cap
Width Overbuild

Bevel
Angle

in

mm

mm

mm

mm

mm

mm

mm

degree

0.203

5.2

4.0

2.4

4.2

1.6

13.6

3.2

30

0.344

8.7

4.0

2.4

4.2

1.6

16.5

2.6

30

0.500

12.7

4.0

2.4

4.2

1.6

19.1

1.6

30

To develop the tensile strain capacity models, the FEA was conducted to calculate the crackdriving force relations. One example FEA model is shown in Figure 7-23. Due to the symmetry
boundary conditions in the pipe circumference direction, only half of the pipe was modeled. The
total length of the model is set at 6 times the pipe OD to eliminate the end effects on crack
opening and to obtain a finite uniform strain zone. Eight-node brick (3-D solid linear) elements
with reduced integration and hybrid interpolation functions were used where the non-linear
geometric (large deformation) effect was enabled. The flaw was modeled in a semi-elliptical
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shape and located on the ID surface of the pipe along the fusion line (i.e., HAZ flaws). The flaw
size was kept constant during simulation and no flaw growth was modeled. The flaw dimensions
are set from typically observed flaw dimensions and workmanship flaw acceptance criteria in the
main body of API Standard 1104. The flaw depth is set at 2.5 mm, which is closed to one root
bead height. The flaw depth is also set at 1.5 mm due to the thin pipe wall thickness of the
vintage girth welds. The flaw length is set to three values of 12.7 mm (1/2 inch), 25.4 mm (1
inch) and 50.8 mm (2 inch) which would be a good representative of flaw length in the field.

Figure 7-23 Example FEA model of a pipe with the vintage girth weld

The stress-strain curves of the pipe and weld metal were constructed and used in the FEA.
The weld metal strength was assumed to be 20% below the strength of the pipe based on tests of
vintage girth welds fabricated in 1940s to 1960s. These girth welds typically show little to no
HAZ softening. For all cases analyzed, the HAZ was assumed to have the same material
property as the pipe base metal. The FEA was conducted in two loading steps. In the first step,
a prescribed internal pressure was applied to the ID surface of the pipe where the two pipe ends
were free of constraints and loads. In the second step, the FE model was subjected to uniaxial
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tension on one end and fixed on the other end along the pipe longitudinal direction while holding
the internal pressure. The crack driving force curves, i.e., the relationship between the crack tip
opening displacement (CTODF) and the remote strain, were determined from FEA.
7.3.8.2 Example Results
The crack driving force curves of all the analyzed cases were extracted from the FEA results.
One example crack driving force curve is shown in Figure 7-24.

Figure 7-24 Example crack-driving force relations from FEA

Using the Level 4a methodology of the PRCI-CRES models, the TSC of the girth welds with
various flaw dimensions, pipe wall thickness, and pipe Y/T ratios can be estimated for a range of
apparent CTOD toughness. The TSC of a sample case with a vintage X52 pipe of 0.344 in wall
thickness is shown in Table 7-4.
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Table 7-4 Sample TSC for a X52 vintage pipe with 0.344 in WT and Y/T ratio of 0.63
Flaw
Flaw
Height Length
(mm)
(mm)

1.5

2.5

5.0

CTODA (mm)
0.3

0.4

0.5

0.6

0.7

0.8

12.7

1.20

1.57

1.92

2.24

2.50

2.73

25.4

0.95

1.23

1.51

1.79

2.03

2.27

50.8

0.76

0.98

1.20

1.41

1.61

1.80

12.7

1.12

1.45

1.77

2.06

2.32

2.56

25.4

0.77

1.00

1.22

1.45

1.66

1.86

50.8

0.56

0.71

0.87

1.02

1.17

1.31

12.7

1.29

1.64

1.95

2.24

2.49

2.72

25.4

0.68

0.87

1.07

1.24

1.42

1.59

50.8

0.41

0.52

0.63

0.74

0.84

0.95

7.3.9 Means to Enhance TSC
The beneficial effects of weld overbuild are straightforward to understand as described in the
previous section. Historically weld cap reinforcement with smooth and wide profiles have
played an important role in girth weld integrity. An example of such weld is shown in Figure
7-25. Although the wide weld cap was probably produced without the explicit intent of taking
advantage of the weld reinforcement, the cap does serve to ensure that the weld region has
sufficient overall strength to match the strength of the pipe. Experimental tests have shown that
welds with such caps can effectively shield root cracks of small-to-moderate size from causing
failure in the weld.

Figure 7-25 Cross section of a SMAW girth weld produced in the early 1950s

Having appropriate weld profiles can offset the negative impact of girth weld high-low
misalignment on the weld integrity as described by Wang et al. [190]. Two girth welds were
made purposely with a high degree of weld high-low misalignment. The mechanized GMAW
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weld had a maximum misalignment of 21% of pipe wall thickness and a weld strength that is 5%
higher than the weld strength. Yet all cross-weld tensile specimens necked outside the region in
the base pipe material, including the specimens with the highest degree of misalignment. The
manual SMAW weld has a maximum misalignment of 39% of the pipe wall thickness and a weld
strength that is 5% below the strength of the pipe. With near-zero misalignment, the cross-weld
tensile specimens necked outside the weld region. Even at the highest degree of misalignment,
the joint strength was only reduced by a few percentage points. Similar to the analyzed welds
with weld overbuild, the width of the welds needs to be sufficiently wide to offset the effects of
the high degree of misalignment.
Having sufficient overbuild is necessary to reduce the crack driving force thus increasing
TSC. Given the plastic strain emitting in a 45º pattern from the crack tip, the overbuild needs to
extend approximately one wall thickness beyond the flaw plane if the ID flaw is shallow.
Considering that HAZ flaws can be on either side of the deposited weld metal, the total width of
the overbuild needs to be the weld metal width plus two wall thickness (one wall thickness on
each side of the weld) to achieve the most effective reinforcement.
7.4

FFS Assessment of Compressive Buckling

7.4.1 Different Test Setup and its Significance
A pipe’s resistance to compressive buckling is often experimentally measured using various
forms of full-scale test setup. Figure 7-26 shows one possible test setup. A test section is
attached between two loading arms. Lateral bending is applied to the test section through the
rotation of the loading arms. The rotation is achieved through the hydraulic actuator at the other
end of the loading arms. When the test section is pressurized, the end cap effects would exert a
longitudinal tensile force on the test section. The actuator that generates the rotation also exerts
a longitudinal force on the test section. To counter-act those longitudinal forces or generate a
desired level of longitudinal force, a separate set of hydraulic actuator located right above or
below the test section provide an independent loading mechanism.
Figure 7-27 shows a different test setup where the primary loading mechanism is longitudinal
compression which is intended to test pipe’s resistance to longitudinal compression. A wrinkle
would form during such tests as shown in Figure 7-28.
Figure 7-29 shows yet another test setup in which lateral bending moment is applied through
a four-point bending mechanism. This test setup has no mechanism to counter-act the tensile
longitudinal force generated by the cap effects of internal pressure.
Different values of compressive strain capacity are reported from different test setups even
when the test specimens have essentially the same properties. This difference is often not
recognized by the industry in general.
7.4.2 Compressive Strain Capacity (CSC) and its Significance
A pipe’s resistance to compressive longitudinal strain may be measured in various forms,
such as the load vs. displacement, moment vs. bending angle, or moment vs. bending strain
relations. One such example is shown in Figure 7-30. A key measure of the pipe’s resistance to
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compressive strain is determined at the point of maximum load or bending moment. The
bending strain at the attainment of such load or bending moment is often termed compressive
strain capacity.
At the point of maximum load or bending moment, only a small wrinkle is formed. If the
deformation is stopped, as it could be the case with displacement controlled loading, pipe usually
does not sustain damage of structural integrity concern. Wrinkles of structural significance
generally experience strains much greater than the so-called compressive strain capacity. Such
wrinkles are formed when the deformation is unrestrained. Further discussions on the
significance of CSC and post-buckling behavior are given in Section 10.3.

Figure 7-26 A test setup for testing a pipe’s resistance to lateral bending
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Figure 7-27 Full-scale compression tests for the Trans-Alaska pipeline [191]
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Figure 7-28 A wrinkle produced from a full-scale compression test [191]
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Figure 7-29 A four-point bending setup to determine a pipe’s resistance to lateral bending [192]
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Figure 7-30 Response of an UOE pipe to lateral bending for an X100 unaged pipe with 36 in
(914.4 mm) diameter and 13 mm wall thickness and internal pressure of 13 MPa
[192]

7.4.3 Models for Compressive Strain Capacity
7.4.3.1 CSA Z662 Models
The CSA Z662 equations (Clause C.6.3.3 of Annex C) were originated from the work by
Gresnigt in 1980s [193]. These equations were developed by fitting a curve to the lower bound
of the measured strains in an experimental database. The equations in the recent versions of the
CSA codes, i.e., 2007 and 2011 [194], were modified to correct possible over-estimation of
strain capacity under high internal pressures. The CSA equations can be used for the conditions
with combined bending and axial (longitudinal) compression under internal overpressure (i.e.,
internal pressure  external pressure).
The CSA Z662 equations (7-10) and (7-11) are shown below. The unit of the CSC (𝜀𝑐crit ) is
in/in or mm/mm.
2

𝜀𝑐crit

𝑓𝑝 𝜎𝑦
𝑡
= {0.5 − 0.0025 + 3000 [
] }
𝐷
𝐸

if 𝑓𝑝 < 0.4

(7-10)

𝜀𝑐crit

0.4𝜎𝑦 2
𝑡
= {0.5 − 0.0025 + 3000 [
] }
𝐷
𝐸

if 𝑓𝑝 ≥ 0.4

(7-11)
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The pressure factor (fp) can be calculated from the following Eq. (7-12).
𝑓𝑝 =

(𝑝𝑖 − 𝑝𝑒 )𝐷
2𝑡𝜎𝑦

(7-12)

In Eq. (7-10) to (7-12), t is the pipe wall thickness, D is the pipe outside diameter (OD), y is
the pipe yield strength, E is the Young's modulus of the pipe, pi is the internal pressure, and pe is
the external pressure.
The CSA equations explicitly recognize two parameters, i.e., the pipe D/t ratio and pressure.
However, since the equations were obtained by fitting experimental data, the pipe strain
hardening property (such as Y/T ratio) and geometry imperfection were implicitly taken into
account for the data existed in the database. It is likely that the upper bound pipe Y/T ratio
and/or geometry imperfection (of the pipes in the experimental database) were implicitly
considered by the models since the lower bound of the experimentally measured strains were
used in developing the equations. It is not clear if the experimental database used to derive the
CSA equations had specimens with girth welds.
Although the applicable range of the input parameters is not explicitly specified for the CSA
equations, based on the original work leading to the CSA equations [193], the applicable D/t
ratio should be between 20 and 120. A safety factor of 1.25 on strain capacity is recommended
by the CSA codes.
7.4.3.2 DNV OS F101 Models
In DNV OS F101 [195], two sets of CSC equations are provided for load- and displacementcontrolled loading conditions, respectively. For the displacement-controlled loading conditions,
two separate equations, i.e., internal overpressure (i.e., pi  pe) and external overpressure (i.e., pi
 pe), are provided. The focus of this review is on the equations for the displacement-controlled
conditions with internal overpressure. The displacement-controlled equations (with internal
overpressure) were based on finite element results. A slight change to the flow stress for
calculating the pressure effect was made in the recent 2007 version of the DNV codes which
makes the calculated CSC slightly less conservative for pipes with Y/T ratios greater than 0.87.
The DNV equation for plain pipes is given in Eq. (7-13) and the DNV equation for pipes
with girth welds is given in Eq. (7-14) where the unit of the CSC (𝜀𝑐crit ) is in/in or mm/mm,
(𝑝𝑖 − 𝑝𝑒 ) −1.5
𝑡
𝜀𝑐crit = 0.78 ( − 0.01) [1 + 5.75
]
𝐷
𝑝𝑏

(7-13)

(𝑝𝑖 − 𝑝𝑒 ) −1.5
𝑡
𝜀𝑐crit = 0.78 ( − 0.01) [1 + 5.75
]
𝛼𝑔𝑤
𝐷
𝑝𝑏

(7-14)

where,
2𝑡

𝑝𝑏 = 𝐷−𝑡

2
√3

𝜎

𝑢
min (𝜎𝑦 , 1.15
),
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𝜎

 = 𝜎𝑦,
𝑢

1
𝛼𝑔𝑤 = {

𝑖𝑓
𝐷

1 − 0.01 ( 𝑡 − 20)

𝐷
𝑡
𝐷

≤ 20

𝑖𝑓 𝑡 > 20

.

In the above equations, u is the pipe ultimate tensile strength (UTS).
In addition to the pipe D/t ratio and pressure, the DNV equations include the pipe Y/T ratio
to account for the effect of the material's strain hardening capacity on the CSC. The DNV
equations also recommend a CSC correction factor (𝛼𝑔𝑤 ) for pipes with girth welds. The
correction factor was developed using the experimental data published by University of Alberta
in 1994 [196].
The DNV equations are limited to the pipes with D/t ≤ 45, which are typical for offshore
pipelines. No limits on the applicable pipe grades or Y/T ratios are specified in the codes. The
recommended safety factors on the CSC are 2.0 or 3.3.
7.4.3.3 API RP 1111 Models
The API RP 1111 equation [197] was developed for offshore applications and is applicable to
external overpressures only (i.e., pi  pe). The API equation is given in Eq. (7-15) as shown
below. The unit of the CSC (𝜀𝑐crit ) is in/in and mm/mm.
𝜀𝑐crit = [

(𝑝𝑒 − 𝑝𝑖 ) 𝑡
1
−
]
1 + 20𝛿
𝑝𝑐
2𝐷

(7-15)

where,
(𝐷

)

−𝐷

𝛿 = (𝐷𝑚𝑎𝑥 +𝐷𝑚𝑖𝑛 ),
𝑚𝑎𝑥

𝑝𝑐 =

𝑚𝑖𝑛

𝑝𝑦 𝑝𝑒 ′
√𝑝𝑦 2 +𝑝𝑒 ′2

,

𝑡

𝑝𝑦 = 2𝜎𝑦 𝐷, and
𝑡 3

𝑝𝑒 ′ = 2𝐸 (𝐷)

1
.
(1−𝜈2 )

In the above equations,  is the so-called ovality (i.e., the out of roundness) of the pipe cross
section and ν is Poisson’s ratio of the pipe materials. The Dmax and Dmin are the maximum and
minimum OD of a given cross section.
The API RP 1111 equation includes the effect of the D/t ratio, pressure, and ovality of the
pipe cross section. The equation is limited to D/t  50 and pi  pe. The recommended safety
factor on the CSC is 2.
7.4.3.4 University of Alberta (UOA) Models
The UOA models (2006) [196], were based on extensive finite element analyses (FEA). The
FEA were done under bending and internal pressures (i.e., pe = 0).
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The UOA models consist of four (4) sets of equations: (1) plain pipes with round stress-strain
curves (Eq.(7-16)), (2) plain pipes with yield plateau (i.e., Lüder’s extension) in stress-strain
curves (Eq. (7-17)), (3) pipes of round stress-strain curves with girth welds (Eq. (7-18)), and (4)
pipes of yield plateau in stress-strain curves with girth welds (Eq. (7-19)). The unit of the CSC
in Eqs. (7-16) to (7-19) is %.
0.8542

𝜀𝑐crit (%)

2.9398 1.5921
−1 𝐸
)
=(
(1 − 0.8679𝑓𝑝 ) ( )
𝐷/𝑡
𝜎𝑦

0.8

𝜀𝑐crit (%)
𝜀𝑐crit (%)

𝑡 2
−1 𝐸
= 40.4 ( ) (1 − 0.906𝑓𝑝 ) ( )
𝐷
𝜎𝑦

8.995 1.724
−1 𝐸
)
=(
(1 − 0.892𝑓𝑝 ) ( )
𝐷/𝑡
𝜎𝑦
𝑡 2
−1 𝐸
= 106 ( ) (1 − 0.5𝑓𝑝 ) ( )
𝐷
𝜎𝑦

]

(7-16)

0.15

ℎ𝑔
[1.12 − ( )
𝑡

0.701

0.7

𝜀𝑐crit (%)

0.1501

ℎ𝑔
[1.2719 − ( )
𝑡

[1.087 − (

]

ℎ𝑚 0.086
)
]
𝑡

ℎ𝑚 0.09
[1.10 − ( ) ]
𝑡

(7-17)

(7-18)

(7-19)

In addition to the D/t ratio and pressure factor (fp), the UOA models include the pipe yield
strength and geometry imperfection as input parameters. For the pipes with girth welds, the
geometry imperfection refers to the high-low misalignment (i.e., hm) of the girth welds. For plain
pipes, the geometry imperfection refers to a local outward bulge (i.e., hg) on the pipe outside
surface [198] as shown in Figure 7-31. The bulge has a total length of D/2 (i.e., Lb = D/2) along
the length of the pipe and covers 90 (i.e.,  = 90) in the pipe circumference.

Figure 7-31 Representation of the geometry imperfections in plain pipes by UOA models

In the models other than the UOA models, the pipe yield strength is used only to calculate the
pressure effect. In the UOA models, in addition to the pressure effect calculation, the yield
strength is used as an input parameter to capture the effect of material’s properties on the CSC.
Two different shapes of the pipe stress-strain curves, i.e., continuous/round vs. discontinuous
yielding, are considered. For the stress-strain curves with discontinuous yielding, a Lüder’s
extension up to 0.5% strain is assumed [199].
The applicable range of the UOA models depends on the FEA database used in the model
development. The FEA database covers pipe grades from X52 to X80 (with yield strength from
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359 MPa to 550 MPa). It should be noted that a pre-determined Y/T ratio was used for a given
pipe grade. For example, the Y/T ratios used for X52 and X80 pipes are 0.78 and 0.87,
respectively [199]. The pipe D/t ratio covers from 50 to 90. The height of the geometry
imperfection (hg) is between 2% and 30% of wall thickness. The girth weld high-low
misalignment (hm) is up to 1/8 in (3.02 mm). The maximum hoop stress induced by the internal
pressure is 80% SMYS.
In the FEA for developing the UOA models, the plates (i.e., end caps) attached to the ends of
the pipe to hold internal pressure during experimental tests were modeled. Therefore, with
internal pressures, a net-section tensile force is generated in the longitudinal direction (i.e., end
cap effect). The net-section tensile force is known to increase the CSC.
7.4.3.5 CRES Models
7.4.3.5.1

Equations for Compressive Strain Capacity

The CRES models are given in the following Eq. (7-20) to (7-27),
𝜀𝑐crit (%) = min (𝜀𝑢 , 𝐹𝐿𝐷 ∙ 𝜀𝑟 )
𝐹𝐿𝐷 = {

(7-20)

𝜀𝑟 {1 − 0.50 ∙ (1 − 0.75𝜀𝑟 −0.23 ) [1 + tanh (8.0
1

𝜀𝑒
− 8.2)]} SSC Lüder
𝜀𝑟
SSC Round

𝜀𝑟 (%) = 𝐹𝐷𝑃 ∙ 𝐹𝑌𝑇 ∙ 𝐹𝐺𝐼 ∙ 𝐹𝑁𝐹

𝐹𝐷𝑃 =

(7-22)

𝐷 −1.6
980 [0.5 ( )
+ 1.9 ∙ 10−4 ] , if 𝑓𝑝 < 𝑓𝑝𝑐
𝑡
𝐷 −1.6
980(1.06𝑓𝑝 + 0.5) ( )
,
𝑡
{
𝑓𝑝𝑐 = 1.8 ∙ 10

−4

𝐷 1.6
∙( )
𝑡

𝐹𝑌𝑇 = 2.7 − 2.0
ℎ𝑔
𝐹𝐺𝐼 = 1.84 − 1.6 ( )
𝑡
𝐹𝑁𝐹

1.2𝑓𝑛 2 + 1,
={
1,

(7-21)

(7-23)

if 𝑓𝑝 ≥ 𝑓𝑝𝑐
(7-24)
(7-25)

0.2

if 𝑓𝑛 ≥ 0
if 𝑓𝑛 < 0

(7-26)
(7-27)

In the above equations, 𝜀𝑢 is pipe uniform strain, 𝜀𝑒 is the strain where the Lüder’s extension
ends, fp is the pressure factor (i.e., the ratio between the pressure induced hoop stress and pipe
yield strength), fn is the net-section stress factor (i.e., the ratio between the longitudinal stress
induced by the net-section force and pipe yield strength), D is pipe OD, t is pipe wall thickness, 
is pipe Y/T ratio, and hg is the height of the geometry imperfection from peak to valley (see
Figure 7-32). The pipe yield strength is used in the calculation of fp, fn, and Y/T ratio. If
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available, the actual pipe yield strength should be used. For the design stage, it is recommended
to use the specified maximum yield strength for calculating fp and fn. The maximum specified
Y/T ratio should be used.

hg

Figure 7-32 Definition of geometry imperfections

7.4.3.5.2

Recommended Geometry Imperfections

To properly apply the newly developed compressive strain capacity models (i.e., UOA and
CRES), it is critical to have a reasonable estimation of the geometry imperfection if the actual
data are not available. There exist very limited data on the geometry imperfection in the public
domain. Figure 7-33 shows the geometry imperfection measured from seven pipe specimens.
All the imperfections are in the form of surface undulations. The data indicate that the height
(from peak to valley) of the imperfection varies between 0.06%D and 0.14%D and 2%t and 8%t.
It should be noted that all the seven pipe specimens are UOE pipes and it is not clear whether or
not other types of pipes will have similar geometry imperfections. Considering the data are very
limited and are from UOE pipes made in recent years, the range of the geometry imperfection in
Figure 7-33 may not represent the full range of the geometry imperfection. The height of the
geometry imperfection is recommended as the following,
Median ℎ𝑔 = max (0.13%𝐷, 8%𝑡),
Lower Bound ℎ𝑔 = max (0.05%𝐷, 1%𝑡),
Upper Bound ℎ𝑔 = max (0.2%𝐷, 15%𝑡).
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Figure 7-33 Measured geometry imperfections

The median imperfection height (hg) is recommended to be the greater of 0.13%D and 8%t,
i.e., the upper bound values observed in Figure 7-33. The lower bound height is the greater of
0.05%D and 1%t, i.e., the lower bound values observed in Figure 7-33. The upper bound value
is determined to keep the median value to be the average of the upper and lower bound values.
The recommended imperfection is applicable for both plain pipes and pipes with girth welds.
7.4.3.5.3

Applicable Ranges

The applicable range of the refined compressive strain capacity models is determined by the
range of the parameters used in the finite element analyses. Based on the parameters used in the
FEA and the model evaluation results in a later section, the applicable range of the compressive
strain capacity models is given in the following:
(1) 20  D/t  104;
(2) 0  fp  0.80;
(3) 0.70    0.96;
(4) 0.01t  hg  0.30t;
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(5) e  2%; and
(6) fn  0.40.

7.4.4 Comparison of Models with Test Data
7.4.4.1 Experimental Database
An experimental database was compiled using testing data published in public domain and
was used to evaluate the refined compressive strain capacity models. The database consists of 48
full-scale bending tests and experimentally measured CSC was provided for 40 out of the 48
tests. The database covers the following range,
•
•
•
•
•
•
•
•
•
•

OD (D):
WT (t):
D/t:
Grade:
YS (y):
Y/T:
Lüder’s strain (e):
Pressure factor (fp):
Net-section stress factor (fn):
CSC (𝜀𝑐crit ):

6.6 - 48 (in)
0.13 - 0.93 (in)
22 - 104
X52 - X100
55 - 98 (ksi)
0.77 - 0.91
< 1.6%
0 - 0.82
-0.42 - 0.62
0.23 - 6.2 (%)

The pipe grades covered in the test database range from X52 to X100. The number of tests
for each pipe grade is almost evenly distributed for the grades up to X80 and there is only one
test for X100 (Figure 7-35). The database covers D/t ratios ranging from 22 to 104 where about
52% of the tests fall in the D/t range between 50 and 80, as shown in Figure 7-36. The database
covers pressure factors from 0 to 0.82, with 29% of the tests having zero pressure and 31% of the
tests having high internal pressure (fp > 0.6) (Figure 7-37). The Y/T ratios in the database range
from 0.77 to 0.91, where 44% of the tests have pipes with Y/T > 0.85, as shown in Figure 7-38.
7.4.4.2 Evaluation with Testing Data Having All Input Parameters
The geometry imperfection is found to be critical to the CSC and recognized by the CRES
compressive strain capacity models. As shown in Figure 7-34, the CSC can differ by more than
a factor of two (2) depending on the size of the geometry imperfection. The geometry
imperfection may not be easily available, however, especially for the in-service pipelines.
Except for seven (7) tests, the geometry imperfection was not given for the other tests in the
database. All required input parameters by the CRES models are available for the seven tests.
The comparison of the predicted and measured CSC values for the seven tests is shown in Figure
7-39. It is seen that the predicted CSC match the measured ones very well.
7.4.4.3 Evaluation with All Testing Data
The comparison between the experimentally measured CSC and the CSC predicted using the
recommended median or measured (if available) geometry imperfections is shown in Figure 7-40
for the full database. The predicted CSC using the recommended median geometry
imperfections capture the trend of the overall experimental data very well.
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The comparison between the experimentally measured CSC and the CSC predicted using the
recommended upper bound geometry imperfections is shown in Figure 7-41.
The ratios between the experimentally measured and predicted CSC were also calculated. If
the ratio is greater than one, the prediction is conservative. The statistics of the calculated ratios
of the full database are summarized in the following,
•
•
•

Median imperfection:
Lower bound imperfection:
Upper bound imperfection:

average = 0.99, standard deviation = 0.30
average = 0.82, standard deviation = 0.26
average = 1.18, standard deviation = 0.38

The average ratio calculated with the median imperfection is 0.99 with a standard deviation
(SD) of 0.30. The recommended median value of imperfections provides fairly reasonable
predictions of the testing results.
The average ratios calculated with the lower bound and upper bound imperfections are 0.82
(SD = 0.26) and 1.18 (SD = 0.38), respectively. Therefore, in general, reasonably conservative
predictions can be obtained with the upper bound imperfections.
It is known that the prediction of the CSA models is often overly conservative. The CSC
predicted by the CSA models (without safety factor) is compared with the experimental data in
Figure 7-42. It is seen that the CSA models provided conservative predictions for almost all the
tests.
The predicted CSC by the CSA (without safety factor) and CRES models (using the
recommended upper bound geometry imperfections) is compared in Figure 7-43. From the
comparisons shown in Figure 7-41 and Figure 7-43, it is seen that the CRES models with the
upper bound imperfections can provide reasonably conservative predictions. The overly
conservative predictions by the CSA models, especially for those tests showing large CSCs, can
be avoided.
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Figure 7-34 Normalized CSC - geometry imperfection (hg) relationship from CRES and UOA
models and FE results
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Figure 7-35 Distribution of test database over pipe grade
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Figure 7-36 Distribution of test database over D/t ratio

Figure 7-37 Distribution of test database over pressure factor

Figure 7-38 Distribution of test database over Y/T ratio
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Figure 7-39 Comparison of predicted and measured CSCs - with measured imperfections
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Figure 7-40 Measured vs. predicted CSCs - CRES models (with median/measured
imperfection)
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Figure 7-41 Measured vs. predicted CSCs - CRES models (with upper bound imperfection)
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Figure 7-42 Measured vs. predicted CSCs - CSA models (no safety factor)
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Figure 7-43 Comparison of CSA (no safety factor) and CRES (with upper bound imperfections)
predictions
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Mitigation and Monitoring
Abstract

Section 8 addresses the mitigation and monitoring of geologic hazards, with a focus on
landslides and subsidence. It builds upon the efforts to identify and characterize geologic
hazards previously described in Section 2.
Hazard mitigation and monitoring, specifically for landslide or subsidence hazards, is the
logical next step in addressing potential adverse effects the hazard(s) may have on a pipeline
system. Mitigation can be viewed as the management of a geologic hazard or threat and its
potential effects on a pipeline. Once a mitigation measure is implemented, its performance must
be monitored in order to assure that it continues to function correctly, protecting the integrity of
the pipeline, or to identify developing adverse effects that may warrant a response and
additional mitigation.
Hazard mitigation can take many forms, including avoiding the hazard, stabilizing and
controlling the hazard, reducing the effects of the hazard on the pipeline, and/or increasing pipe
strain capacity. In some cases, mitigation may involve initially monitoring the hazard and/or its
effects on the pipeline, with intent to implement one of the mitigation interventions when the
hazard reaches a critical stage of development.
Monitoring of the hazard and/or its effects on the pipeline is commonly done after an
interventional mitigation approach/strategy/methodology has been implemented, but monitoring
is also employed as an interim step prior to intervention, if mitigation is not performed
immediately. Monitoring may involve qualitative and/or quantitative measurement and tracking
of ground (landslide/subsidence) movement, or it may involve quantitative measurement of pipe
response to the ground movement. Typically, monitoring incorporates a combination of ground
movement and pipe monitoring strategies and methods. Additionally, the nature of the
mitigation in combination with the nature of the hazard, drive the development of the monitoring
plan/program.
Both mitigation and monitoring are dependent on the development of a site-specific geologic
(hazard) model (discussed in Section 2). A site-specific model provides for a physical
understanding of the hazard process, which is critical to identifying and developing mitigation
and monitoring strategies and methods.
Throughout Section 8, tables are provided, summarizing common mitigation and monitoring
technologies and methods, and their attributes and limitations as applicable to landslide and
subsidence hazards.
8.1

Overview

Section 2 discussed identification, characterization, and evaluation (from a geotechnical
viewpoint) of landslide and settlement/subsidence hazards that could affect pipeline systems.
Section 2 also described a phased approach to addressing the landslide and settlement/subsidence
hazards affecting pipeline systems. This section addresses mitigation and monitoring of
geohazards with a focus on landslides and subsidence.
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The next step in addressing landslide or subsidence hazards that have been characterized is
the mitigation of potentially adverse effects the hazard(s) may have on the pipeline system.
Mitigation can be viewed as the management of a geologic hazard or threat and its potential
effects on a pipeline [200, 7]. Once a mitigation measure is implemented, its performance must
be monitored in order to ensure that it continues to function correctly, protecting the integrity of
the pipeline, or to identify developing adverse effects that may warrant a response and additional
mitigation [200, 7].
Hazard mitigation can take many forms, including avoiding the hazard, stabilizing and
controlling the hazard, reducing the effects of the hazard on the pipeline, and/or increasing pipe
strain capacity [200]. In some cases, mitigation may involve monitoring the hazard and/or its
effects on the pipeline, with intent to implement one of the preceding interventions when the
hazard reaches a critical stage of development.
The primary focus of hazard mitigation (in this case, mitigation of landslides and
settlement/subsidence) is to reduce pipe strain demand and/or increase pipe strain capacity. The
overall purpose or objective of mitigation is to reduce or eliminate the likelihood and/or
consequences of the potential hazard and maintain pipeline integrity.
Monitoring of the hazard and/or its effects on the pipeline is commonly done after an
interventional mitigation approach/strategy/methodology has been implemented and as an
interim step prior to intervention if it is not performed immediately. The monitoring program
may be focused on:
1. Verifying that there is zero or minimal slope movement once landslide stabilization is
implemented to confirm that stabilization efforts are working successfully, or
2. Tracking the movement of the hazard (i.e., hazard monitoring) to monitor when the
hazard has diminished or minimized; e.g., when a longwall coal mining panel has been
completed below a pipeline, or
3. Tracking the response of the pipeline to landslide and settlement/subsidence movements
(i.e., pipe monitoring).
Typically, monitoring incorporates a combination of strategies and methods. Additionally,
the nature of the mitigation in combination with the nature of the hazard, drive the development
of the monitoring plan/program.
Hazard monitoring and/or pipe monitoring, alone can also be used as a mitigation strategy if
the hazard has not adversely affected the performance of the pipe being monitored and the
hazard characteristics are known. The assumption is that the integrity of the pipe is wellunderstood, and that the monitoring program will identify any adverse changes to the hazard
and/or pipe that could potentially degrade the integrity of the pipe. If adverse changes are
detected by the monitoring program, then response plans and the development of more robust
mitigation strategies and alternatives may be needed. Monitoring as the sole hazard mitigation
strategy is generally only suitable for hazards with movement rates classified as “slow”, “very
slow”, or “extremely slow” (Table 2-2), because faster developing hazards will typically not
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provide enough time to implement a response plan if movement of the hazard is measured.
These response plans and/or more robust mitigation strategies and alternatives should be
developed prior to implementing the monitoring program.
Both mitigation and monitoring are dependent on the development of a site-specific geologic
(hazard) model resulting from Phases II/III efforts of hazard identification, characterization, and
evaluation that are discussed in Section 2. A site-specific geologic model provides physical
understanding of the hazard process, including the location, dimensions, geometry, nature, and
level of activity. These data are critical to identifying and developing mitigation and monitoring
strategies. The development of a site-specific geologic model often requires the engagement of
qualified geologic and geotechnical professionals.
Section 8.2 provides brief summaries of the various common potential mitigation
alternatives, including descriptions of the benefits and limitations of each alternative as well as
combinations of different alternatives. Section 8.3 provides descriptions of common monitoring
strategies, and techniques and methodologies that can be employed at landslide and subsidence
sites.
8.2

Hazard Mitigation Techniques and Methodologies

The following sections provide brief conceptual discussions of various common mitigation
strategies and methods applicable to landslide and subsidence hazards. These may be employed
individually or in combination and include the following [7, 200, 201]:
•

Hazard avoidance (e.g., re-route around hazard, under hazard using deep burial, HDD,
micro-tunneling, or above hazard using above-ground installation),

•

Hazard stabilization (primarily for landslides), using structural systems (e.g., buttress,
shear key, external and internal slope reinforcement), unloading the slope,
improving/changing slope geometry, or improving groundwater and surface water
conditions, and
Improving pipe performance relative to the effects of the hazard using techniques such as
stress/strain relief excavation, improved trench geometry, use of select deformable/low
friction backfill and drainage enhancements, use of thicker wall pipe, or maintaining
favorable pipe orientation relative to the hazard.

•

8.2.1 Hazard and Consequence Avoidance
Hazard avoidance is often one the best mitigation strategies to follow because it typically
permanently removes the hazard from further consideration by the pipeline owner/operator.
Hazard avoidance also generally precludes the need for any follow-up or on-going hazard or pipe
monitoring. Hazard avoidance typically involves going around, under or over a hazard or
potential hazard and almost always involves complete pipe replacement. Common limitations of
hazard avoidance are:
1. Siting/routing, permitting, design, and construction costs may be significant compared to
other remedial measures,
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2. These large projects can need considerable time to be completed and may require interim
hazard mitigation and/or monitoring,
3. Non-technical third-party and stakeholder issues may limit potential technical options
during replacement projects, and
4. Pipe replacements may be not feasible/less desirable where outages are difficult due to
business concerns.
A somewhat different type of avoidance is “consequence or event avoidance.” This does not
involve a permanent or temporary routing around a hazard, but instead requires premonitory
information of an impending adverse hazard/impact such that the pipeline can be preemptively
shut-in, and if needed any affected population can be evacuated to avoid the hazard until the
hazard issue is dealt with. An alternative approach to event avoidance is simply to shut down a
pipeline system for the entire period that a specific hazard exists, as an example, if a debris flow
hazard occurs annually from 15 May to 30 June, then the pipeline would not be operated during
that period.
The various attributes and limitations of the common avoidance mitigation strategies for
landslide and subsidence hazards are summarized in Table 8-1.
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Table 8-1 Potential hazard and consequence avoidance methodologies (Cont’d.)
Method

Description

Attributes

Reroute around hazard

Rerouting around the hazard
involves the identification,
location, design, and construction
of a new pipeline and ROW
around the landslide or
subsidence hazard. (Figure 8-1)

Avoids the hazard such that the
hazard no longer influences pipeline
integrity.

Depends on project timelines, interim hazard
mitigation and/or monitoring, and additional ROW
(which may be difficult to obtain). Permitting
requirements may be onerous or prohibitive.

Reroute under hazard
(deep burial, HDD,
tunnel/microtunnel)

An HDD or tunnel/microtunnel is
sited and designed to pass beneath
the hazard (e.g., landslide). If a
landslide is shallow enough, then
deep burial below the failure/slip
surface avoids future landslide
movement. A detailed discussion
of HDD technology and planning
is included in Reference [202].

Generally, avoids the hazard such
that the hazard no longer influences
pipeline integrity.

An HDD or microtunnel may not be feasible depending
on the geologic, geometric, and hydrogeologic site
conditions. Detailed feasibility studies should be
conducted to ensure the proposed trenchless method is
viable as approximately 95% of the budget is spent
prior to knowing if the project is going to be successful
or not. There is really no industry standard or accepted
performance criteria for pipeline coating condition
after install. If the landslide enlarges vertically and
laterally, the landslide may re-engage the pipe.

Reroute over hazard
(span)

Rerouting over the hazard (e.g.,
landslide) typically involves the
siting, design, and construction of
a span that places the pipe above
the potential hazard. (Figure 8-2)

Generally, avoids the hazard such
that the hazard no longer influences
pipeline integrity

There may be long-term CP, maintenance and
vandalism issues. There may also be the potential for
the landslide to enlarge and impact the reroute.

Mini-reroute within
hazard

Detailed hazard characterization
may identify relatively more
stable portions of a landslide or
subsidence hazard, such that
small route changes within the
hazard can be sited to avoid the
more active areas.

The mini-reroute within the hazard
allows for a reduced exposure to the
detrimental effects of the hazard on
the pipeline. The cost to implement
the mini-reroute may be less
significant than for more permanent
mitigation strategies.

Because the mini-reroute remains within the hazard, it
may not be a permanent mitigation method. Thus,
long-term monitoring is needed to track the movement
of the hazard, and/or the pipe’s response to the
movement of the hazard.
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Table 8-1 Potential hazard and consequence avoidance methodologies (Cont’d.)
Method

Description

Attributes

Limitations

Surface installation
through/on hazard

Lateral loads or low angle parallel
loads, particularly from landslide
movement, can be reduced by
placing the pipe on the ground
surface, on above-ground
supports [7,203] or with only
shallow burial. The pipe can be
placed on skids, elevated
supports, prepared bare ground
surface, and if on the ground
surface, and can be protected by
soil berms or culverts (Figure 8-3
and Figure 8-4).

The placement of the pipe aboveground isolates the pipe from
significant lateral loads transferred
through the trench backfill. When
pipelines are placed on skids they
can also handle low angle parallel
loads in extremely slow moving
landslides. The cost to implement
may be relatively less than the reroute or span options. Temporarily
decoupling the pipeline from soil
movement by re-laying above
ground or operating in an open ditch
is a common approach for longwall
mine subsidence

The above-ground installation tends to reduce the
exposure to the hazard, but does not necessarily
permanently remove the pipe from the effects of the
hazard. Permanently locating pipes above-ground is
rarely a viable option unless the location has controlled
access, or is remote [7]. Long-term monitoring is
needed to track the movement of the hazard, and/or the
response on the pipe to the movement of the hazard.
Routine maintenance of skids and/or elevated pipe
supports is required. Additionally, in colder climates,
the changes in pipeline steel properties must be
considered in design and installation to reflect the
potential impact of cold temperature. There may be
long-term CP and vandalism issues.

Consequence or hazard
event avoidance

Typically involves shutting-in, or
shutting down the pipeline and
evacuating the product from a
pipeline that has an imminent or
highly probable hazard of rupture
caused by the geologic hazard.
Typical scenarios involve either
natural gas lines in populated
areas or liquid lines in
populated/environmentally
sensitive areas. Lines may be
shut down, shut-in or operated at
lower pressures or volumes.

Allows the pipeline to continue
operation within, or exposed to the
geologic hazard, which may reduce
the cost of overall hazard mitigation
compared to other mitigation
options. It may be the only viable
alternative in populated areas where
dense development constrains the
implementation of alternative
mitigation methods.

Consequence or hazard event avoidance depends on a
comprehensive and complete long-term monitoring
program that allows for timely detection of ongoing,
and imminent hazard movement so that effective
pipeline shutdown and population evacuation can be
implemented. The cost to plan, purchase, install, and
maintain the long-term monitoring program may be
significant.
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Google EarthTM image of abandoned ROW that has been encroached on by deep
seated translational slide triggered by toe erosion. The diversion right away is
located upslope of the landslide. (Source: Google Earth, Location: Merritt,
southern British Columbia)
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Aerial crossing constructed to reroute 30-inch and 36-inch mainline over a
hydrotechnical hazard (Photo by: D. Dewar, Location: Central British Columbia,
Year: 2011)
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Surface pipeline segment on wooden skids for a low angle translational landslide
moving from the right to left of photo (Photo by: E. McClarty, Location: Northern
British Columbia, Year: 2007)
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Surface pipeline segment running parallel to the direction of movement (Photo by:
L. Allen, Location: Northwestern British Columbia, Year: 2011)

8.2.2 Hazard Stabilization
Hazard stabilization in the context of this report applies mostly to landslides, but also
includes specific techniques/methods for the stabilization of sinkholes or karst chimneys that
could develop in a ROW in karst terrain, as well as thermal protection of soil in permafrost that
left unprotected could lead to landslide or subsidence hazards. All of the hazard stabilization
mitigation methods discussed below require that a site geologic model be developed prior to
developing mitigation designs. Site geologic, geotechnical, and hydrogeologic investigations are
commonly required to support the development of geotechnical engineering hazard stabilization
mitigation designs. Every situation where a hazard interacts with a pipeline(s) has unique
characteristics based on variations in hazard types, geology, geometry, and many other
characteristics; therefore, any site-specific mitigation strategy should be developed in
consultation with a geoscientist/geotechnical specialist familiar with the area.
The primary methods for hazard stabilization to address landslides, karst, and permafrost can
be organized in the following groups:
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Landslides (one or more of the following)
o Slope modification
o Mechanical reinforcement of the slope
o Collection and management of surface water and groundwater

•

Karst (use of inverted soil/rock filter)

•

Permafrost (maintenance of thermal regime)

8.2.2.1 Landslide Stabilization
For landslides, the primary objective of stabilization is to permanently stop landslide
movement, and thereby stop its adverse effects on the pipeline. The various landslide
stabilization mitigation alternatives have one or both of the following goals [7]:
•

Increase the stability of the slope so that the likelihood of future landslide movement is
acceptable to the pipeline owner/operator as well as regulatory bodies (this may or may
not also consider potential future movement due to a seismic event), and/or

•

Reduce the rate of landslide movement to a level compatible with pipeline operational
considerations to manage the risk of adverse pipeline response.

Overall, landslide stabilization, through slope modifications and mechanical reinforcement of
the slope, seeks to [7]:
•

Reduce the forces that drive slope/landslide movement, and/or

•

Increase the resisting forces acting against slope/landslide movement.

Table 8-2 is summary of the landslide stabilization mitigation methods or techniques that are

commonly applied to pipelines. The table includes a brief description of each method and its
attributes, as well as typical limitations.
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Landslide stabilization mitigation methods [7, 200, 201, 204, 205, 206, 207, 208, 209, 210, 211] (Cont’d.)

Mitigation
Category
Slope
Modification
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Method and Attributes

Limitations

Slope Grading: Grading of the landslide/slope is done to change
the slope angle to a more stable geometry. Slope grading can also
include the entire replacement of the landslide material to remove
the hazard. Slope grading may involve removal of material in the
head area and placement of material in the toe area which achieves
an overall flatter slope angle, and serves to reduce loads (driving
forces) in the head area and increase resisting forces in the toe of
the slope (Figure 8-5 and Figure 8-6). Grading can be carried out
with conventional earth moving equipment.

Slope grading may not be feasible or cost effective for large
landslides, where a considerable length of pipeline is involved. Not
generally suited for deep-seated landslides. Requires care during
construction to prevent triggering of local and global landslide
movement. Where pipelines are shallow, ground disturbance
practices have to be carefully considered. The potential hazard of
construction equipment interacting with pipelines should be carefully
considered. Typically, removal of material from the head of the slide
may not be feasible as the pipeline cover may be reduced to
unacceptable levels.

Note that this is the opposite of the approach often taken (restoring
the original contours by pushing toe material back to the head
area).
Bio-engineering: Bioengineering mitigation measures include
living (e.g., herbaceous and woody species) and structural (e.g.,
timber crib walls and bender fences) components, and the two
components are often combined. The living approach includes
conventional direct planting of grasses, shrubs, or trees, and
techniques that use the stems and branches of living plants to
reinforce the soil. The structural approach uses live plant stakes,
live fascines, brushlayers, hedgelayers and branchpacking.
Following installation, the growth of stems and roots create the
structural component. Effective stabilization depths prior to
rooting are from 20 to 120 cm (8 to 47 in). An example of a live
stake used for bio-engineering mitigation is shown on Figure 8-7.
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Landowners or other stakeholders may prefer that the slope be
restored to its pre-slide condition (the opposite of what is required to
reduce the probability of future landslide)
Effective installation of bio-engineered mitigation measures requires
site-specific information on geology, soils, slope angle, slopes aspect,
and hydrology. Bio-engineering measures do not work on bedrock
slopes or those greater than about 35°-50°. The selection of suitable
plant species should be based on detailed vegetation surveys. Bioengineering measures will not work for deep-seated landslides, nor
where erosion has removed the soil layer. Bioengineering may not
be applicable where there are pipeline vegetation management
considerations. Most ROW regulations do not allow for dense
vegetation in a defined corridor over a pipeline.
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Mitigation
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of the Slope
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Method and Attributes

Limitations

Buttress: An engineered buttress or berm at the toe of the slope
can be constructed using conventional earth moving equipment,
and can be combined with slope grading. A buttress increases the
resisting forces of the slope/landslide. Buttresses can be
constructed with native or imported material that may or may not
be reinforced with geosynthetic products such as geogrids and
geotextiles. An example of a rock buttress at the toe of a slope is
shown in Figure 8-8.

Detailed knowledge of site subsurface geology and hydrogeology is
critical to the design of the buttress or toe berm. The construction
may require the excavation and placement of large volumes of
material and the rock buttress will require selected and sized material.
Permitting, design, and construction may require significant effort,
time, and cost. Additionally, potential increases in soil stress,
buttress induced settlements, and future pipeline accessibility must be
considered.

Soil Densification: Soil densification is applied where
cohesionless soils (sands) in the presence of shallow groundwater
exist and seismic shaking may trigger liquefaction resulting in
slope failure. The soils are densified by drainage improvements on
the slope, by surface loading intended to densify the soil, or by
artificial vibrations (e.g., blasting), all intended to improve the
soil’s resistance to liquefaction.

The technique is typically expensive for application to pipeline
alignments, and may be more applicable to compressor/pump
stations. Ground disturbance (GD) issues must be considered as most
GD practices do not permit drilling/bore-holing within 12 to 15 ft (4
to 5 m) of a pipeline without a positive locate.

Shear Key/Piles/Walls/Soil Nails: Shear keys, rows of piles/piers,
walls, and soil nails/soil anchors installed through a landslide mass
and into stable material (i.e., bedrock) below the landslide slip
surface create a passive landslide stabilization system (Figure 8-9).
After installation, slow landslide movements generate reaction
forces in the embedded structures which lead to stabilization as the
loads are transferred to the stable material below the landslide slip
surface. A major advantage of these embedded passive structures
is that they are installed in the landslide footprint, and they work
even in high groundwater pressures. They can also be used to
improve shear resistance along more than one slip surface and at
depths not treatable using slope grading or toe buttresses/berms.

Proper design of embedded passive structures tends to require
complex calculations and soil-structure interaction modeling which
makes them difficult to design and construct, and usually involves
specialty contractors. This may lead to relatively high costs.
Additionally, these embedded structures tend to work more
effectively with smaller landslides than with larger, deep-seated
landslides or landslide complexes. As discussed above, GD practices
must be considered. Typically, deep linear stabilization systems
running perpendicular to a pipeline are not applicable in areas
adjacent to the pipeline(s).
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Water and
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Method and Attributes

Limitations

Retaining Walls: Retaining walls provide external resisting forces
to landslide movement and are commonly installed in the toe area
of a landslide. Retaining walls may be constructed using wood
cribs, steel bins, reinforced earth, and gabions. Retaining walls can
work well in constrained pipeline ROWs and may be combined
with slope grading. An example of a gabion retaining wall is
illustrated on Figure 8-10.

Detailed knowledge of the subsurface conditions and slip surface are
required to properly design and evaluate a retaining wall. Not
generally suitable for deep-seated landslides. May require specialty
contractor. These factors lead to increased costs.

Rock Bolts/Anchors/Dowels: Rock bolts, anchors, and dowels are
steel rods or cables and used to stabilize rock slopes by increasing
the resisting forces in the slope. Anchors and bolts are posttensioned, with anchors designed to stabilize large, deep-seated
rock blocks and bolts for shallower rock faces. Dowels are similar
to rock bolts, but are not post-tensioned. Figure 8-11 is a close-up
of the head of a rock anchor on a rock slope.

Requires detailed, specialist’s knowledge of rock conditions, the
landslide slip surface(s), and grouting and testing procedures.
Requires specialty contractor for installation and thus, the costs can
be significant.

Surface Water: The control of surface water is intended primarily
to control surface erosion on the ROW, but it has a secondary
benefit of reducing the volume of surface runoff infiltrating to the
groundwater table, which could raise the groundwater and lead to
slope instability. The control of surface water is done primarily
with: 1) grading of the ROW slope (e.g., re-contouring and
diversion berms) to positively direct runoff from landslide areas, or
unstable slopes, 2) installation of slope breakers (water bars)
(Figure 8-12 and Figure 8-13) on the ROW that intercept runoff
water on the slope and convey it away from landslides, or unstable
slopes, and 3) grading of a landslide/unstable slope surface so that
water does not collect/pond on the surface, but is conveyed away
from the landslide. Can be accomplished with conventional earth
moving equipment.

May not result in permanent slope stabilization because it has an
indirect impact on lowering, or maintaining a lowered groundwater
table. May require detailed site topography. Long-term monitoring
and maintenance needed to ensure effectiveness of the surface
drainage features; unmaintained controls may actually increase
infiltration. As above, GD issues should always be considered.
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GD issues, access to the pipelines and settlement/pipeline loading
issues should be considered. In the case of retaining walls, great care
should be taken in design as a failure of the retaining wall system
could severely damage the pipeline it was intended to protect.

As above, GD issues should always be considered.
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Method and Attributes

Limitations

Groundwater: Groundwater control involves collecting and
conveying near-surface and deeper groundwater away from
landslide and unstable slopes. The intent is to reduce the pore
water pressures which drive the landslide. The collection and
conveyance can occur in the pipeline trench, in the ROW, and
occasionally, off the ROW. Shallow groundwater flowing in the
pipeline trench is collected and controlled by trench breakers or
trench dams. Trench breakers/dams are commonly constructed
with pervious sand bags, low permeability clay/soil plugs and
impermeable sprayed-in foam (Figure 8-15). The shallow
groundwater in the trench is collected and conveyed away from the
trench with a system of perforated and tightlined plastic pipes
(PVC or ABS) to an area off the ROW/landslide/unstable slope.

May not result in permanent slope stabilization because it has an
indirect impact on lowering or maintaining a lowered groundwater
table. The hydrogeologic conditions need to be well established from
site-specific studies. Long-term maintenance needed to ensure
effectiveness of the installed groundwater control system. Long-term
monitoring of the effectiveness of drainage systems, the
landslide/unstable slopes, and the pipeline response may be required
since the mitigation may not be permanent. Additionally, when using
wells, projects may require power be brought to site and pumps to be
maintained. In some instances, there may be issues with where the
collected groundwater can be discharged to or if it is considered a
contaminated substance. As above GD, issues should always be
considered.

Shallow and intermediate-level groundwater, both in the ROW
or off the ROW, can be collected using French drains and/or
drainage blankets. A French drain is a coarse sand or gravel-filled
trench which performs better if installed with a perforated collector
pipe at the base, and is surrounded by a graded filter of selected
gravels and sands or a geosynthetic product such as multiflow
drains. The French drains and drainage blankets are designed to
intercept and evacuate groundwater from the slope, under gravity,
away from landslides and unstable slope conditions. Figure 8-16
and Figure 8-17 illustrate schematic examples of French drains and
an installed drainage blanket, respectively. Figure 8-14 shows a
sequence of French drain installation on a pipeline ROW. Deeper
groundwater flows off the ROW and within landslides or unstable
slopes may be intercepted, collected, and conveyed away using
horizontal drains (Figure 8-18) and dewatering wells. The drains
and wells can be constructed using conventional earth moving
equipment and geotechnical drilling contractors.

Impervious trench breakers must include means of removal of water
trapped above them, otherwise they can decrease slope stability.
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Figure 8-5

Illustration of the effects grading in the head area of a landslide to improve slope
stability by reducing driving forces, where excavating in the toe area can decrease
stability by reducing resisting forces [201]

Figure 8-6

Illustration of the impact of placing fill in the head area of a landslide where it
lowers slope stability by increasing the driving forces, and where placing fill in the
toe area buttresses the landslide by increasing the resisting forces [201]
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Figure 8-7 Illustration of live stakes used in bio-engineered slope stabilization [206]

Figure 8-8 Schematic of a rock fill buttress at the toe of a slope [201]
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Figure 8-9 Example of embedded structures within a landslide meant to stabilize a landslide,
which include tensioned tie-backs, sheet piles, shear keys, bored piles, and soil
nails [207]

Figure 8-10 A gabion retaining wall made of individual, rock-filled gabion baskets installed on a
slope above a highway embankment [201]
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Figure 8-11 Close-up photograph of the head of a post-tensioned rock anchor on a rock face.
The wire mesh provides additional containment of loose rock falling from the slope.
[201]

Figure 8-12 Schematic plan drawing of temporary/permanent ROW slope breakers [208]
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Figure 8-13 Surficial water diversion berms (slope breakers) on ROW (Location: Central British
Columbia, Year: 2011)

Figure 8-14 Stabilization of shallow earthflows in glaciolacustrine soils on pipeline ROW by
removing all softened material (primarily pipeline backfill), installing a network of
French drains and covering the pipeline by installing a blanket (upper slope) and
buttress (lower slope) or riprap material. (Photos by D. Dewar, Location: Central
British Columbia, Year: 1997, 2008, and 2012, respectively)
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Figure 8-15 Sand bag trench breakers installed in a pipe trench to control groundwater flow in
the trench. Sand bags slow the shallow groundwater as compared to clay plugs or
foam breakers which are trench dams. [210]

Figure 8-16 Schematic of three French drain systems from simple to complex with and without
perforated collection piping at the base of the drain [209]
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Figure 8-17 Illustration of a geotextile, permeable drainage blanket installed along a concrete
wall to reduce groundwater levels and pressures acting on the wall [211]

Figure 8-18 Horizontal drains on a highway cut slope [201]

It should be stressed that any design for mitigative options as outlined in Table 8-2 should be
a collaborative effort between the owner/geotechnical operator and the geotechnical consultant.
Typically, geotechnical consultants work with the transportation and general land development
industries when designing slope stabilization works. When working around pipelines there are
unique considerations related to ground disturbance, surface loading, cathodic protection, and
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potential pipeline access for long-term maintenance (i.e. for an inspection dig). Many normal
slope stabilization projects are difficult to implement due to steep slopes, poor site access,
limited workspace, and poor ground conditions. Working around pipelines, particularly those
that have flowing products, may create a new set of design and construction related challenges
that some consultants are unfamiliar with. A typically difficult project may become unfeasible
based on the additional complications associated with working around pipelines. It is essential
that geotechnical consultants understand the constraints of pipeline operation. Additionally,
great care must be taken to ensure that in the unlikely event that the actual works fail due to an
unknown or unexpected geological condition, such a failure must not result in damage and/or
rupture of a pipeline. A specific example would be the construction of a retaining wall over a
pipeline. If there is an unforeseen foundation failure of the retaining wall, then it is possible that
the pipeline could be damaged and/or ruptured.
8.2.2.2 Karst Inverted Soil/Rock Filter for Sinkholes and Karst Chimneys
For the mitigation of relatively small, surface/near surface karst subsidence features (e.g.,
sinkholes and karst chimneys), an inverted filtered backfill plug design is used. The filtered
design allows incident precipitation and surface water flows to infiltrate into the subsurface in a
controlled manner, so that the infiltration does not initiate further dissolution around the karst
filter leading to expansion/growth of the sinkhole or chimney. The inverted filter design consists
of filling the karst sinkhole or chimney from its base, where the approximate chimney opening is
narrowest to the ground surface, with an inverse-graded aggregate filter (i.e. coarse angular
material placed at the bottom of the chimney where the opening is narrowest, which grades to
finer material as the chimney is filled to the surface). Figure 8-19 illustrates conceptually the
primary elements of an inverted filter for karst chimney mitigation on a ROW. The ground
surface may be reinforced with timber mats on top of the filtered backfilled plug during
construction to allow passage of heavy equipment.
It is not recommended to use a solid plug such as foam to backfill a sinkhole or chimney.
The solid plug will force infiltration around the plug, and result is expanded dissolution and
growth of the sinkhole or chimney.
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Figure 8-19 Conceptual design of an inverted filter backfill for a karst chimney on a ROW

8.2.2.3 Permafrost Maintenance of Thermal Regime
In permafrost areas, the mitigation of permafrost thawing, whether natural or human-induced,
is critical to prevent thaw-related settlement/subsidence and shallow landslide movement that
could affect pipelines [1]. Maintaining permafrost in its frozen state can be accomplished by [1]:
•

Installation of ground cooling tubes termed “thermosyphons.” This technology is proven
to prevent thawing of frozen ground in permafrost areas.

•

Treatment of the ground surface to insulate the frozen ground from thermal changes; e.g.,
the placement of a blanket of wood chips on the surface.

•

Placement of foam board insulation above the pipe to minimize thawing.

8.2.3 Reduce Strain Demand and Increase Pipe Strain Capacity
There are several strategies and techniques commonly employed by pipeline operators to
reduce the strain demand on pipelines exposed to active landslide and subsidence-related ground
movements, and increase the pipe’s capacity to resist the effects of ground movement. These
include:
•

Stress/strain relief excavations,

•

Cut-outs with the addition of pups,
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•

Alignment modifications across the hazard area to improve pipe response to ground
movements,

•

Trench geometry improvements,

•

Installation of select backfill material to improve/attenuate adverse deformation
characteristics and to improve trench drainage characteristics,

•

Low friction pipe coatings/wraps, and/or

•

Complete pipe replacement through the hazard.

The common techniques to reduce the strain demand on a pipeline, or increase its capacity
are summarized in Table 8-3. The summaries include a description of the technique, its general
advantages and possible limitations. The implementation of these techniques requires long-term
monitoring of at least the pipe to track its performance in achieving reduce strain and/or
maintaining capacity to resist the effects of ground movement. In addition, it is typically
recommended that the hazard be monitored to determine whether it is active or there are
precursors to accelerated movements.
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Table 8-3 Mitigation techniques/methods to reduce strain demand on pipelines or increase pipe capacity to resist the effects of
ground movement [3, 5, 7] (Cont’d.)
Method/Technique
Stress/Strain Relief
Excavation

Description
Stress or strain relief excavation involves exposing the pipeline on all sides so that it can rebound from elastic deformations
imparted by landslide or subsidence ground movements. The excavation is typically extended past the lateral limits of the
landslide or subsidence hazard to achieve an un-anchored pipeline exposure length. For larger features, the strain relief
excavations may be extended past critical features such as flanks or scarps but not the entire hazard. Following excavation,
the pipe is assumed to be relieved of the elastic strain imparted by the pipeline cover and ground movements. Using strain
gauges installed in bell holes prior to the complete excavation, the effects of the strain relief can be estimated. Also, it can
provide a guide on when to stop digging slack based on the response of the gauges.
A stress/strain relief excavation allows the pipe to remain exposed to the landslide or subsidence hazard and respond to
ground movements relatively freely in the open pipe trench. This is a common temporary mitigation technique for pipelines
located above active longwall mining panels and in active landslides while long-term mitigation and monitoring alternatives
are being identified, planned, permitted, and designed. Photographs of stress/strain relief excavations are on Figure 8-20,
Figure 8-21, and Figure 8-22
For landslides, the pipe may be buried with the native material, or with low strength deformable and permeable material, and
be instrumented with long-term slope and pipe monitoring. Depending on the results of the monitoring, the strain relief
excavation may be repeated in the future if adverse ground movements become evident in the monitoring data.
Even though the stress/strain excavations may be repeated several times over the life of a pipeline, the overall costs,
compared to a permanent reroute may be less.

Pipe Cut-Out
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A cut-out of a pipeline under landslide or subsidence stresses can also achieve relief of accumulated strain. The displacement
of the pipe resulting from the strain can be repaired with the installation of a pup in the cut-out area. Relieved strain in the
pipeline can be estimated from the offset of the severed ends. Readings from strain gauges installed prior to the cut out, near
the cut out, or in bell holes surrounding the cutout, can provide more accurate strain information. In many cases, cut outs
may be required if there are features such as circumferential SSC or buckles that need to be removed. A disadvantage of the
cut-out compared to strain relief excavations is that all of the pipe affected by the ground movement will not have been
exposed and separated from the moving ground as it would be in the excavation. The pipe can also not be inspected or
backfilled with more favorable material, if desired. Additionally, unless strain gauge monitoring is used, there are only
theoretical methods of estimating the actual benefit. Where there are significant soil restraining forces on the pipelines, the
effects of strain relief may only be localized. Furthermore, a cut-out requires removal of the product from the pipeline and
disrupts service.
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Table 8-3 Mitigation techniques/methods to reduce strain demand on pipelines or increase pipe capacity to resist the effects of
ground movement [3, 5, 7] (Cont’d.)
Method/Technique
Pipe and Alignment
Modifications

Description
Pipe and alignment modification to an existing or proposed pipeline can work to improve the strain capacity of pipe and/or
reduce strain demand. The modifications may include using pipe joints and girth welding procedures that increase the
bending and axial strength of the pipe uniformly within the limits of the hazards and preclude strain localization at and near
the girth welds. The modifications may also include replacing short-radius or long-radius elbows with induction bends or
field bends, and placing expansion loops at or near the lateral limits and areas of internal deformation within the landslide and
subsidence hazards.
Reducing the length of the pipe exposed to the hazard, which has an orientation that minimizes axial and horizontal soil
loading to limit strain demand, can also improve pipe performance.
Maximizing the un-anchored length of the pipe can increase the capacity of the pipe to withstand the adverse effects of
horizontal and vertical landslide and subsidence movements. If the pipeline must be taken out of service, it is always
recommended that a reroute of the pipeline be considered to avoid the hazard prior to considering a change in the pipeline
alignment within the hazard.

Trench Geometry
Improvements

The geometry of the trench walls, in combination with select backfill (see discussion below), can reduce the strain demand
and improve the ability of the pipe to withstand ground displacement. A wider, lower angle wall trench configuration can
improve pipe response to horizontal ground movements, while a narrower steep-walled trench may be more favorable to
vertical movements (Figure 8-23).

Installation of Select Backfill
in the Pipe Trench

A common technique, particularly for pipelines remaining within the active, or potentially active limits of landslides and
areas of subsidence, is the installation of select backfill that can both attenuate the effects of ground movement, as well as
provide improved trench drainage characteristics to help collect and convey trench groundwater away from the trench. The
select backfill is typically a loosely-placed, cohesionless, clean (< 5% silt or clay) sand or rounded gravel. The select backfill
is commonly combined with groundwater collection and conveyance piping to control the groundwater flows in the trench
(Figure 8-24). It is important that the type and grain size of the backfill material be selected to not adversely affect the
cathodic protection of the pipeline. Geotextile should be used to prevent/reduce migration of the surrounding fine grained
soil particles into the select backfill.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 310

Table 8-3 Mitigation techniques/methods to reduce strain demand on pipelines or increase pipe capacity to resist the effects of
ground movement [3, 5, 7] (Cont’d.)
Method/Technique
Low Friction Pipe Coating
and Geotextile Wrap

Description
Axial soil friction loads can be further minimized from those achieved by select backfill by the use of smooth, hard, low
friction pipe coatings. Additionally, wrapping the pipe in two separate layers of geotextile can reduce the axial soil friction.
The geotextile wrapping allows axial slip to occur at the interface between the two layers, and the friction angle can be less
than that achieved by the combined select backfill and low-friction pipe coating. Examples of the geotextile wrap and its
installation are shown in Figure 8-25 and Figure 8-26. Honegger et al [212, 213] tested both the wrap angles shown in Figure
8-26 and determined that the “cigarette wrap” method shown at the top of the figure is superior to the helical wrap shown
below it. It should be cautioned that in very poor ground conditions there may be minimal, if any, improvement using a pipe
wrap because the friction between the soft soils and the pipeline may be lower than the friction between the layers of
geotextile. Additionally, geotextile wraps may have limited benefit when loads are not primarily axial and/or displacements
are large. The state of the art laboratory research summarized in References [212, 213] states that the angle of friction
between the geotextile wrap layers is approximately 19° to 20°. At this point, there are little to no practical case studies
available to verify the laboratory testing.
In some cases, geosynthetic lining of sloped trench walls, in conjunction with select, granular backfill, can further reduce the
soil loading of the pipe.

Complete New-Pipe
Replacement
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In landslide or subsidence hazard areas, replacement of the entire pipe, through the limits of the hazard, with thicker wall pipe
of high strain hardening capacity and appropriately fabricated girth welds can increase the capacity of the pipe to withstand
future ground movement. If combined with select backfill and other pipe improvements, the loads on the pipe can also be
reduced. It must be realized, however, that meeting the requirements of pipeline construction standards, such as API 1104,
does not guarantee strain-resistance girth welds. Girth welds joining the pipe must have sufficient strength, ductility, and
limited extent of heat-affected zone softening to prevent strain localization in the girth welds. Executing a pipe replacement
project with the expectation of increasing the strain capacity of the pipe segment requires proper selection of pipes and
execution of field welding and NDT as outlined in Appendix D.
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Figure 8-20 Looking upslope at stress/strain-relieved 6-inch pipeline. There is a shallow
surficial slide at the top of the slope that has a toe daylighting at midslope. (Photo
by D. Dewar, Location: Saskatchewan, Canada, Year: 2011)
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Figure 8-21 Example of stress/strain relief excavation. Trench breakers have been installed.
(Photo by: E McClarty, Location: Northern British Columbia, Year: 2011)

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 313

Figure 8-22 View of physical pipe lateral and vertical response in a stress/strain relief
excavation for a pipeline affected by highwall landslide failures in a closely
adjacent coal mine. The lateral response is about 0.25 to 0.33 times the diameter
of the pipe. (Photo by: D. West, Location: The Western United States, Year: 2011)
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Figure 8-23 Typical favorable trench configurations for horizontal ground movements (top) and
vertical movements (bottom) [214]

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 315

Figure 8-24 Select, clean sand backfill placed along the sides and top of a pipeline that had
undergone a stress/strain relief excavation. The vertical risers are connected to
trench drainage improvement plumbing. (Photo by: D. West, Year: 2002)

Figure 8-25 Schematic of low-friction, two-layer geosynthetic material application on a pipe [7]
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Figure 8-26 Schematic of installation geotextile pipe wrap

8.3

Hazard Monitoring

8.3.1 General
8.3.1.1 Types of Monitoring
Monitoring techniques are divided into:
1. Ground Monitoring: Geotechnical monitoring techniques that characterize the movement
of the landslide or subsidence feature.
2. Pipe Monitoring: Techniques that measure the movement or state of the pipe due to the
soil-pipe interaction.
Typically, geotechnical assessments of landslide and settlement/subsidence features
characterize the movement using conventional geotechnical techniques. These techniques
involve subsurface assessments/monitoring, surface geomorphic/geologic assessments, surveying
techniques. These conventional geotechnical techniques provide a means to accurately
characterize the geologic hazard, but do not provide information on the soil/pipeline interaction
and the response of the pipe to ground movement. There is extensive geotechnical literature on
the monitoring of landslides including [215] and [207].
Many new techniques for monitoring localized pipe strain, pipe deformation, and pipe stress
have recently become available to quantify the impact of landslides on pipelines. Strain gauges
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can be installed to monitor changes in strain on pipelines. Geometry pigs allow for the accurate
measurement of the pipeline shape and spatial orientation. Multiple runs of geometry pigs allow
for comparisons of the shape and orientation of the pipeline.
Where costs are given, they are sourced from the experience of the authors at the time of
publication and may be subject to change, particularly with emerging technologies. It is
recommended that cost presented in this report should only be relied on for basic screening level
assessments of potential costs. As always, it is recommended that project specific quotes be
obtained from vendors of any service described within this report.
8.3.1.2 General Approach and Guidelines
Some general monitoring points/advice that should be followed:
1. Monitoring should have redundancy in all but the simplest low consequence situations.
As the size and potential consequences of a hazard increase, so should the monitoring
types and efforts.
2. Monitoring methods that rely on technologies which are not proven or have more
uncertainties should be backed up with simpler well-established methods. An example
would be the use of a combination of InSAR satellite imagery interpretation and ground
survey monitoring points to determine the extent of a landslide, including the decision to
use manual versus automated monitoring.
3. Monitoring should be tailored to the type and velocity (or potential velocity) of the
landslide movement(s) and/or amount and rate of subsidence.
4. Monitoring equipment should be researched and vendors should be chosen carefully.
The equipment proposed should have a proven track record on at least one similar
application or should be validated by a proven technique/process.
5. Generally, the more precise the method used, or the more precise option chosen within a
particular method, the quicker results and trends will be determined. Otherwise,
significant time may pass prior to the results clearly showing trends rather than systemic,
random, and human errors.
8.3.2 Ground Monitoring
Conventional geotechnical techniques are well represented in the literature [7]. The
following discussion provides a summary of typical geotechnical ground monitoring techniques
used to characterize landslide movements.
8.3.2.1 Visual Monitoring/Site Inspections
Observational or visual ground monitoring probably represents the most basic way to detect,
characterize, and monitor potential landslide and subsidence hazards. It is also likely the oldest
monitoring method or technique that has been employed by pipeline operators to address and
keep track of potential landslide and subsidence hazards affecting their pipelines. For example,
the operational experience of pipeline operators in hilly terrain is commonly filled with many
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years of visual reports and observations of “slips” and landslides that have adversely affected the
pipelines and/or the ROW.
Visual monitoring is based on identifying (detecting), characterizing (measuring), and
documenting changes to the ground surface, and this is usually accomplished by ground-based or
aerial (fixed-wing or helicopter) reconnaissance. The examination of the ground surface,
characterization and the documentation of observations are best done by experienced
geoscientists/geological engineers, but can be undertaken by pipeline personnel specifically
trained to recognize landslide and subsidence hazards.
Because of the generally simplistic and semi-quantitative nature of the visual monitoring
employed for landslides and subsidence hazards, comprehensive reports explicitly address the
simple and basic methodologies that could be applied, and which are described below. General
discussion of hazard mapping and monitoring techniques (e.g., for landslides and subsidence) is
contained in [200, 7, 216, 217] and these discussions provide some insight into what features to
monitor and how to implement monitoring.
For hazard monitoring, visual observations are typically repeated on a periodic, scheduled
basis (or following significant natural events such as storms and earthquakes) to document
changes (or no changes) to the ground surface at specific locations. These monitoring locations
are established on as well as off the landslide or subsidence hazard being monitored. Visual
observations are commonly focused on specific landslide or subsidence features that have been
identified, and where future movement may be expected to recur. Such specific hazard features
commonly include:
•
•
•
•
•
•

Landslide main/head scarps (and differential displacement subsidence features),
Landslide lateral scarps/flanks,
Tension cracks (landslide or subsidence),
Disturbed vegetation (tilted/deformed trees),
Deformation of the landslide mass, and
Displacement of the pipeline alignment.

Although visual-only (eyesight) observation of the features is often the means to accomplish
visual monitoring, it is imprecise, and not reliably repeatable. Therefore, visual monitoring is
commonly enhanced with the installation of physical markers on the ground that aid in
identifying and tracking changes to the landslide or subsidence features. These physical markers
provide specific local datum points that help to quantitatively document the magnitude and rate
of change in the landslide or subsidence feature.
For landslide head scarps, linear subsidence features, lateral scarps, and tension cracks, an
array of relatively robust markers (e.g., rebar, smooth steel rod, PVC, wood) are placed on either
side of the feature(s) being monitored, and are used for measuring vertical and lateral
displacement across the feature(s). Typically, approximately 1 m long (~3 ft long) lengths of
markers (e.g., #5 rebar (5/8 in diameter; metric #16 or 15M) or “sucker rod”, e.g., 3/4 in smooth
steel rods for colder climates) are driven vertically into the ground on each side of a crack/scarp.
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The markers are driven more than two-thirds of their lengths into the ground so that about 15 cm
(6 in) stick up above the ground surface. By measuring the horizontal and vertical separation
between the two opposing lengths of markers (over time), the relative horizontal and vertical
displacements of the scarp can be monitored and documented.
The survey laths in Figure 8-27 can, for descriptive purposes, be considered proxies for the
locations of rebar installed on either side of the landslide head/main scarp in the photograph.
Figure 8-28 provides a schematic view of the installation of rebar across a landslide head scarp.
Note that the tops of the rebar pieces do not need to be level with each other across the scarp at
the beginning of the monitoring program. The rebar positions can be normalized to each other
using a straight piece of 2×4, placed on the tallest rebar (commonly the upslope rebar) to span
the distance between the two rebar pieces across the landslide scarp, with a carpenter’s level
placed on the 2×4 to establish a level baseline from which to measure successive horizontal and
vertical separations.

Figure 8-27 View of a landslide head scarp with survey laths placed on the upslope and
downslope sides of the scarp. If each lath was visualized as a rebar, and their
vertical and horizontal positions relative to each other were periodically measured,
the growth of the head scarp would be documented. (Photo by: D. West, Year:
2005)
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Figure 8-28 Schematic section of a rebar installation across a landslides head scarp

For lateral landslide scarps (flanks), an array of four rebar pieces can be installed with two on
each side of the lateral scarp (Figure 8-29). This configuration is a quadrilateral across the scarp
which allows for the resolution of the lateral separation (lateral displacement) across the lateral
landslide scarp, through the rules of trigonometry [217]. Vertical separation across the scarp can
be measured in the same manner as described for head/main scarps previously. Successive
measurements of the lengths of each side of the quadrilateral and across the quadrilateral can
document the amount and rate of landslide movement, at the landslide lateral scarp, while
leveling across the scarp allows for the measurement of vertical separation across the scarp.
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Figure 8-29 View of a rebar quadrilateral array across a landslide lateral scarp (lateral scarp
location and relative movement shown by arrows) (Photo by: D. West, Year: 2010)

The continued deformation of vegetation within a landslide mass or along its limits may also
provide crude information on historical and continuing landslide movement. For example, the
conifer tree in Figure 8-30 is located within a landslide mass or body. The tree was initially
tilted in the downslope direction and was also split by the downslope movement of the landslide.
Continued movement of the landslide may continue to deform the tree, and result in additional
downslope tilt and widening of the split. If the angle of the tilt and the width of the split were to
be established in a baseline measurement, periodic measurement of these data points could
provide crude estimates of the continuing nature of landslide movement. By periodically
measuring the angle of the tilt, it can be crudely determined whether the landslide, at that
location, is continuing to move. Measurement of the tilt can be enhanced by placing reference
markers on the tree at 90° intervals so that successive changes in tilt can be more readily
measured and documented [217] as shown on Figure 8-30.
It should be cautioned that the use of tree related features should be used with great care in
situations where there is otherwise no indication of landslide activity. Many forests may have a
characteristic “drunken” stand appearance in areas of stable terrain. Features such as pistol
butted trees may be the result of snow loading during early stages of growth.
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Figure 8-30 View of tilted and split tree in a landslide mass. Continued, periodic measurement
of the angle of the tilt and width of the split can provide information on landslide
movement. The arrows on the tree represent possible reference markers attached
to the tree to aid in the successive measurement of tilt. (Photo by: D. West, Year:
1999)

Detection, characterization, and to a lesser extent, monitoring of potential landslide
deflection/deformation of the pipeline can be established by locating the pipeline across the
landslide and marking the pipeline locates with closely-spaced (e.g., every 10 ft or 3 m) survey
wands or survey laths. If a pipeline is deflected by the landslide, the location, pattern, and
amount of deflection of the pipeline can be determined using the observed deflection of the
pipeline locates. In some severe cases, one may also be able to find slide or settlement induced
sags or overbends based on depth of cover changes. Figure 8-31 is an illustration of the
deflection of a pipeline as represented by the “wow” in the line of pipeline locates (wands)
across an active landslide. The maximum lateral, downslope deflection of the pipeline by the
landslide, shown by the deflected locate wands, was about 5 ft (1.5 m), with the total length of
the deflected pipeline being about 150 ft (46 m).
Locates are relatively inexpensive, but are also relatively inaccurate. The accuracy of a
locate is primarily dependent upon the experience of the locator, quality of equipment, method of
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getting a signal on a pipeline (e.g. induction versus direct connection), soil/groundwater
conditions, and depth of cover. Common factors that reduce the accuracy are:
1. Interference from sources such as adjacent pipelines or overhead powerlines,
2. Interference from signals on tighter pipeline bends, and
3. Deeper cover.
As a rule of thumb, where the pipeline runs straight (or originally ran straight) apparent
deflections that are less than 1/3 the depth of cover to the top of the pipe or 1 to 2 times the
diameter of the pipeline (a lower number as the diameter increases) should not be trusted without
some other form of evidence of displacement.

Figure 8-31 View of a line of pipeline locates (wands) through an active landslide. The landslide
had deflected the pipeline laterally downslope and to the left by about 5 ft (1.5 m),
maximum. The total length of pipeline deflection was about 150 ft (46 m). (Photo by:
B. Albert, Year: 2013)
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A line of visual survey monuments (VSM) (vertical PVC pipes or other visual markers)
through a landslide, and adjacent to a pipeline in an ROW, can also be used for visual monitoring
of potential landslide movement. With the highly visible line of VSMs, ground deformation can
be detected from ground or aerial patrol, and if detected, the location, nature and amount of
landslide deformation can be measured and documented. Figure 8-32 is a schematic of typical
installation detail for a VSM.

Figure 8-32 Typical detail for a VSM to be installed in a line across a landslide (Source: Golder,
Year: 2015)

Close-range, repeated, terrestrial, digital photography can also be used to monitor active
landslide (or subsidence) movement, particularly if access to the moving ground is restricted or
unsafe. If markers (or prominent surface features) are placed on the landslide/subsidence area of
interest, these can serve as benchmarks for documenting qualitative or semi-quantitative changes
to the landslide surface, when repeated digital photographs are acquired from the same spot over
time. Examples of possible simple markers, fashioned from plywood or sheet metal and painted
with bright colors, are illustrated on Figure 8-33. Such markers/targets can be made and
deployed quickly. It is prudent to place some markers outside the limits of movement so that
relative change can be more precisely measured. Photographic techniques for landslide
monitoring are described in more details by [217, 218, 219, 220]
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Figure 8-33 Example of simple reference targets/markers for photographic monitoring of
landslide movements. These targets can be fastened to rebar driven into the ground
[217].

The various visual monitoring methods described above are listed and compared in Table
8-4. The methods are compared on the basis of maturity, availability, accuracy or precision,
repeatability, and reliability. In addition, Table 8-4 lists the basic equipment needed for each
visual monitoring method.
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Table 8-4 Comparison of the Visual Monitoring Methods
Comparison Rating
Visual Monitoring Method

Maturity

Comm.
Available

Accuracy/
Preciseness

Rebar Across Scarps

High

Yes

Tilted Trees

Low

Yes

Low

Pipeline/ Landslide
Deflection

High

Yes

Low to
medium

Low-High

Medium

Photography

High

Yes

Low

Low-Medium

Low

Repeatability

Reliability

Equipment

High

High

Rebar*, measuring tape, digital
camera, carpenter’s level, GPS

Low

Low

Digital camera, measuring tape,
clinometer, GPS

+/- 4 cm
(x, y, z)

Pipe locates, survey lath or
wands, PVC VSM, digital
camera, GPS
Digital camera, tripod,
targets/markers, GPS

*As a note, rebar is commonly used in warmer climates but is susceptible to frost jacking in colder climates. Often 3/4-inch smooth sucker rod is used in northern climates.
Additionally, the monitoring method would have to comply with pipeline ground disturbance procedures.
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The primary advantages of visual observations for landslide and subsidence monitoring are
that they are relatively inexpensive and can be completed relatively rapidly. The primary
disadvantages are that visual observations are not as accurate or precise as instrumental
monitoring techniques, and they have temporal and spatial limitations; i.e., they only record at
the time of measurement and they only record what has happened at the point of measurement
(which is generally on or near the surface).
The main cost to visual observations is labor, while equipment costs are minor. If aerial
patrol or aerial reconnaissance is used, then it can become somewhat expensive if not
incorporated into routine aerial patrol. For example, single-engine, fixed-wing charter may be
from about $250/hour to $500+/hour, while helicopter charter may range from about $600/hour
to $2,000+/hour, depending on the aircraft used and location.
8.3.2.2 Subsurface Monitoring
This section addresses subsurface monitoring of landslides and potentially unstable slopes
using slope inclinometers (SI), rudimentary (“poor man’s”) extensometers fabricated from
already-installed SIs, Shape Accel Arrays (SAAs) and time domain reflectometry (TDR). The
SIs, extensometers, SAAs, and TDRs are installed in geotechnical exploratory boreholes
advanced into stable ground below the landslide basal slip surface.
8.3.2.2.1

Slope Inclinometers

SIs are used to detect and determine the type, depth, magnitude, direction, and rate of
subsurface landslide or ground movement and ground displacement. Information from SIs is
often critical for understanding the cause, nature, and behavior of landslides. SIs provide useful
information for planning, development, and design of landslide mitigation alternatives, and are
commonly used for short-term and long-term landslide monitoring. SIs are also used for
detection, characterization, and monitoring other types of ground movement such as subsidence
and excavated construction slopes.
There are two common types of SIs used for landslides and ground movement monitoring [7,
221, 222, 223, 224, 225]: probe inclinometers (PI) and in-place inclinometers (IPI). Both PIs
and IPIs use similar downhole sensors.
PIs and IPIs are commonly installed in vertical, exploratory, geotechnical boreholes that are
geologically-logged as the boreholes are advanced into the ground. The geologic log of the
borehole allows for observed inclinometer displacement to be compared to the subsurface
geologic conditions encountered in the borehole, which are recorded on the log. The geologic
data of importance from the geologic log are the nature and depth of the interpreted landslide slip
surface and the depth/elevation of groundwater encountered in the borehole.
Following drilling of the exploratory geotechnical borehole, grooved plastic SI casing is
installed in the borehole and the casing is grouted into the borehole. Movement of the ground
causes the casing to deform. Eventually, the casing is sheared off or pinched closed. When that
happens, the probe can no longer pass through, and no more readings can be obtained. In
general, larger diameter casing will offer a longer useful life, because it can accommodate more
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deformation before access is closed to the probe. There are several diameters of SI casing
available which include [226]:
•

•
•

85 mm (3.34 in) casing is the largest diameter. It is suitable for all uses and especially
recommended for landslide investigation and long-term monitoring. It is also appropriate
for monitoring multiple shear zones or very narrow shear zones.
70 mm (2.75 in) casing is suitable for construction projects. It can also be used for slope
stability monitoring if only a moderate degree of deformation is expected.
48 mm (1.9 in) casing is used only for deformations that are expected to be very small
and are distributed over broad zones. It is generally not installed in soils.

The individual PI/IPI sensor commonly contains two, force-balanced servo-accelerometers
(biaxial sensors) that measure the inclination of the SI casing with respect to the vertical, in four
directions that are 90° apart. The biaxial sensor contains two perpendicular accelerometers to
measure movement in the four different directions. One accelerometer measures the tilt in the
plane of the inclinometer wheels (A-Sensor for A0 direction) which track the longitudinal groove
of the casing, while the other accelerometer measures the tilt in the plane perpendicular to the
wheels (B-Sensor for A180 direction). Thus, in a biaxial sensor, the A-sensor is oriented in the
A-direction which is parallel to the wheels of the probe (commonly installed along the expected
movement axis of the landslide), and the B-sensor is oriented transverse to the wheels in the
probe.
Probe Inclinometer (PI)
The traversing (moving along the SI casing) PI measures the onset and continuation of
landslide deformation/displacement perpendicular to the vertical axis of the SI casing by passing
a probe down the casing [221, 224]. The depth or zone at which shear movement is detected by
the PI is the depth of the landslide slip surface or zone of deformation. In some cases, there may
be multiple slip surfaces or zones of deformation encountered within a given SI installation.
PI Operation
A PI consists of a single SI probe sensor containing a pendulum-actuated transducer (servoaccelerometer) or microelectromechanical (MEMs) sensors. The probe is fitted with wheels and
lowered by an electrical cable down the SI casing. Grooves control alignment of the PI from the
top to the bottom of the SI casing. The electric cable is connected to a read-out unit at the
surface where data can be recorded manually or automatically (Figure 8-34). The PI system
includes four primary components (Figure 8-34 and Figure 8-35):
•

The SI guide casing permanently installed (grouted) in a vertical borehole. The SI casing
is commonly plastic (PVC), but can also be steel or aluminum, and has longitudinal
grooves/slots at 90° spacing around the circumference of the casing to guide/orient the PI
unit as it is lowered into the casing. The casing is commonly installed with one set of the
grooves oriented parallel to the direction of landslide or slope movement. With modern
slope inclinometers, the second set of groves is redundant.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

•

•

•

Page 329

The PI sensor probe, mounted in a wheeled carriage unit that tracks/traverses down the
grooved SI casing. The PI probe is typically oriented with the A0 direction aligned with
the expected direction of landslide or slope movement.
The electrical control cable that raises and lowers the PI sensor unit and allows for the
transmission of PI data to the read-out unit at the surface. The cable is commonly
graduated for accurate depth control of the PI sensor.
The portable read-out unit at the surface which provides power to the PI, receives
electrical signals from the probe, displays PI measurements in real-time, and stores the
data for further use.

Figure 8-34 Typical PI installed components, and principle of operation [227]
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Read-out unit

Wheeled probe

Electrical cable

Figure 8-35 PI with manual read-out unit and graduated electrical cable (modified from [226])

The wheeled PI sensor unit (probe) is lowered and raised in the vertically-grooved SI casing
on an accurately length-graduated electrical cable. The two sets of grooves in the casing allow
the probe to be oriented in either of two planes separated by 90°. At each PI installation, one set
of grooves is oriented in the direction of anticipated landslide movement, namely, the Adirection, while the second set (B-direction) is oriented 90° to the A-direction [221, 228].
PI Data
Measurements are typically taken at 2 ft (or 0.5-0.6 m) spacing in the SI casing, starting from
2 ft above the bottom of the casing. Mikkelsen [221] indicates that measurements collected with
depth intervals as large as 1.5 m (5 ft) result in poor accuracy. Mikkelsen [221] also reports that
PIs can measure changes in inclination on the order of 1.3 mm to 2.5 mm over a SI casing length
of 33 m, which is a precision of about 1:10,000. A typical PI plot of continuing, cumulative
subsurface displacement (over about 4.5 years) in a landslide is shown on Figure 8-36. The
depth of the landslide failure surface (about 17.2 m) is clearly expressed in the PI plot, and the
total displacement was about 20 mm over the 4.5 years. Figure 8-37 shows a plot of SI landslide
displacement with time for two separate PI/SIs, allowing for the evaluation of the rate of
displacement with time. The steeper the slope of the plot, the faster the rate of movement.
Provided readings are taken at an adequate frequency, the plots are extremely useful in
determining if the landslide movements are linked to wetter times of year or specific
precipitation events, or if movement is consistent over the monitoring period.
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Figure 8-36 Example borehole geologic log and PI plot of landslide displacement [222]
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Figure 8-37 Example of PI landslide displacement with time for two separate PIs [222].
Steeper areas of the plots correspond to faster landslide movement.

PI Accuracy
The accuracy of PI measurements is dependent upon the nature and amount of random and
systematic errors associated with the SI technique [221, 228]. The field accuracy or total error is
the sum of the random and systematic errors. Random error is less influential and tends to
remain constant, while systematic error tends to vary with each survey [229]. Systematic errors
tend to be caused by [229]:
•
•
•
•

Sensor bias-shift (offset)
Sensitivity drift (least common error source assuming probes are regularly calibrated and
not mishandled)
Sensor axis alignment (rotation)
Depth positioning error caused by SI casing curvature and vertical placement of the PI
probe by the operator

In a hypothetical 30 m long (100 ft long) SI casing, with measurements collected every 0.6 m
(every 2 ft) the total error could be on the order of 7.8 mm (0.31 in) [229]. Of this total, about
1.24 mm would be from random error, and about 6.6 mm from systematic error [229]. Although
generally constant, random errors can be reduced with better SI installations and with more
precise reading procedures. Systematic errors can be corrected and reduced through the use of
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strict mathematical procedures that are contained in modern inclinometer graphing software
[228, 229].
Generally, the shorter and straighter the SI casing, the lower the random and systematic
errors will be, and the lower the total error, or the greater the field accuracy will be. For
example, using the total error formula of [229], a 15 m deep (49 ft long) SI casing would have a
total error of about 4.2 mm, of which about 0.9 mm would be from random error and 3.3 mm
from systematic error.
In-Place Inclinometers (IPI)
IPIs can be used to continuously monitor landslides to provide information on continuing
landslide movement, and early warning of slope failure. IPIs can also be used to monitor
excavated slopes above highways, railroads, and other cut or fill embankments.
IPI Operation
An IPI system employs a series of biaxial servo-accelerometer sensors (MEMSs) segments
that are installed in the SI casing (Figure 8-38). The casing provides access for multiple IPI
sensors, and the grooves inside the casing control the orientation of the sensors. As with the PIs,
the IPI SI casing is typically installed in a vertical exploratory geotechnical borehole that passes
through the suspected zone of landslide movement into stable ground below. One set of grooves
is aligned with the expected direction of landslide movement, e.g., in the downhill direction or
toward an open excavation. The sensors are positioned inside the casing to span the expected
vertical zone of landslide displacement/movement. When the ground moves, the casing moves
with it, changing the inclination of the IPI sensors inside. Inclination measurements from the
sensors are processed to provide graphs of the casing profile and changes in the profile. Changes
in measured inclination indicate displacement (movement). In most applications, sensors are
connected to a data acquisition system, and readings are transmitted to processing software that
can trigger alarms based on displacement or rate of change of displacement. The depth of the
slip surface or zone of deformation should be known in order to use IPIs.
The primary advantage of IPIs over PIs is that they are ideal for continuous unattended
monitoring and can deliver readings in near real-time, or the readings can be locally stored in
data loggers. In this manner, trends and rates of landslide movement can be more closely
monitored, and prompt response to adverse landslide movement can be implemented.
Additionally, most commercial sensors can be linked together to form a chain of sensors,
effectively reducing the number of signal cables to one. This eases installation and simplifies
connection to the data logger. The sensors, cables, connectors, and wheels are also exceptionally
durable, making it possible to remove the sensors at the end of a project and redeploy them on
other projects (assuming the casing has not deformed beyond the point at which the sensor can
be removed). The sensors can be left in place and continue to monitor the landslide even when
the deformation is such that the sensor cannot be removed. Basically, the landslide can crush
the IPI in place.
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Sensors are installed
with the fixed wheel
pointing in the
expected direction of
movement, and SI
casing controls
orientation of
sensors.

With serial sensors,
signal cable runs
from one sensor to
the next, easing
installation and
simplifying
connection to the
data logger.

The gauge length of
each sensor is the
distance between
fixed wheels.

Figure 8-38 Typical multiple IPI installation in an SI casing (modified from [226])
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IPI Data
An example of an IPI landslide displacement plot is given on Figure 8-39. Note the
continuous displacement record and the sharply accelerated displacement pattern in February
2007. The accelerated pattern could be used to trigger an alarm and response by a pipeline
operator.

Figure 8-39 Continuous displacement versus time plot for an individual IPI sensor (05-14823) in
a vertical series of five IPI sensors in a single SI casing [230]

IPI Accuracy
The range of sensor accuracy for IPI installations appears to be from about 0.5 mm/m (at a ±
10° tilt range) to 0.43 mm/m (based on a ± 3° tilt range) [231, 232]. The resolution of such IPI
sensors ranges from 0.001 mm/m to 0.10 mm/m.
8.3.2.2.2

Shape Accel Arrays (SAAs)

Shape Accel Arrays (SAAs) are a proprietary technology that are essentially a chain of IPI’s
with MEMs sensors. Dasenbrock et al. [233] describes the SAA as a “jointed flexible tube,
containing arrays of MicroElectroMechanicalSensor (MEMS)-based orthogonally aligned
accelerometers, spaced along the unit at regular intervals”. The SAAs are custom manufactured
to specified lengths made up of 0.5 m (1.6 ft) segments connected by composite joints that allow
for angular rotation in two directions with no torsion. System parameters [233] include:
Maximum length of array: 331 ft (100 m)
Accuracy: +/- 1.5 mm per 98 ft (30 m)
SAAs can be installed in a borehole typically using a 1 inch PVC pipe or similar as a casing.
A small dot at the top of the arrays allows for the alignment of the SAA in a manner similar to
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orientating the A groove on a SI. The SAA and carrier pipe are then grouted into the borehole as
per SI casing installation. Although undocumented, the authors are aware of SAAs being used to
retrofit SI installations where a probe can no longer be passed in a deformed casing. The
retrofitted SAA acts as an IPI after installation. SAAs are interrogated using either a computer
or logger attached with an interface device. Communication stations can be installed to allow for
the remote reading of the SAAs.
The main advantages of SAAs are:
•

SAAs can be customized to fit the length of the borehole.

•

SAAs can be read with a laptop and interface unlike a PI which requires manual labor.
There are no potential errors associated with the reading of the device such as changing
probes, cables or simply pulling the cable in a different manner between surveys by
different crews.

The main disadvantages are:
•

SAAs are manufactured to a specific length. If the depth of the borehole is adjusted
(particularly shortened), the SAA may not be able to be installed.

•

SAAs have proprietary software which leaves the user only one option for data
interpretation where there are multiple options with IP/IPIs.

•

SAA technology is new and does not have the same depth of user experience as the
mature IP/IPI technologies.

•

The initial installation cost of the SAAs could be an order of magnitude greater than that
of SIs.

Typical costs are:
•

Interface units for computers and loggers: $1,000 to $2,000.

•

Loggers: $1,500 to $2,000.

•

SAA Cable: $500 to $700 per m (3.3 ft) segment.

When contrasted with IP/IPI costs, SAAs cost the same to install; SAAs cost considerably
more for the actual downhole segments but are considerably cheaper to interrogate. Depending
on the set up used, a set of cables, probe, and datalogger for an inclinometer may cost up to
$15,000. Equipment required to read SAA installations typically costs $1,000 to $2,000 as noted
above.
8.3.2.2.3

Extensometers

Extensometer, as described here, are a rudimentary (“poor man’s”) means to extend the
useful life of SI casing already installed for PI or IPI landslide monitoring. In either a PI or IPI
installation, if enough landslide displacement occurs along the subsurface slip surface, it will
block off the SI casing and limit the use of the PI or IPI probes. Normally, this would result in
the loss of the use of the SI casing for landslide displacement monitoring. If the rate of
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displacement is closely monitored, then the SI casing can be converted to an extensometer prior
to it being sheared off.
The extensometer conversion is composed of at least one stainless steel cable (e.g., zero
elongation aircraft control cable) that is anchored below the slip surface of the landslide that is
shearing the SI casing. Once installed, and once the SI casing is fully sheared off, the amount of
the disappearance of the cable down the SI casing (the result of landslide movement) will equal
the amount of displacement at the landslide slip surface, assuming a single failure plane. This
observed landslide movement is assumed to be at the depth detected when the PI or IPI was
initially operational. An example of the surface installation details of multiple cables in an SI
casing is illustrated on Figure 8-40. Alternatively, and at much greater cost, one could drop an
IPI or Shape Accel Array (see above) across the slip surface and let it be deformed by the
movements accepting that it cannot be retrieved.
The estimated accuracy of an extensometer, as described here, is about 0.25-0.50+ inch
(6.35-12.7+ mm), once the SI casing has been completely sheared off by landslide displacement.
The possible sources of error in the measurement are from uncertainties in the graduation of the
stainless steel cable(s), operator error in the use of measuring tapes, stretching of the cable, and
the nature of the subsurface landslide deformation to the SI casing (i.e., is there one thin slip
surface, or is it a thicker zone with varying deformation characteristics).

Stainless steel
cables

SI casing

Figure 8-40 View of four extensometer cables that have been installed in PI SI casing that was
being sheared-off by subsurface landslide movement. At least one of the cables
was anchored below the primary, basal slip surface detected by the previous PI
monitoring. (Photo by: G. Major, Year: 1987)

The primary advantage of the extensometer described here is that it allows for inexpensive
conversion and continued use of the SI casing that would have been originally installed with
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significant expense. However, the displacement measurements from the extensometer are less
precise than those coming from either PI or IPI monitoring.
8.3.2.2.4

Downhole Time Domain Reflectometry (TDR)

Downhole time domain reflectometry (TDR) is a relatively new approach to monitoring
slope movement [234]. Originally developed to locate breaks and faults in communication and
power lines, its first geotechnical use was around 1980 to locate shear zones in underground coal
mines [235].
Downhole TDR works in much the same way as radar, in that a radio transmitter sends out a
short pulse of energy and measures the time for a reflection, or echo, of the energy from some
object [223, 235, 236, 237]. In TDR, a surface cable testing unit sends an electrical pulse down a
coaxial cable grouted in a geotechnical exploratory borehole that penetrates to a depth below a
landslide slip surface (Figure 8-41). When the pulse encounters a break or deformation in the
cable (such as at the slip surface), it is reflected. The reflection shows as a “spike” in the cable
signature (Figure 8-41). The relative magnitude and rate of displacement over time, and the
location of the zone of deformation can be determined immediately and accurately. The size of
the spike increase correlates with the magnitude of movement (Figure 8-42). A laptop computer
is connected to the tester and cable signatures are saved for future reference.

Figure 8-41 Basic set up of a TDR landslide measuring site showing the TDR cable installed in
a grouted borehole and across the landslide slip surface. Displacement of the
landslide results in a spike in the TDR reading. [238]

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 339

Figure 8-42 Increased TDR signature spike and broken cable with continued (~1½ years)
landslide displacement at the slip surface [237]

Some of the advantages of TDR over probe inclinometers are:
•
•
•
•
•
•

Coaxial cable costs less than inclinometer casing, and provides for a cost-effective
installation.
TDR readings take several minutes versus PI inclinometer readings that can take over an
hour to complete.
The coaxial cable can be extended to a convenient reading location off the slope or away
from a highway.
TDR readings can easily be automated for continuous data collection.
Slope movement can be determined immediately during data collection rather than
waiting until data are plotted on computer.
Measurement of subsurface deformations delivers relative insight regarding the slip
surface (e.g., depth of surface of rupture/position of slip plane, width and type of
deformation zone).

TDR does have some disadvantages as well:
•

TDR cannot determine the actual amount of movement. Only the relative amount of
displacement can be estimated.
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The direction of movement cannot be ascertained from a TDR signature.
The cable must be deformed before movement can be located. Simple bending of the
cable, without damage, will not indicate any movement.
If water infiltrates a TDR cable, it will change the cable’s electrical properties and may
make signatures difficult to interpret.
TDR installs require proper grouting of the borehole, especially in soil.
TDR is only applicable to localized shearing deformation (thin shear zones).
Quantitative measurements are a challenge and movement rates need to exceed 2
cm/year.
Should be used in combination with surface measurements.

In 2001 [235], the cost of coaxial cable varied from about $0.20 to $2.50 per foot. Cable
testers, for reading TDR signatures, varied from about $6,000 for a used tester to about $10,000
for a new one. It is understood that cable testers may be available for as low as $2,000.
Table 8-5 is a summary comparing the general characteristics and attributes of SIs (both PIs
and IPIs), SAA, rudimentary extensometers, and TDRs for subsurface monitoring of primarily
landslides and potentially unstable slopes.
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Table 8-5 Comparison of Common Subsurface Monitoring Methods for Landslides
Comparison Rating
Subsurface
Monitoring Method

Maturity

PI

High

IPI

High

Commercially
Available

Yes

Accuracy/
Preciseness

Millimeter
scale

Repeatability

High

Reliability

Equipment and Cost

High

Geotech borehole, SI casing, PI probe, cable, and
read out unit. Typical SI casing installation cost is
$10-20k (including geologic logging); PI equipment
used to read boreholes is ±$10k. The rent for tools
is $200-300 per day. The labor cost for reading
boreholes depends on the length. However, field
time for reading 500 ft (150 m) installation is four
hours.

High

Geotech borehole, SI casing, IPI probes, cable, and
read out unit. Typical SI casing installation cost is
$10-20k (including geologic logging); IPI equipment
is $10k-20k+ depending on the number of IPI probes
installed.

Yes

Millimeter
scale

High

High

Geotech borehole costs $500-700 per meter.
Computer interface (data acquisition board) is
roughly $1,000-2,000. Data logger is roughly
$2,000.
Repurposed SI casing; stainless steel cables, and
ancillary parts cost + $500.

High

SAA

Medium

Yes

Millimeter
scale

Extensometer

Low

Yes

Centimeter
scale

High

High

Yes

Centimeter
scale and
relative

High

High

TDR

Medium-
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Piezometers

Landslides and slope movement are commonly triggered or accelerated by elevated (raised)
groundwater levels in a slope, and by elevated groundwater pore pressures at a landslide slip
surface. The elevated groundwater levels and pressures reduce the shearing resistance of the
geologic material at the landslide slip surface and thus result in landslide slip or slope movement.
The objective of using piezometers in landslide and subsidence hazard monitoring is to be able to
monitor the nature of the response, the patterns, and the trends of groundwater conditions in a
slope due to storm-related and/or seasonal precipitation trends, and to match these groundwater
trends to the triggering of slope movement.
A piezometer is a groundwater monitoring device either used to measure the pore water
pressure in the subsurface by measuring the height to which a column of water rises against
gravity, or a device which measures the pressure (more precisely, the piezometric head) of
groundwater at a specific point or depth [239, 240, 241]. A piezometer is designed to measure
static groundwater pressures.
A standpipe piezometer (also known as an observation well) records the height to which
groundwater will rise in an open standpipe or well. The water pressure at a specific point or
depth in the subsurface is recorded by a pressure transducer or other calibrated device.
Standpipes or observation wells give some information on the water level in a subsurface
formation, but are commonly read manually. Pressure transducers of several types can be read
automatically and the data can be stored with dataloggers, making data acquisition convenient
and continuous.
The first piezometers in geotechnical engineering were open wells or standpipes (sometimes
called Casagrande piezometers) installed into an aquifer, or a subsurface zone of interest such as
a landslide slip surface. A standpipe piezometer is typically installed in a geotechnical
exploratory borehole, documented with a geologic log so that the piezometer can be designed for
the observed subsurface geologic and hydrogeologic conditions. The standpipe piezometer will
typically have a solid casing (e.g., PVC) down to the depth of interest, and a slotted or screened
casing (e.g., PVC) spanning the zone/elevation/depth where water pressure is being measured or
monitored. The screened length of the pipe in a borehole is backfilled with clean sand, while the
solid casing above, is sealed to the surface with bentonitic clay or concrete to prevent surface
water from contaminating the groundwater supply. Figure 8-43 shows a typical subsurface
profile and details for a flush-mounted standpipe piezometer that would be located in a roadway.
On the other hand, Figure 8-44 illustrates an above-ground surface completion, with protective
steel casing for a piezometer co-located with an inclinometer in an active landslide. A co-located
standpipe piezometer with an inclinometer is typically within about 10 ft (3 m) of the
inclinometer to monitor the groundwater conditions coincident with the inclinometer, and what
levels/elevations might be triggering landslide movement.
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Figure 8-43 Typical details for a standpipe piezometer, in this case, one that is flush-completed
in a roadway
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Figure 8-44 Above-ground, protective surface completions in a landslide, on a ROW, for a
standpipe piezometer and a PI inclinometer (Photo by: D. West, Year: 2005)

In an unconfined aquifer, the water level in the standpipe piezometer may not be exactly
coincident with the water table, especially when the vertical component of the groundwater flow
velocity is significant compared to the horizontal component. If the piezometer screen is
installed in a confined aquifer under artesian conditions, the water level in the standpipe
piezometer will indicate the pressure in the confined aquifer, but not necessarily the water table,
and may have a perched water level above the confined aquifer’s water table [239].
Standpipe piezometers are commonly constructed using 2-inch-diameter (5 cm) PVC plastic
pipes (both solid and screened/slotted). This size of the PVC pipes allows for water level meter
probes to be easily lowered into the PVC pipes for manual groundwater monitoring. A common
water level indicator consists of a probe, a cable with precise, laser-marked graduations, and a
cable reel [242]. The hub of the cable reel contains batteries, electronics, a bright LED lamp,
and a beeper. The operator lowers the probe into the standpipe or well. When the probe
contacts the surface of the water, the LED illuminates, and the beeper sounds. The operator then
reads the depth-to-water measurement from the graduations on the cable.
Pressure transducer piezometers are commonly grouted in a geotechnical borehole along with
slope inclinometer (SI) casing (on the outside of the casing), or they may also be installed in a
standpipe piezometer if continuous water level measurements are a requirement. The pressure
transducers are commonly of the vibrating-wire (VW) type, converting groundwater pressure
into an electrical signal, or of the pneumatic type, measuring pore water pressures directly by
using gas to lift a diaphragm. These piezometers are cabled and/or tubed to the surface where
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they can be read by data loggers, portable readout units, or can be automated, allowing faster and
more frequent or continuous reading than possible with open, manually-measured standpipe
piezometers.
The VW piezometer converts water pressure to a frequency signal via a diaphragm, a
tensioned steel wire, and an electromagnetic coil [242]. The piezometer is designed so that a
change in pressure on the diaphragm causes a change in tension of the wire. When excited by
the electromagnetic coil, the wire vibrates at its natural frequency. The vibration of the wire in
the proximity of the coil generates a frequency signal that is transmitted to the readout device.
The readout device processes the signal, applies calibration factors, and displays a reading in the
required engineering unit.
Based on [242], there are several types of VW piezometers which can be used for measuring
groundwater pressures. These are:
•
•
•
•
•
•

Standard borehole piezometer
Multi-level piezometer
Heavy-duty piezometer
Push-in piezometer
Low-pressure piezometer
Vented pressure transducer

The standard borehole VW piezometer (Figure 8-45) is suitable for most applications. It can
be directly grouted into a borehole using a bentonite-cement grout mix.

Figure 8-45 Standard borehole VW piezometer [242]

The advantages of VW piezometers are:
•
•
•
•

High Resolution: VW piezometers provide a resolution of 0.025% of full scale.
High Accuracy: Automated, precision calibration system ensures that all VW
piezometers meet or exceed their accuracy specifications.
Groutable: The VW piezometer can be directly grouted-in with a bentonite-cement grout.
Rapid Response: VW piezometers offer rapid response to changes in pore water pressure,
whether they are grouted in, pushed into cohesive soils, or embedded in a sand filter
zone.
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Reliable Signal Transmission: With properly shielded cable, signals from the VW
piezometer can be transmitted long distances.
Temperature Measurement: All VW piezometers are equipped with a temperature sensor.

In a typical pneumatic piezometer installation, the piezometer is sealed in a borehole,
embedded in fill, or suspended in a standpipe [241, 242]. Twin pneumatic tubes run from the
piezometer to a terminal at the surface. Readings are obtained with a pneumatic indicator. The
piezometer contains a flexible diaphragm. Water pressure acts on one side of the diaphragm and
gas pressure acts on the other. When a reading is required, a pneumatic indicator is connected to
the terminal or directly to the tubing. Compressed nitrogen or carbon dioxide gas from the
indicator flows down the input tube to increase gas pressure on the diaphragm. When gas
pressure exceeds water pressure, the diaphragm is forced away from the vent tube, allowing
excess gas to escape via the vent tube. When the return flow of gas is detected at the surface, the
gas supply is shut off. Gas pressure in the piezometer decreases until water pressure forces the
diaphragm to its original position, preventing further escape of gas through the vent tube. At this
point, gas pressure equals water pressure, and the pneumatic indicator shows the reading on its
pressure gauge. Figure 8-46 illustrates the operation of a pneumatic piezometer, while Figure
8-47 shows a typical one.
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Figure 8-46 Pneumatic piezometer operation schematic [242]

Figure 8-47 Typical pneumatic piezometer [242]

Table 8-6 lists various attributes of standpipe, VW, and pneumatic piezometers which have
been commonly applied to groundwater monitoring at landslide and potential slope movement
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sites. They have also been used to monitor the performance of landslide mitigation projects
where groundwater lowering is the primary, or a main component of the landslide mitigation
strategy. The general experience is that VW piezometers are commonly the most used option of
the three types of piezometers listed on the next page.
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Table 8-6 Comparison of Piezometer Monitoring Method Attributes
Comparison Rating
Piezometer

Standpipe

VW

Pneumatic

Reading
Time

Remote
Access

Data
Logging

Accurate
Readings

Main Advantage

Minutes

No

No

Requires
technique

Simple

Seconds

Minutes

CRES-2012-M03-01
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Yes

Yes

Yes

Yes

Easy to install and read

No

Requires
patience and
technique

Not affected by
lightning
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Equipment and Cost
Geotech borehole, PVC casing, water level indicator. Typical
PVC casing installation cost $5-10k + (w/o geologic logging).
Water level indicator is + $2k.
Geotech borehole, VW piezometer, readout unit, cable and data
logger. Typical SI casing installation cost $10 -20k (including
geologic logging). The actual VW piezometers are $0.5k each
with the readout or logger boxes being $1.5k to $3k dollars each.
Geotech borehole, PVC casing, readout unit, tubing, inert gas
bottle. Typical PVC casing installation cost $5-10k + (w/o
geologic logging); readout unit and ancillary equipment cost about
+ $2k.
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Ball Markers

Scientific/Engineering Principles of the Marker Balls
The marker balls, shown in Figure 8-48, are buried in the soil above the pipeline during
construction of a new pipeline or while a pipeline is in service. The marker ball utilizes passive
antenna radio frequency identification (RFID) technology encased in a waterproof shell that
allows an operator to locate the ball from the surface. A pipeline locator unique to the ball
marker transmits a signal to the buried marker and the marker returns the signal to the locator,
indicating the marker’s position and depth. When radio waves from the locator are encountered
by a passive RFID tag, the coiled antenna within the tag forms a magnetic field and the tag draws
power from it, energizing the circuits in the tag. The tag then sends the information encoded in
the tag's memory.
For most accurate spatial coordinates in the x, y direction it is recommended that the location
be GPS surveyed by a land surveyor to record specific x and y coordinates. The locator
identifies the depth of the ball in the z direction up to 1.5 m (5 ft) within +/- 10% accuracy. For
best results bury the marker at 3.5 ft or shallower (approximately 1 m or shallower) to improve
the accuracy results.
Movement of the ball between surveys allows the operator to monitor soil creep or other type
of slow moving localized land movement. The ball marker’s self-leveling design provides
confidence in the horizontal location of the ball when located by the pipeline locator. It also
reduces any concerns of tilting or disturbances through backfilling during installation. The ball
marker RFID functionality also enables pipeline data to be stored in the marker to ensure
positive identification of the pipeline. This functionality uses a pre-programmed unique serial
number which can integrate with office mapping and GIS systems. The ball marker is used for
repetitive and continual monitoring for which the operator defines a survey frequency as
established from previous surveys and rates of land movement.
Physical Specifications:
• Size: 4 in diameter sphere (10.4 cm diameter)
• Weight Net: 0.7 lb (0.35 kg)/ Shipping: 24 lb (10.4 kg)
• Packaging: 30 per carton
• Markers Read Range: up to 5 ft (1.5 m).
Environmental Specifications:
• Operating Temperature -4 °F to 122 °F (-20 °C to 50 °C)
• Storage Temperature -40 °F to 158 °F (-40 °C to 70 °C)
Rough Order Magnitude Costs:
•
•
•

$30 per marker ball, carton/case of 30 marker balls costs approximately $900
Locator costs +/- $1,000 per tool
GPS survey crew costs +/- $200 per hour
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Figure 8-48 Ball Markers [243]
Table 8-7 Characteristics of ball markers
Matrix to Rate Technology

Rating

Maturity (high, medium, low)

High

Commercial availability (Yes, No)

Yes
Locator: +/- 3 inches x, y

Accuracy / precision of data (high, medium, low,
or specific numbers)

+/- 10% in z
GPS: +/- 0.5 in x, y

Repeatability of data (high, medium, low)

High

Reliability of the hardware (high, medium, low)

High

Circumstances/Scenarios for Application
Monitoring by ball markers allows the operator to develop land movement rates and
indirectly correlate to the movement to the pipeline. Rates of land movement determined from
multiple surveys can provide the operator the ability to estimate the potential for pipeline
displacement. The below ground marker ball allows the operator to monitor soil movement
without having a direct connection to the pipeline (i.e. tracer wire). Marker balls are used
primarily for monitoring soil creep at creeping fault locations; however, they can also be used to
monitor localized slow-moving shallow land movement areas (up to 5 ft from the surface).
Examples of Application
Examples of installation are shown in Figure 8-49, Figure 8-50, and Figure 8-51. The marker
ball is best used directly after a new installation of a pipeline to create a baseline that will
monitor land movement from when the pipeline was installed. The marker balls do not directly
measure any movement before the marker ball was installed. If the marker balls are installed
while the pipeline is in service, then established rates of land movement may only be used as a
guidance to back calculate total land movement from the original pipeline installation. The
marker balls are recommended to be installed in close proximity to the pipeline at a selected
interval along the pipeline alignment, determined by the operator based on the extent and
estimated location of soil movement.
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Figure 8-49 Packaging of marker balls
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Figure 8-50 Marker ball installed at approximately 3.5 ft below ground surface, above new
pipeline alignment
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Figure 8-51 Denotes location of installed marker prior to complete backfill of pothole used for
establishing baseline survey before leaving site

Procedure/Process of Applications
a. Site or pipe preparation
No pipe preparation is required since the technology is not applied directly to pipeline. The
marker ball is dropped in the trench during pipeline backfilling after construction.
b. Installation
The marker ball only needs to be placed above or near the pipeline during backfilling, see
Figure 8-52. The marker ball is placed no deeper than 1.5 m or 5 ft and once the ball is in place
it is recommended to GPS survey the location for as-built records and then locate the ball again
after the backfilling process is complete to compare results and establish a true baseline. The
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marker balls should be spaced at an interval spacing as deemed appropriate by the operator but
typically per the direction of a geotechnical consultant.

Figure 8-52 Installation of marker ball

.
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Figure 8-53 As-built drawing detail

c. Protection of sensors
Sensors are encased in a waterproof plastic material which houses the RFID tag. The RFID
is not sensitive to soil conditions or to surrounding magnetic fields. The marker ball however is
sensitive to damage from excavation activities in areas where soil disturbance (agricultural areas)
is likely to occur above or around the pipeline.
d. Data logging
A Dynatel or Goldak MLX-GP EMS Marker Locator is the typical instruments used to locate
the underground marker ball. The ground surface where the locator picks up the marker ball
should be marked by a cross with paint or some other temporary above-ground marking system,
so that the intersection point can be GPS surveyed by a qualified land surveyor. Data recording
is a manual process that is captured by the land surveyor(s) using the location from the pipeline
locator through individual field measurements. The information can be transposed or imported
into GIS or other similar documentation of records. Each site measurements shall be added to
the previous survey measurements for comparative analysis.
e. Frequency of data reading
As ball markers are used for slow-moving soil movement, readings are recorded on an annual
or semi-annual basis or until an appropriate frequency is established by the operator using
historic survey results and movement. Survey frequencies can be increased as appropriate from
previous survey results.
f.

Data interpretation

Data is interpreted from the x, y, z results and should only be used to compare and establish
soil movement rates. For best results or redundancy, the same survey crew should be used on the
same project location or have detailed knowledge of how the previous surveys were completed,
CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 357

so as to minimize survey inaccuracies. This will ensure that similar processes and techniques are
followed and the accuracy of the data is not compromised by varying methods/processes.
Multiple readings (more than two) shall be recorded prior to making comparisons or drawing any
trends.
Principal Advantage and Disadvantage
The principal advantage of this technology is that it provides a relatively inexpensive tool to
monitor slow soil movement near a pipeline. Another advantage is that since the balls are
installed below-ground, they are protected from shallow excavation damage (non-agricultural
land use) or other surface activities (e.g. livestock or human tampering), particularly when
compared to above-ground or at-ground installations, such as conventional survey points.
The principal disadvantage is that this tool only measures soil movement and thus provides
an indirect assessment of pipe movement. In addition, marker balls only measure soil movement
since their installation; the movement prior to the time of installation is not known. Marker balls
rely on a passive locate technology, which in turn needs to be GPS surveyed. The process can
add levels of uncertainty in the measurement accuracy.
8.3.2.3 Land Based Surface Monitoring
8.3.2.3.1

Conventional and Global Positioning System (GPS) Surveys

Geodetic surface displacement survey (x, y, z coordinates) from both conventional groundbased (i.e., theodolite/total station) or satellite-based (GPS or GNSS) survey methods are
commonly used to characterize and subsequently monitor ground movements. The surveys
provide information about the displacement (or lack thereof) of discrete points within a survey
area.
This section describes the methods of ground surveying and provides a detailed comparison
of methods in Table 8-8. Conventional surveys are typically thought of as ground-based
measurements relative to either a geodetic coordinate (reference grids) system or a project
specific local grid. Reference grids are typically based on Ellipsoids which are horizontal
control models which typically use World Geodetic Systems 84 or 1980 systems. Geoid Control
Models provide vertical control (typically HT 2.0 or HT97) which is the surface the earth’s
oceans would take under the influence of earth’s gravity and rotation without the influence of
winds or tides. The Geoid surface is extended through the continents to provide a reference
global mean sea level. Conventional surveys involve measuring angles, distances, and/or height
differences between points that are limited by a line of sight using an instrument (typically a total
station) and target (reflector point or, with new technologies, a hard surface). Using
conventional surveys can sacrifice accuracy over either long distances or multiple legs.
Conventional surveys tend to be the preferred option of surveyors over shorter distances and/or
smaller areas or where a GPS signal cannot be reliably acquired (refer to Table 8-8). The US
Army Corps of Engineers [244] discusses conventional survey deformation monitoring in detail.
Reference [245] provide a summary of conventional surveying methods for the specific purpose
of monitoring landslides. Although the papers are outdated by today’s standards, they provide
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good basic guidance. There is no current state of the art paper at the time of publication of this
document. Recent advancements of the total station technology allow for automatic reading of
programmed targets.
Recent guidelines for GPS surveys can be found in the following documents:
•

Henning et al. (2011) for United States [246],

•

Donahue, Wentzel, and Berg (2013) for Canada [247], and

•

Royal Institution of Chartered Surveyors (2010) for the United Kingdom.

GPS surveys typically include the US (GPS) and Russian (GLONAS) satellite constellations.
More satellites are visible and receiver positional data can be more readily resolved using both
sets of satellites. Survey-grade accuracy is obtained by setting base units over known reference
points and adjusting the locations obtained from rover units by the errors simultaneously
calculated at the base units. GPS surveys can be categorized into two types:
1. Static Baseline (Static): Static baselines require that the GPS receiver be placed on an
observation point for some period of time e.g., 5 to 30 minutes, determined based on the
baseline length. The advantage is that a larger sample of satellite information is collected
to allow for an accurate resolution of the receivers’ position. The more practical
advantage of this method is that the receiver is mounted on a stationary tripod and
centering plummet and is considered stationary over the monitoring point. An example
of a static survey is shown in Figure 8-54, where 2 base stations are positioned above and
outside of the landslide on known provincial survey monuments. The base stations are
run continuously while 3 rover stations are alternated over monitoring points with a
minimum 30 minutes at each point.
2. Real-Time Kinematic Positioning (RTK): A real-time instantaneous (RTK) solution is
typically half as accurate as a traditional static baseline. This is primarily due to a near
instantaneous shot being taken from a less stable hand held pole positioned over the
monitoring point. These surveys typically involve a single base station positioned over a
base station point in proximity to the survey site and a rover station on a hand-held rod
taking quick shots over each monitoring point. When working in municipal areas, data
from third party base stations may be obtained rather than having to set up a surveyspecific base station.
Both conventional and static GPS methods require multiple base stations (and/or back sights)
placed on known stable ground. Base stations are typically permanent concrete survey
monuments with monitoring points installed within and surrounding the landslide. Whenever
possible, known control points are used – including state/provincial and Federal control points.
These tend to be more abundant around populated areas as opposed to pipeline ROWs.
There are numerous different designs for monitoring points as previously discussed in the
visual monitoring section. Regardless of the design, monitoring points should be protected from
weather, animals, and traffic. The monitoring point should be installed so that it is not subject to
CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 359

frost heave. Therefore, rebar type monitoring points are not recommended in most northern
climates. One example of a monitoring point is a 3/4 in (19 mm) smooth steel sucker rod driven
as deep as reasonably possible (4 to 7 ft) into the ground with a monitoring point punched into
the top of the rod. A more robust example is the Berntsen 3/4 in Aluminum Top Security RodTM
(www.bernstsen.com) type monitor that includes a flip-top access cover that protects a
countersunk solid aluminum finned rod. Figure 8-54 shows a typical monitoring set up.

Figure 8-54 Sketch of a typical monitoring set up for ground based conventional and GNSS
surveys

A challenge with surveys is that establishing proper control may be difficult when the survey
is limited to a linear pipeline ROW. To minimize potential control related errors to the greatest
extent possible it is recommended to have a multiple control points outside the area of interest
with a triangular control grid rather than a linear grid. This may not be possible in urban areas or
areas where there are landowner/stakeholder issues.
In both static and RTK surveys, post survey data processing is required to determine the final
positions of the base stations and monitoring points. Static surveying is more (refer to the Table
8-8) accurate as more data is collected to determine the final position of the monitoring point.
Figure 8-55 and Figure 8-56 show typical study areas for conventional and GPS surveys.
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Figure 8-55 A conventionally monitored slope with an extremely slow translational slide and soil
creep. Outline shows extent of a grid of 90 monitoring points. Base stations are
located at the top and bottom of the slope outside of the unstable section of
pipeline ROW. (Photo by: D. Dewar, Year: 2014)

Figure 8-56 A GNSS monitored slope with an extremely slow translational slide. Outline shows
the extent of 30 monitoring points located along the ROW in select areas where
suitable satellite coverage is available. Base stations are located at the top of the
slope outside of the unstable section of pipeline ROW. (Photo by: D. Dewar, Year:
2014)

Surveying methods are typically only applicable where the actual landslide and/or settlement
subsidence deformations will not destroy, distort, and/or bury monitoring points. Therefore, the
method is typically more suitable for monitoring slow to extremely slow (refer to Chapter 3,
Table 3-2) topples, slides, flows, or spreads.
Typically, local geological/geotechnical specialists will have developed relationships with
local survey consultants to provide landslide monitoring services. It is always recommended that
local expertise be used when scoping, designing, implementing, and interpreting landslide data.
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Surveyors experienced in deformation monitoring should be contracted to do the work.
Surveyors only experienced in legal surveys may have great difficulty understanding the
concepts of data reduction for deformation analysis when their experience is in correcting data to
resolve the positions of static points. The interpretation of data may not always be as
straightforward as one may perceive. For extremely slow moving landslides it may take
numerous years to gather enough data to separate obvious movements from random or human
errors. The more precise the survey method/equipment is, the more likely it is that actual
landslide movements can be distinguished from errors. Figure 8-57 shows an example of
monitoring points that are interpreted to be unstable and stable. Table 8-8 compares the two
survey methods.

Figure 8-57 Representation of GPS survey results for a landslide shown above. The
monitoring point to the left is near the center of the landslide and has clearly moved
whereas the point to the right is located downstream of the landslide on stable
ground.
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Table 8-8 Comparison of the conventional to GPS methods (Cont’d.)
Item

Conventional Surveys

GPS Surveys

Applicability
(Study Area)

Generally better for smaller landslides on ROW sections
less than 1500 ft (460 m) in length and where sky visibility
is limited or obstructed.

Preferred for large landslides on ROW of over 1 mile (1.6 km) in length.
Study areas can be as large as 30 miles (48 km) along regional landslide
complexes.

Equipment
Availability

Depending on the accuracy requirement most survey
contractors would have the capacity to conduct this work
under the guidance and review of a monitoring specialist.

Due to equipment costs, typically only larger survey contractors own
equipment. Small firms typically rent equipment; therefore, they may not
be as familiar with it.

Technology

Conceptually simple, perceived to be well established, and
very economical. Minimal specialized equipment
required. Operator and procedural experience are critical.

Relatively simple and well established. Specialized equipment and data
interpretation required.

Costs
(Monitoring)

Costs can be highly variable. If conventional surveying requires a tie-in to a reference grid, considerable efforts could be required. The
cost to install a typical monitoring point or base station range from $100 to $1,000 per point depending on the type, access to, and
number of points.

Tie-ins

Survey must be tied into existing legal evidence, base
station, or GPS survey; otherwise, a project specific local
coordinate system could be used.

Automatically tied into an approximate UTM or other reference grid with a
known location.

Expected
Accuracy

Depends on distance of survey and the amount of survey
legs; but as a rule of thumb, expect +/- 0.10 in (2 mm) per
650 ft (200 m) of length. Legal survey position accuracies
are usually 0.8 in (20 mm). This is under ideal conditions
with a trained observer and proper equipment.

Assuming good satellite geometry and proper equipment calibrations, the
following are the best achievable accuracies:
RTK: +/- 0.4 in (10 mm) horizontal.
Static Survey: +/- 0.2 in (5 mm) horizontal.
Vertical accuracy is generally 2.5 times horizontal accuracy (e.g. 10 mm
horizontal would be 25 mm vertical).
Operator experience typically shows the true accuracies to be up to three
times the best achievable accuracies.
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Table 8-8 Comparison of the conventional to GPS methods (Cont’d.)
Item
Sources of
errors/corrections

Conventional Surveys

GPS Surveys

• Movement/damage to base stations and monitoring
points.
• Atmospheric/temperature corrections.
• Generally, less accurate as distance of survey increases.
• Operator errors.
• Equipment in poor calibration/adjustment.

• Movement/damage to base stations and monitoring points.
• Poor satellite coverage or limited coverage during some periods of day.
• Operator errors.
• Equipment in poor calibration/adjustment.
• Require a minimum horizon of typically 15° to be able to see satellites.
Therefore, narrow ROWs in forests or on steep ground may not get
suitable coverage.

Advantages

• Monitors near surface/surficial ground deformations which, on the scale of most landslides, is where the pipeline is located.

(both methods)

• Can be applied to hard-to-access sites on steep slopes and poor ground as only foot access is required.
• Considerably less expensive to install than slope inclinometers and other subsurface monitoring. Thus, considerably more monitoring
points can be installed per given budget.
• Can combine both conventional and GPS survey methods in a hybrid survey to suit local ground or ground cover conditions.
• Can be automated (but at a considerable expense and may be susceptible to theft and vandalism). Without automation, considerable
efforts may be required to establish seasonal rates of movements as numerous monitoring visits would be required.

Disadvantages
(both methods)

• Required ground disturbance (GD). Some GD procedures may not allow for optimal placement of monitoring points close to
pipelines.
• Monitoring points may be difficult to install in either very soft/very loose, hard/very dense, or coarse/rocky ground conditions.
• Considerable expense per monitoring point for small jobs due to equipment rentals and mobilization.
• Potential difficulties duplicating surveys if there are contractor/personnel/equipment changes. This can be minimized by including
independent outside senior review of survey methods and data reduction techniques.
• Provides data at discrete points rather than a continuous scan of ROW as done by LiDAR or InSAR (discussed later in the chapter).
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In many cases, hybrid surveys must be conducted when GPS coverage is not available at
critical areas where monitoring is required, including sections of ROW that are shaded by trees
or surrounding topography. In these areas, monitoring points would be conventionally surveyed
using adjacent GPS monitoring points as tie-ins.
When designing survey programs for large areas or numerous sites, the need for accuracy
may have to be balanced with timing/budget considerations. As an example, if you have 150
separate sites to monitor, static surveying may not be realistic given the potential timelines
required to conduct all surveys prior to the next required monitoring session.
8.3.2.3.2

Monuments Directly Attached to Pipelines

Above ground survey monitoring refers to an historic technique of directly monitoring pipe
deformations by attaching a survey rod to the pipe by either CAD welding or clamping it to the
exposed pipeline. The survey rod is then run up to the ground surface typically through either
wood cribbing or a plastic culvert. The attached rod would be surveyed using the techniques
discussed in section 8.3.2.3.1 of this chapter. Figure 8-58 shows a wood crib of installation.

Figure 8-58 Above surface survey monument in a wood crib within pipeline ROW (Photo by: E.
McClarty, Year: 1999)

The primary advantage to the technique is that it directly measures if the pipe is being
deflected or bent by a geologic hazard. Limitations to the technique include:
•

At a minimum, the top of the pipe must be exposed to install the survey rod.
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•
•
•

Pipeline corrosion protection may be compromised.
There are possible third-party interactions with the pipeline.
The maximum deformation that can be recorded is proportional to the opening size of the
wood cribbing and/or culvert used.
• Buckling and wrinkling and/or other landslide induced pipeline anomalies are not
detected.
This technique was mainly used prior to the evolution of smart pigging. Based on its
disadvantages, the authors do not recommend using this method as other modern techniques are
available that can provide more information on pipeline deformations with significantly fewer
disadvantages.
8.3.2.3.3

Ground Based LiDAR (a.k.a. Terrestrial LiDAR Scanning)

Ground Based LiDAR (GBL), also known as Terrestrial LiDAR Scanning, is a wellestablished mature technology that is more commonly used as part of hazard management
programs in the mining, highway, or public sectors to monitor high consequence slopes, areas of
erosion, and faults. It is generally applicable to situations where conventional surveying
techniques (discussed in the previous section) are applicable. An example of a typical GBL
study is detailed by Collins et al. [248]. The technology is commonly used in the pipeline
industry to map complex piping arrays within gas processing plants, stations, and other facilities.
The basic technology is identical to the airborne LiDAR discussed in Section 8.3.2.4.2 of this
Chapter, but the instrument is positioned near the ground on a tripod, or above the ground on a
raised platform either at a fixed position or on a mobile device. In other non-pipeline related
activities, the instrument can actually be hung from a structure and does not necessarily have to
be mounted either level or upright.
The development of GBL is an evolution of the total stations which surveyors have been
using since the 1980s. Total stations use precisely measured horizontal and vertical angles, and
distances measured by laser to calculate the x, y, z of a retro-reflective target, relative to the
instrument. If real-world coordinates of two or more points are already known, then all other
points measured from that instrument setup can also be adjusted to match that larger coordinate
system. When all survey points within the line of sight of an instrument setup are measured, it
becomes necessary to move to another location. The surveyor will set control points which are
visible from the next setup, and then measure to them again from that new location. Since these
control points already have known coordinates from the previous setup, the next setup is tied in
to the prior setup. The process repeats – setting control from a known setup point, and then
using that control to define the location of the next setup. For larger scale projects the surveyor
will measure to as many control points as possible from each setup, building a network of
measurements from various locations to improve the quality of the work.
GBL is essentially an extension of the same process. The difference is that the laser fires
continuously while the instrument moves through its scanning range (see below) collecting a
cloud of millions or billions of points within the scan range of the instrument. Modern scanners
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can also collect high resolution photographs which are used to assign color values to each of the
points in the cloud. The cloud resolution depends on the radial distance of the surface from the
scanner. The closer the surface, the higher the resolution. As an example, at 330 ft (100 m)
from a typical scanner, one point is collected every 1/2 in (12 mm), both vertically and
horizontally. Near the instrument, cloud point density can be greater than 1 point per mm2. The
actual resolution of the scanner can be adjusted by the operator to suit the specific data
requirements of a project. For example, a pipe farm scan would be conducted at a denser
resolution than a standard road topographic survey. Higher resolution equals more time in the
field and more time in the office due to the amount of data, and consequently, higher
cost. Contractors leverage scan resolution, scan quality (cleanliness of data), and time to
complete a job based on the desired level of detail.
Three types of surveying scanning systems are employed in GBL:
1. Panoramic scanners that rotate 360° around the mounting axis, and scan 180° vertically
to provide seamless and total coverage of the surroundings.
2. Single axis scanners that rotate 360° but are limited to a 50° to 60° vertical swath.
3. Camera scanners that point in a fixed direction with limited horizontal and vertical range.
GBL scanners are also be classified per operational range:
• Short range systems that operate at ranges of up to 10 ft to 330 ft (3 to 100 m) with
panoramic scanning achieving millimeter accuracies. Often used to map building
interiors or small objects.
• Medium range systems that operate at ranges of 450 to 860 ft (150 to 270 m) achieving
millimeter accuracies in high definition surveying and 3D modeling applications include
landslide, fault, and dam monitoring.
• Long range systems can measure at distances of up to 3.8 miles (6 km). These systems
are commonly used in open-pit mining, landslide monitoring, and topographic survey
applications.
As noted above, in conventional surveying, the only points which are common across
multiple instrument setups are the control points specifically set for that purpose. In scanning
operations, millions of measurements are collected from several overlapping setups and
inevitably many of them are common points. The software used to process the point cloud data
for outdoor applications often uses targets set up on control points in the same way as a
conventional survey. Alternatively, it can locate these many common cloud points automatically
and use that to connect all the scan data together; a process called registration (although this
process is typically reserved for indoor applications). Correct survey set up is critical to avoid or
minimize “shadows” on complex surfaces where sections may be not in the line of sight of the
laser. The angle of the scanner to the surface will determine if shadows will be present.
Numerous closer short range setups are preferable to less widely spaced long range setups for
high precision surveys.
When setting up a scanning program a minimum of 3 targets set up over control points are
recommended within the scanning survey to tie into a known coordinate system. These points
should be established on stable ground outside of the area of instability or settlement/subsidence.
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During successive surveys, these control points should be used to allow for accurate comparison
of survey results. A minimum of 4 intermediate targets should be scanned during each scanning
session with overlap between sessions to allow the sessions to be stitched together. The targets
should remain stationary during the duration of the overlapping scans. In successive surveys, the
position of the intermediate targets can be varied without affecting the accuracy of the survey.
Data can be processed to remove vegetation to produce a bare earth model provided the
vegetation is not dense enough to completely obscure the ground. The position of the scanner
may be adjusted to optimize the returns from the ground surface, but typically, the technique
works much better in areas with minimal or sparse vegetation.
When the point cloud processing is complete there are several options for working with it.
Most CAD software can display the point cloud and allow the user to pan and rotate their
viewpoint within it. The current version of AutoCAD can recognize geometry within a point
cloud, including planar faces, edges, corners, and curved faces. This allows the user to draw
design geometry directly on the cloud. Other software packages including RoadEng and Civil3d
can use point cloud data to build ground surface models.
Successive GBL surveys can be compared to note any changes which may indicate ground
deformations or movements. A few examples are noted below:
1. Continuous scanning:
a. A mine pit wall is continuously scanned in a potentially unstable area. The wall is
scanned and a surface model computed. Successive scans compare the current
surface model with the initial model to alert the mine of impending instabilities.
b. Points on a large dormant rock slide above a fjord (where the rock slide has the
potential to cause a tsunami) are monitored to warn vulnerable residents of a potential
event.
2. Periodic scans: A highway rock slope is monitored annually to determine if a rock mass
is actively toppling. The topples could potentially deliver rock to the road running
surface.
Pipeline related applications are discussed below:
1. Landslide monitoring of buried pipelines: This is typically applicable over smaller areas
(as with conventional surveying) or where there is significant visibility such as steeper
more uniform slopes. The expense increases proportionally with area, with airborne
LiDAR eventually becoming more economic, but less accurate than GBL. Generally, it
is used for small landslides or for critical portions of larger landslides where the slope can
be mapped with less than 10 scanner setups. Figure 8-59 shows a GBL scanner setup at
the top of a blasted rock slope that is a source of rock fall onto a pipeline ROW and
additionally, has a potential deep seated translational slide forming within the rock mass.
Figure 8-60 shows a surface model based on the point cloud produced by the survey of
the slope. Figure 8-61 shows a target positioned over a point with a close-up of a target
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on nearly bare ground. Figure 8-62 shows an example of GBL being used to detect the
emerging features of a landslide within a pipeline ROW.

Figure 8-59 Looking north from top of a pipeline ROW slope where a blasted rock slope is a
source of rock falls onto the ROW and a deeper translational slide is forming.
Device is a mid-range panoramic scanner. (Photo by: S. Boon, Year: May 2015)
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Figure 8-60 Surface model of the rock slope in the previous figure based on the point cloud
produced by the survey of the slope (Photo by: S. Boon, Year: May 2015)

Figure 8-61 Scanned target on a control point at top of rock slope with inset showing a typical
scanning target (Photo by: S. Boon, Year: May 2015)
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Figure 8-62 Results of GBL survey superimposed on original conventional survey showing a
shallow slide developing below pipeline burial depth. Note that GBL data allows for
a better estimation of the slide slip surfaces based on continuous surficial data
rather than linking of discrete survey points in a conventional survey. (By: D.
Dewar, Year: 2015)

2. Settlement/Subsidence Monitoring: Although numerous setups would be required to
reduce errors associated with low angle shots, the scanners can be used to monitor local
settlement and/or subsidence.
3. Fault Monitoring: GBL can be used to monitor ground deformations where there are
buried pipelines. Where surficial pipelines are present, GBL can be used to monitor
deformations of above-ground piping.
GBL has the following advantages:
•

•

The amount of data collected in one survey is significant, providing redundancy unlike
conventional or GPS surveys where data quantity is relatively finite and survey errors are
more likely to create false positives. Generally, you are sampling the entire ground
surface rather than just a small statistically insignificant portion of the ground surface.
Surveys are typically extremely detailed and can provide a detailed digital elevation
model.
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The actual time to conduct surveys may be quicker depending on the data density
required.
The survey can be tied to a real-world coordinate system.
The survey may be safer as personnel do not have to enter high hazard areas.

GBL has the following disadvantages:
•

•

•

The scanner may not be able to be positioned in optimal locations to eliminate shadows
based on slope steepness and other access issues. Although this is a disadvantage of most
survey types, in a conventional survey a rod can be placed in a hole or behind an object.
The accuracy of the technology in wet conditions. Rain, fog and wet surfaces can create
major problems. However, most modern data processing can clean out any noisy data
due to atmospheric effects.
The scanners typically cost between $100,000 and $200,000; therefore, they are not
common off the shelf items that local surveyors have access to. Larger survey firms or
government institutions that may be remote to the site of interest would be required to
conduct the surveys. Equipment availability may also be an issue. As with most new
technologies, over time its availability tends to increase and its costs tend to go down.

The actual labor costs of a GBL are similar to those of conventional and GPS surveys, less
the cost of renting the scanner which could be in the range of $2,000 a day.
8.3.2.4 Aerial/Satellite Based Surface Monitoring
8.3.2.4.1

InSAR

InSAR stands for Interferometric Synthetic Aperture Radar. Ground monitoring using
InSAR can map and monitor changes in the ground surface over large areas, without the need to
physically access a site. The technology has been used to determine areas and magnitudes of
settlement and subsidence and characterize and monitor landslides that have favorable
orientations relative to the satellite’s path. The technology is currently used primary by
government agencies and research institutions to prove its application. Note that aircraft and
terrestrial based InSAR are not discussed as part of this document. While these technologies
exist, their use is not as widespread as aerial or ground based LiDAR as discussed in sections
8.3.2.4.2 and 8.3.2.3.3.
Detailed discussions of the technology are included in the PRCI documents [7].
Additionally, Power et al. [249], provides a detailed summary of InSAR applications for
highway transportation projects. Henschel et al. [250] provides a summary of pipeline related
uses for InSAR technology.
It is understood from discussions with the authors of the PRCI InSAR papers that a state of
the art paper is currently not available for InSAR technology but the main changes are:
1. The increase in the amount of InSAR imagery available and the reduction in its cost,
and
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2. The required size of radar reflectors/corner reflectors that help mitigate temporal
decorrelation errors (see below).
A summary of the technology is provided below.
Principle
Synthetic aperture radar is a form of side looking radar mounted to a satellite that directs
microwave radiation at an angle toward the ground, perpendicular to the direction of travel (refer
to Figure 8-63). Because the antenna is moving relative to the ground it can achieve much
higher spatial resolution than would normally be possible with a small antenna (synthetic
aperture). Using interferometry to compare the phase of the returned signal enables resolution to
be significantly smaller than the wavelength used; millimeter-scale accuracy is possible with
higher frequency bands and centimeter-level accuracy can be achieved with the longer
wavelengths bands that are required to penetrate vegetation. A digital elevation model (DEM) is
derived from the interferogram. Sets of data taken in one pass are referred to as scenes. Data are
typically purchased by either:
1. Scene: Areas of coverage typically ranging from 5×5 miles (7×7 km) to 50×50 miles
(70×70 km), or by
2. Area: Typically, by square kilometer with a premium rate for smaller areas.
Charges for imagery vary significantly based on the quality of the imagery and the satellite
service provider. Additionally, many satellite imagery providers offer custom services allowing
tasking a satellite to collect custom data. Over time, the price of imagery is trending down.
Additionally, there are now many sources for free imagery available but these tend to be in more
populated areas. In some cases, InSAR service providers may already possess the required
imagery.
By comparing DEMs from a reference and subsequent passes of the satellite, changes in the
ground can be measured as shown in Figure 8-64. The type of ground cover affects the phase of
the returned signal. Therefore, polarimetric analysis of the data can indicate changes in ground
cover or infer changes in ground use.
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Figure 8-63 Geometry of InSAR [7]

Figure 8-64 InSAR measurement of ground subsidence [7]

Three major sources of error are noted in reference [107]:
1. Temporal Decorrelation: If the moisture content and/or height of vegetation changes
between readings, this change could be detected as ground movement. It can vary widely
from region to region with arid regions having less variation. Thus, InSAR may be more
suited to rocky or arid locations than to heavily vegetated areas, or to very slow
movement that can be adequately monitored on an annual basis so that seasonal variation
can be minimized. This is typically mitigated using phase stable features such as
buildings, rock or gravel outcrops, or radar reflectors as shown in Figure 8-65 or by
advanced data processing of multiple scenes to isolate the effects of temporal
decorrelation.
2. Baseline Decorrelation: Changes in the position of the viewing satellite. This can be also
mitigated using radar reflectors.
3. Atmospheric Effects: Changes in the troposphere and ionosphere that can be edited out
by analyzing large amounts of data to isolate atmospheric effects.
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Monitoring Settlement/Subsidence
The technology has provided reliable results for monitoring large scale subsidence that has
resulted in pipeline failures at the Belridge Oil Field in California since 2001, as reported in
Youden et al. [251], and later updated in Henschel et al. [252]. In this case, surface monitoring
capability was augmented by installing radar/corner reflectors (approximately 1 m orthogonal
metal structures on concrete bases). Results of the InSAR monitoring correlated closely with
GPS monitoring results. After 12 years of monitoring, the work reported maximum overall
settlements of 13 ft (3.92 m) with a maximum annual rate of settlement of 2.6 ft/yr (0.8 m/yr).
The reported accuracy of InSAR was shown “to be precise to better than one millimeter using
currently available space borne SAR sensors” and “the accuracy of InSAR can be demonstrated
to within 4 mm in 180 mm of ground deformation with a single satellite system” [252].

Figure 8-65 InSAR radar reflectors [7]. Note that the technology has developed to the point that
over time these radar reflectors are becoming smaller and therefore more
economical to install.

An InSAR provider (MDA) is currently collecting data over a longwall mine subsidence area
in Pennsylvania for an industry consortium project, in part to evaluate its suitability in vegetated
terrain and without corner reflectors.
Monitoring Landslides
InSAR may be able to effectively resolve surface movement along the line of sight from the
satellite to the area being examined. By comparing readings taken at different angles or in
different directions, this movement can be resolved into vertical and horizontal components.
When scanning slopes, the following factors could impact the quality of InSAR data:
1. SAR Look Direction: SAR is not sensitive to movement parallel with the platform’s
movement (north-south for a polar-orbiting satellite) or to movement normal to the line
of sight. As an example, a polar satellite would be able to monitor landslides with eastwest movements. If the slope is facing the satellite and is approximately perpendicular to
the incident beam, movement will be normal to the line of sight and thus, may not be
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detected. Canada’s RADARSAT satellite has an incidence angle of 36° to 48° from
vertical in high resolution mode and the European satellites are fixed at about 23°.
2. SAR Layover: On steeper slopes the upper section of the slope would be closer to the
sensor; therefore, it appears to be laid over the lower section.
3. SAR Shadow: Slopes that are steeper than the radar incidence angle will be shadowed
when looking downslope.
Vendors will review the slope alignment, slope grade (shallower is better), and slope
vegetative cover to determine the feasibility of a potential InSAR study. Additionally, a vendor
would assess any previous or background information along with SAR data availability.
Generally, based on these limitations, less than half of potential landslide sites may be suitable
for InSAR monitoring.
Overview on Monitoring
InSAR depends on comparing repeated measurements, so it is best for monitoring changes
which occur on a timescale longer than the period of repetition of the measurements. For
satellite monitoring, minimum repeat periods are on the order of weeks. Numerous passes are
recommended for interpretation to reduce the potential for errors and to better assess trends in
the data. Older “two pass” studies are not recommended with the amount of potentially available
data collected by modern satellites.
Technology Status
InSAR has been in use for well over a decade. Vendors continue to refine the data analysis
process. Use is mainly at an institutional/government level with large research type projects.
The technology is therefore considered medium maturity. It is commercially available with
multiple vendors. Accuracy and repeatability of data are high within the technique’s limitations
and it is generally more likely to be suitable for detection of settlement or subsidence and certain
landslides moving in a favorable orientation relative to the path of the satellite(s).
Advantages:
•

Data have been collected since the early 1990s; therefore, there may be an opportunity to
look back into the past, albeit, in many cases with lower resolution data.
• Data may be abundant for specific sites and are available for any region of the earth.
• Monitoring can be done remotely.
• Can provide sub centimeter to sub millimeter accuracy.
• For large landslides or areas of settlement/subsidence, InSAR has the advantage of
providing a scan of the entire area rather than discreet points as with conventional and/or
GPS surveys. This may allow for the delineation of areas of differential movements and
boundaries as well as of areas within geohazards, see Figure 8-66.
Disadvantages:
•

Numerous sources of error or limitations resulting from the following factors:
o Areas with vegetative cover may be unsuitable for monitoring.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

•
•
•
•

Page 376

o Large amounts of data may have to be processed to filter out errors.
o Unsuitable incident angle of satellite.
o Slope position relative to the satellite (works better for settlement or subsidence
on flatter ground in most scenarios).
Where radar reflectors are required there may be landowner or other third party issues.
Potentially long lead times to collect/interpret data.
Potential false positives due to data interpretation errors which still comes down to
human interpretation of data.
Cost: It is difficult to provide a cost for the work, but it is relatively expensive limiting its
common use to government/institutional research agencies with corporate sponsorships.
The cost component of any InSAR project would typically be divided into three
components:
o Initial review of project and assessment of existing satellite data to determine
project suitability.
o Installation of radar reflectors where required. Installation costs vary, with the
main component being accessing the site. Radar reflectors at the time of
publication cost approximately $2,000 each.
o Purchase of satellite data.
o Data interpretation and final reporting.
As an example, a translational landslide study (as shown in the section 8.3.2.3.1),
analyzing select imagery over a five-year period could have a total cost between $50,000
and $150,000 based on the amount of imagery analyzed, assuming that the vendor has to
purchase the imagery. In another example, a monitoring report for the surficial
settlements of an approximately 10 km long linear corridor costs approximately $10,000.
The cost is significantly less than the first example given that the imagery used for the
project was free.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 377

Figure 8-66 Example of an InSAR deformation plot showing data coverage within a cleared
ROW and surrounding forested terrain within a large deep seated landslide. GPS
survey points and slope inclinometer installations show the coverage of typical
ground based geotechnical methods. Areas of differential deformation are clearly
identified by InSAR deformation plots. Image provided by MDA.
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Airborne LiDAR

General Overview
LiDAR is an acronym for “Light Detection and Ranging.” LiDAR is an active laser system,
which measures the time of flight of the emitted signal returned from a target. There are
different types of LiDAR: atmospheric, terrestrial, and airborne LiDAR systems [253, 254, 255,
256]. Airborne LiDAR systems can be categorized into bathymetric or topographic systems.
Bathymetric systems are used to measure water depth in the near-shore environment, using
multiple lasers. Airborne topographic LiDAR systems provide a 3-dimensional point cloud data
for a target area of interest (e.g., landslide or subsidence area). LiDAR also provides intensity
data where the intensity of each point depends on the strength of the returned signal.
Airborne topographic LiDAR systems are what are often used to detect, characterize, and
monitor landslide and subsidence hazards. Mounted on either a helicopter or a fixed-wing
aircraft, topographic LiDAR systems use the near-infrared portion of the electro-magnetic
spectrum to collect data, night or day, in shadow, and beneath clouds. Using semi-automated
techniques, the LiDAR data are processed to generate a number of useful end products, including
imagery (such as hillshades) and high-resolution topographic mapping in which trees, vegetation,
and manmade structures have been edited out, leaving an approximation of the ground surface.
These images and maps are typically referred to as “bare earth” because they produce a
representation of the ground surface absent the vegetation cover which normally obscures the
ground. These bare earth images and topographic maps are used for detecting, evaluating, and
monitoring landslide and subsidence hazards.
LiDAR systems vary by manufacturer, but all use the following instrumentation:
1. A laser source and detector,
2. A scanning mechanism and controller,
3. Airborne GPS (global positioning system) and IMU (inertial measurement unit)
equipment,
4. A high-accuracy, high-resolution clock for timing laser emissions and returns, GPS/IMU,
and scan-angle measurements,
5. High performance computers, and
6. High capacity data recorders.
With these components, LiDAR data collection is possible as follows (Figure 8-67):
•
•
•
•

A pulse of laser light is emitted and the precise time is recorded,
The reflections of that pulse from the surface are detected and the precise times are
recorded,
Using the constant speed of light, the time difference between the emission and the
reflections can be converted into a slant range distance (line-of-sight distance), and
With the very accurate position and orientation of the sensor provided by the airborne
GPS and IMU data, the x, y, and z coordinates of the reflective surfaces can be calculated.
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Figure 8-67 Airborne LiDAR data collection schematic [257]

Multiple returns from LiDAR pulses can detect elevations of several objects within the laser
footprint of an outgoing laser pulse. The intermediate returns, in general, are used for vegetation
structure, and the last return for bare earth terrain models (Figure 8-68). The last return may not
always be from a ground return. For example, consider a case where a laser pulse hits a thick
branch on its way to the ground and the pulse does not actually reach the ground. In this case,
the last return is not from the ground but from the branch that reflected the entire laser pulse.
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Figure 8-68 Multiple returns from for a LiDAR laser pulse [258]

Additional information is stored along with every x, y, and z positional value for the returned
laser data point. These LiDAR laser point attributes are listed and described in Table 8-9.
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Table 8-9 LiDAR data attributes, modified from [259]
LiDAR
Attribute

Description

Intensity

The return strength of the laser pulse that generated the LiDAR point.

Return
number

The return number recorded by the LiDAR instrument. The number of returns
recorded is determined by the purpose of the project. In areas where there are many
potential sources of returns, such as densely vegetated areas, not all returns are
recorded (in most instances) because it causes problems with analysis and data
storage. As an example, if the purpose of the project is to produce bare earth
mapping, the LiDAR instrument might record the first return, second return, third
return, and last return. Any returns that occurred between the third return and last
return would not be recorded in this example.

Number of
returns

The number of returns is the total number of returns for a given laser pulse. For
example, a laser data point may be return two (return number) within a total number of
five returns.

Every LiDAR data point that is post-processed can have a classification that defines
Point
the type of object that has reflected the laser pulse. LiDAR points can be classified
classification into several categories including bare earth or ground, top of canopy, and water. The
different classes are defined using numeric integer codes in the LAS files.
Edge of
flight line

The points will be symbolized based on a value of 0 or 1. Points flagged at the edge
of the flight line will be given a value of 1; all other points will be given a value of 0.

RGB

LiDAR data can be attributed with RGB (red, green, and blue) bands. This attribution
often comes from imagery collected at the same time as the LiDAR survey.

GPS time

The GPS time stamp at which the laser point was emitted from the aircraft. The time
is in GPS seconds of the week.

Scan angle

The scan angle is a value in degrees between -90 and +90. At 0 degrees, the laser
pulse is directly below the aircraft at nadir. At -90 degrees, the laser pulse is to the left
side of the aircraft, while at +90, the laser pulse is to the right side of the aircraft in the
direction of flight. Most LiDAR systems have currently less than a ±30 degrees scan
angle.

Scan
direction

The scan direction is the direction the laser scanning mirror was traveling at the time
of the output laser pulse. A value of 1 is a positive scan direction, and a value of 0 is a
negative scan direction. A positive value indicates the scanner is moving from the left
side to the right side of the in-track flight direction, and a negative value is the
opposite.
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Airborne topographic LiDAR offers many advantages over traditional photogrammetric
methods for collecting positional, elevation data. These include high vertical accuracy, fast data
collection and processing, robust data sets with many possible products, and the ability to collect
data in a wide range of conditions. These advantages allow LiDAR to be very useful for
detecting and monitoring ground movement from landslide and subsidence hazards. Figure 8-69
is an example of a how bare earth LiDAR DEM is used to produce “hillshade” or shaded relief
image of the ground surface which accentuates subtle topographic surface features such as in this
case, landslide features across and adjacent to a pipeline. In this case, the “hillshade” is
produced using a 315° azimuth illumination angle (i.e., the light is from the northwest).

Figure 8-69 Example of a LiDAR DEM “hillshade” as the base for mapping of landslides
crossed by pipelines in a river valley. The landslide is a deep seated translational
slide moving from left to right in the center of the image. The river channel is
constricted at the toe of the landslide.

Technical Overview
LiDAR missions are tailored to meet individual project specifications, based on the intended
data use; such as for landslide and subsidence monitoring. Important LiDAR data collection
parameters include:
•

Point spacing and point density: Point spacing is also referred to as “average” or
“nominal” post spacing. Post spacing is a one-dimensional measurement of the distance
between neighboring points. Point density refers to the number of points in a unit area.
The greater the number of points, the denser the dataset. Experience with LiDAR data
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collection indicates that for landslide and subsidence monitoring, point densities of about
10 points/m2 for leaf off conditions are recommended, while for leaf on conditions, the
point density is recommended to be at least 20 points/m2. These point densities allow for
the data quality and resolution needed for reliably detecting, characterizing, and
monitoring landslide and subsidence hazards in vegetated and sloping terrain.
• Pulse rate: The pulse rate is the frequency by which the LiDAR sensor emits laser pulses.
Higher pulse rates are associated with denser data sets. The chosen pulse rate for a
specific mission will impact the maximum operational altitude (higher pulse rates require
lower altitudes).
• Field of view: The field of view (FOV) refers to a sensor’s scan angle. The FOV can be
fixed or variable. For high relief areas (mountainous regions) a narrow FOV is preferable
to minimize LiDAR shadowing.
• Aircraft altitude: The altitude (and speed) of the aircraft during LiDAR missions depends
on the desired point spacing/point density, pulse rate, and field of view. Typically,
missions flown at high altitudes and fast speeds produce less dense datasets. Terrain
features, aircraft safety, and air traffic control regulations must also be considered when
choosing an altitude for a project.
• Survey control: Ground survey control is needed to calibrate the LiDAR data to an
absolute datum.
• Coordinate system and datum: Selection of the coordinate system to be used (e.g., UTM,
state plane, etc.) and horizontal and vertical datums is needed prior to undertaking the
LiDAR survey.
Landslide and Subsidence Monitoring
For periodic monitoring of identified landslide and subsidence hazards along pipelines,
periodic, repeated high quality and high resolution LiDAR data collection is undertaken of the
areas of interest. The bare earth DEM models, i.e., the topographic surfaces from successive
LiDAR surveys are compared to each other to identify areas where there are differences in the
elevations and the shapes of the landslide and subsidence boundaries compared to the original
hazard mapping, such as the landslides of Figure 8-69. The differences between and among the
various surveys can help identify and quantify where and how much the hazard has moved from
the previous LiDAR survey(s). Because of the high quality and high resolution of the DEM data,
elevation changes of less than 1 m (< 3 ft) can be identified from successive LiDAR surveys.
Summary of LiDAR Technology Attributes
The use and attributes of LiDAR technology in the potential monitoring of landslide and
subsidence movement are summarized in Table 8-10.
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Table 8-10 Airborne LiDAR technology attributes [260, 261, 262, 263, 264]
Attribute

Description

Maturity of the
Technology

Airborne LiDAR technology although relatively young, has been used
extensively over the past decade in geologic hazard applications for pipelines
and numerous other earth science applications. Thus, the use of LiDAR for
hazard detection and characterization is mature. However, its use for landslide
and subsidence monitoring is relatively young.

Commercial
Availability and
Cost

Airborne LiDAR technology is readily available from several vendors in North
America. However, not all vendors are equal in their understanding of the need
for high quality and high resolution LiDAR data for geologic hazard
applications. Hence, there is a need for good data acquisition specifications
and selection of experienced vendors. The cost varies by vendor, project
purpose, and location, but in general, the larger the analysis area, the lower the
per acre or per mile cost. Recent experience (in the 2015/2016 timeframe) of
one of the authors indicates that for high-resolution LiDAR (point density of 15
points/m2 or greater), conducted for a 1,000-foot-wide swath centered on a
pipeline, cost ranging from about $250/mile to over $1,000/mile (about
$1.5/acre to over $6/acre) can be expected, depending on the size of the area
being mapped. These cost ranges should be considered to be approximations
and are based on experiences in generally non-mountainous areas in the
contiguous United States.
When commissioning LiDAR mapping, the time from initiation of the work to
delivery of the results should be factored into project planning. Based on the
experience of the authors, a typical timeline will range from about one to four
months, depending on the size of the area being surveyed and the weather
conditions. LiDAR cannot penetrate snow cover or fog, and poor weather
conditions such as high winds or thunderstorms can prevent the acquisition
aircraft from flying. A general rule of thumb is that, if possible, the LiDAR
data acquisition should be initiated about three to four months prior to when the
data is needed to allow for weather related delays.

Delivery Time

Accuracy/Precision

With high quality and high resolution LiDAR data for landslide and subsidence
hazard applications, x, y and z accuracies of less than 1 m (< 3 ft) can be
routinely achieved. Vertical accuracy may be as high as 10 cm (~4 in) under
ideal conditions.

Repeatability

High, if reliable vendors are engaged and specifications are well written and
constrained to achieve high quality data.

Reliability

High, if reliable vendors are engaged and specifications are well written and
constrained to achieve high quality data.
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8.3.3 Pipe Monitoring
8.3.3.1 Use of IMU in Conjunction with Other ILI Tools
Typically, an IMU module is mounted on another smart pig platform. Therefore, IMU
monitoring can occur during scheduled MFL, Caliper, EMAT or any other scheduled smart pig
run. Generally, successive runs should be on the same platform with the same vendor using the
same method of data interpretation. General industry experience shows that trying to compare
IMU data from different vendors for run-to-run has not been successful. When reviewing the
IMU data, other information collected on pipeline anomalies (i.e. buckles) should also be
reviewed to either detect or monitor areas of intense pipeline deformation.
IMU data can provide the following information:
•

Evidence of high strains, particularly at girth welds by conducting bending strain
analysis, and

•

Evidence of pipe movement from run-to-run analysis - comparing the positions of the
pipeline from a baseline run to the current run to determine if there is any lateral
deformation. Additionally, when there are multiple runs, the baseline run can be changed
to provide incremental deformation data.

With the accuracy of modern tools, it is not yet possible to accuracy monitor any changes in
length between welds or groups of welds as a result of compression or tension. If tool
accuracy/data processing techniques improve this may be a possibility in the future. The
technique could possibly be useful for larger lateral instabilities with relatively uniform pipeline
loading along the landslide length.
It is always recommended to have a bending strain analysis conducted on the initial IMU run
and repeat the bending strain analysis and a run-to-run analysis on subsequent runs using the
initial run as a baseline. Typically, vendors only do the bending strain analysis during the initial
run, but geohazard induced straining typically increases over time and may become evident over
successive monitoring runs. This differs from construction and/or maintenance induced bending
strains that typically do not grow, or in the case of dig related settlements, that will reach a
maximum limit. Compared to the cost of the actual smart pig run, the cost of analysis is
typically not significant. As an example, a MFL run with an IMU module over a 60-mile (100km) long section of pipeline may cost $250,000. The bending strain analysis and run-to-run
comparison of IMU data should cost on the order of $20,000 to $40,000. With any monitoring,
it is always preferable to use the same vendor during the monitoring program.
Typically, vendors separate out bending strain and run-to-run (or Bending Strain Change)
analysis into horizontal and vertical strain or displacement components. Vendors cannot
determine the actual cause of the bending strains or pipeline movements as part of their analysis
process. Typical causes of vertical bending strains/pipeline movement can include:
1. Settlement of backfill below the pipe invert following integrity digs/pipeline exposures,
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2. Settlement caused by external loading such as road crossings or other fills,
3. Settlement or subsidence as discussed in Section 2,
4. Permafrost related soil deformations, and/or
5. Landslide movements as discussed in Section 2.
Typical causes of horizontal bending strains/pipeline movement include:
1. Thermal expansion during integrity digs/pipeline exposures,
2. Construction/maintenance related field bends, and
3. Landslide movements as discussed in Section 2.
Additionally, fault movements may cause pipeline movements. Generally, the operator and
their internal/external geotechnical consultants would have to interpret the cause of the bending
strain/pipeline movement indications using company maintenance records and information from
their geohazard management program. Depending on the amount of indications, the operator
may be able to review the data by brute force or may have to develop criteria based on local
experience to screen data for potential sites for detailed review. Alternatively, the operator can
review indications in areas of known landslides and/or settlement/subsidence and screen
indications in other areas based on preset criteria.
As guidance, the following generally applies when interpreting bending strain and run-to-run
movement analysis:
1. Most vertical indications are typically related to an operational feature, such as integrity
digs or recoats. Typically, there is up to 3 ft (1m) of poorly compacted soil under the
pipeline following a 360° integrity dig exposure. Settlements of up to 1 ft (0.3 m) could
be expected at the center of the dig depending on exposure length, backfill properties, and
pipeline stiffness.
2. Horizontal indications are more likely to result from landsliding or faulting, although
during longer recoats where the ambient air temperature is higher than the operational
temperature, the pipeline may expand and appear to have horizontal displacements.
Single pipe joint digs do not typically show a significant horizontal component of
movement or bending when compared to the vertical component.
The following case study illustrates the differences in horizontal and vertical
strain/movement indications within areas of landslide movements across pipelines. The case
study was performed for a section of pipeline located in a landslide prone region of the western
Appalachians. For this section, a vendor performed an IMU base bending strain analysis. The
vendor identified bending strain indications that were greater than one joint in length (i.e., 40 ft
or longer) and not located at known field bends. The reporting threshold for bending strain
locations ranged from 0.125% to 0.18%, depending on the pipe diameter and wall thickness.
Based on these criteria, 970 bending strain locations were identified. Approximately 10% of
the bending strain locations (95) correlated with landslides mapped using the phased assessment
process described in Section 2. The landslides were typically shallow (i.e., in most cases less
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than 10 ft thick), slow moving (inferred to usually move a few inches per year), and were mostly
a few hundred feet in length and width. The landslides were in clay rich residual soils derived
from sedimentary bedrock on slopes with inclination ranging from 8° to 22° (15% to 40%).
Figure 8-70 shows a plot of the separated horizontal and vertical strain components of bending
strain indications versus the correlation with landslides in percentages. As shown in Figure 8-70,
horizontal strain magnitude correlated well with landslide locations, while vertical strain
magnitude had a poor correlation with landslides.

Figure 8-70 Plot of strain magnitude versus percent of strain indications that are within
landslides

The results indicated that for these types of landslides:
1. If the horizontal strain component exceeded:
a. 0.36% then 100% of the indications were within landslide features.
b. 0.25% then 80% of the indications were within landslide features.
c. 0.12% then 50% of the indications were within landslide features.
2. Vertical strain component did not correlate well with landslides. The correlation of
vertical strain with landslides stayed consistently at around 10% at strains as high as
0.34%.
3. As an additional point (not shown on Figure 8-70), when horizontal component of strain
was less than 0.1%, only 4% of vertical bending strain locations correlated to landslides.
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The case study illustrated that horizontal strain indications could be reliably used to screen
for landslides impacting pipelines within the study area. These potential screening criteria would
be important when interpreting large amount of IMU strain indications. It is not clear if the same
relationships are applicable to other locations. Most likely, screening criteria would have to be
developed based on local geologic and topographic conditions.
The vertical strain component may be critical when considering settlement and/or
subsidence, or landslides which have movement types that would have significant vertical
displacements. In these cases, screening criteria may have to be site specific. As an example, in
areas of known sinkholes or deep seated complex landslide movements, bending strain or
movement indications would be reviewed on a case by case basis.
In addition to bending strain and run-to-run monitoring of landslides, IMU data can be used
to predict potential deformations of a pipeline by correlating the rate of movement of a landslide
(or other ground monitoring information) to the rate of growth of a bend/feature within the
pipeline. Figure 8-71 provides an example of projecting forward the rates of growth of a bend
feature using historic IMU data.

Figure 8-71 Projecting forward pipeline deformations based on historical IMU data in the toe
area of a translational landslide. The bottom image is a close-up of the top image.

Where IMU data analysis results do not indicate movement but there are known landslide
movements, particularly lateral movements across the pipe, the raw IMU results should be
reviewed to determine if there are any larger features that the IMU analysis has not detected. It
is recommended that as part of any smart pigging contract that operators request the raw IMU
data so that it is available for 3rd party analysis.
Figure 8-72 below shows an example where a landslide-induced horizontal bend of 5 ft
(1.6 m) over approximately 82 ft (25 m) was not detected during the vendor’s initial analysis.
The feature was readily identified following a meeting with the vendor to explain the results of
an extensive geotechnical ground monitoring program within the general study area.
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Figure 8-72 Area of strain not detected during a vendor’s initial bending strain analysis

Where there are known ground movements, it is always recommended that the vendor and
the operator’s subject matter experts review the site specific data. In many cases, automated
processes may miss obvious indications of pipeline deformations.
It should be cautioned that IMU is considered by some to be a “catchall-method” of detecting
landslides while in reality it is one of many tools that are used in any geohazards risk
management program. Bending strain analysis and run-to-run movement analysis do not detect
areas of high tension and/or compression where there is a small bending component. An
example would be a pipeline tensioned across the main scarp of a translation slide moving
parallel to the pipeline.
A limitation of the method is that larger diameter/thicker walled pipelines will have a locally
less pronounced response to landslide movement as opposed to smaller diameter/thinner walled
pipelines. As an example, Figure 8-73 shows a 30-inch natural gas pipeline and a 12-inch oil
pipeline. The pipelines were installed in 1957 and 1961 respectively and at the time of exposure
and survey in 2008 (approximately 50 years) had been displaced approximately 1 m downslope
by a translational landslide moving approximately 1 inch (25 mm) a year at the slide flank. The
S bend in the 12-inch pipeline occurred over approximately 25 ft (8 m) while the bend in the 30inch pipeline occurred over 45 ft (14 m). An initial June 2012 IMU run on the 12-inch oil
pipeline identified the S bend feature during the bending strain analysis. Table 8-11 below
summarizes the results of the IMU monitoring provided by the same vendor for the 30-inch gas
pipeline.
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Figure 8-73 Looking south at the south flank of a deep-seated active translational landslide. A
12-inch oil line is located on the left and a 30-in natural gas pipeline is located on
the right. The section of pipeline in the upper portion of the photo is located in
stable ground with the section of the pipeline at the bottom of the photo being
dragged downslope by approximately 1 in (25 mm) of annual movement. (Photo
by: D. Dewar, Year: 2008)
Table 8-11 Monitoring results for a 30-inch gas pipeline at the flank of a translational landside
Run Date

S-Bend Detected in Bending
Strain Analysis

Indications of Movement in Run-toRun Analysis with a 2003 Baseline

June 2003

No

NA

June 2007

No

No

July 2012

Yes

Yes

The example shows that for two different diameter/stiffness pipelines, IMU analysis may
have dramatically different results. Generally, it is expected that the stiffer the pipeline, the more
difficult it will be to detect discrete deformations in extremely slow moving landslides.
Additionally, when conducting run-to-run analysis in slow moving landslides, one should
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consider carefully the interval between runs to ensure that enough pipe deformation has occurred
to be able to detect the strains. It is important to understand that if no strains are detected during
the IMU analysis, it may simply be a case of not enough time being allowed to elapse between
IMU runs.
In many cases, a caliper type tool is used in conjunction with an IMU to determine the
geometry and ovality of the pipe and to detect wrinkles, buckles, ripples, or dent type anomalies.
To a lesser extent MFL and EMAT tools can also be used to detect anomalies caused by ground
deformations, but monitoring such anomalies with areas of known ground movement should be
done with great care and conservatism if using these methods. The following scenario is
provided as an example:
•

A 3% 6 o’clock dent is detected in a 12 in liquids line at the toe of a slope during a
caliper/IMU run. The pig run was an initial run. A bending strain analysis indicated
there is a bend across a weld 2 m downstream of the dent feature. The vendor reported
that the pipe has moved up 2 ft (0.6 m) in a vertical plane.

•

Previous visual monitoring of the slope indicated a tension crack was evident at the top of
the slope.

•

A geotechnical review of the slope indicated that there was a slow moving rotational
earth slide present. Several slope inclinometers confirmed the presence and depth of
movement and a conventional surface survey monitoring program confirmed the extents
of the movement.

Depending on the local knowledge of similar landslide behavior, it may be acceptable to
monitor it during successive pig runs and mitigate the feature when it passes a preset criteria (for
instance, a dent at 6% diameter). The feature is likely only to increase in depth or severity.
Therefore, an operator should consider moving towards mitigation rather than monitoring.
If anomalies are detected where there is less confidence in the actual size of the feature (such
as dents detected during MFL or cracks from an EMAT type tool), it is recommended that the
feature be verified. Then, if required, mitigation be conducted rather than monitoring.
8.3.3.2 Overview of Strain Gauges
Strain gauges are devices used to measure the changes in strain in a pipeline from an initial
install date. For pipeline applications, the three most common types are (1) resistance, (2)
vibrating wire, and (3) fiber optic. With the fiber optic technology, strain is monitored either
using fiber-optic strands shaped like a strain gauge or using newer cable type technologies.
Gauges are typically installed longitudinally on a pipeline at either:
1. Three circumferential positions at 12, 4, and 8 o’clock (120° intervals), or
2. Four circumferential positions at 12, 3, 6, and 9 o’clock (90° intervals),
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Variations on these installs can include:
•

Rotating one or more of the gauges to avoid loading at the bottom of the pipe, as an
example installing at the 1, 4, 7, and 10 o’clock positions when there is a concern that the
bottom gauge could be crushed.

•

Installing gauges at 12, 3, and 9 o’clock when there are poor ground conditions or other
conditions that make a full 360° exposure of a pipeline not practically possible, and

•

Customizing the gauge set up based on the interpreted loading scenario.

In the case of resistance and fiber optic strain gauges, the installs may be customized based
on site specific scenarios and strains can be measured in any direction. Vibrating wire gauges
and fiber optics cables typically must be installed along the longitudinally direction of the
pipeline.

0

amount of
bending

Stress or strain

When a pipe undergoes elastic bending, the outside of the bend experiences tensile axial
strain and the inside experiences compressive axial strain (see Figure 8-74). At positions
between the inside and outside of the bending, axial strain/stress varies with position around the
pipe as a sine curve. The difference between the maximum and average values (or between the
minimum and average) is the amount of bending. If there is also an overall tension or
compression in the line, the curve will be shifted up or down. Any three points on a sine curve
uniquely define it; therefore, only one sine curve can be drawn through those three points.
Because of this, one can measure strain at any three positions and use the values at those
positions to calculate the values and positions of the maximum and minimum strains.

Overall
tension

maximum
tension

maximum
compression

inside
of
bending

90

180

outside
of
bending

270

360

Figure 8-74 Schematic illustration of the stress distribution around the pipe circumference and
the maximum tensile and compressive stress

Kiefner, et al., provide the formulas to calculate the strains at any point along the
circumference of the pipe from three gauges spaced at 120° or at 90° intervals [265]. If four
gauges are used, a recommended approach is to solve the formulas four times, each time
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omitting one of the gauges. The locations and values of the maximum strain levels, as calculated
from each set of three gauges, are compared. If the values are all reasonably close, average
values should be used to determine the pipe condition. If the values differ significantly, there is
probably a problem with one of the gauges. Graphically comparing historical trends of the four
gauges in the set can usually identify which of the gauges has developed a problem and should
be disregarded. Historical trends of individual gauges can also answer the question of how close
the calculated values should be for the analysis to use all four gauges, with the assumption that
the variation is due to random error and not a bad gauge reading.
A few important notes about using strain gauges:
•

Some pipelines can experience strains of 10,000 microstrains or more without negative
integrity consequences. Some strain gauges may not have enough range for such high
strains.

•

The linear relation between stresses and strains ceases to exist when the stress level is
beyond approximately 90% yield strength. This stress level corresponds to
approximately 0.15% and 0.21% strain (1500 and 2100 microstrains) for X52 and X70
pipes, respectively.

•

Strain gauges monitor changes in the strain from the time of application, not the total
strain on a pipeline.

Figure 8-75 shows tabular strain gauge data collected as part of a monitoring program.
Figure 8-76 shows strain gauge readings plotted versus time.
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Figure 8-75 Example of strain readings in tabular form

Figure 8-76 Example graph of strain readings from a set of 3 circumferential gauges
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8.3.3.3 Traditional Strain Gauges
8.3.3.3.1

Resistance Type Gauges

Resistance gauges are printed circuits, consisting of a large number of thin conductors
running parallel with each other along the axis of the gauge. The conductors are connected in
series so that they form a single very long conductor. A deformation causes length change of the
conductor, and thus alters the resistance of the conductor. The gauge is read using a Wheatstone
bridge so that changes in resistance on the order of micro-ohms can be detected.
The gauge is permanently attached to the material being monitored. In laboratory
applications, resistive gauges are generally installed using adhesives. Weldable gauges are also
available which are welded to the material being monitored using a capacitive discharge welder.
These weldable gauges are more suitable for field installation. Examples of resistance strain
gauge installations are shown in Figure 8-77, Figure 8-78, and Figure 8-79.
The advantages of resistive strain gauges include:
•

Fully mature technology; the standard for laboratory strain monitoring.

•

Can operate over very large strain ranges (as much as 2% - 3% strain, but with some loss
in accuracy). This can be an advantage if strain-based evaluation is to be used.

•

Can be bent to read hoop or torsional strains.

•

Short gauge length (typically about 1/4 in / 6 mm); this can be an advantage in some
types of monitoring. However, pipeline strains tend to be fairly constant over lengths on
the scale of a diameter, so there is no advantage in this application.

•

Capable of true real-time monitoring; can be used to monitor transient strains such as
those associated with surface loading and blasting. Not generally an advantage for
landslide monitoring.

The main disadvantages of resistive strain gauges are:
•

More prone to failure in long-term field installations than vibrating wire strain gauges,
and

•

The readings from resistive gauges can drift over time because the gauges are sensitive to
temperature change which changes their resistance over time. Moisture infiltration in the
connecting wires can also change the system resistance.

For these reasons, resistive strain gauges are generally not used for long-term geotechnical
monitoring.
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Figure 8-77 Resistance type strain gauge installed at 12 o’clock position on a pipeline (Photo
by: M. Roberts, Year: 2014)

Figure 8-78 Resistance type strain gauges installed on a pipeline
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Figure 8-79 A site with resistance type strain gauges installed

8.3.3.3.2

Vibrating Wire (VW) Strain Gauge

This section describes the practical uses of vibrating wire (VW) strain gauges for pipeline
applications [266]. VW gauges are sealed tubes typically 1 to 3 inches (25 to 75 mm) long
containing a wire held in tension between two end blocks. The gauges are typically spot welded
to a pipeline. Deformation of the pipeline is transferred to the gauge altering the tension of the
wire. The changes in strain are measured by a coil assembly sensor mounted on the gauge. The
strain gauge operates on the principle that a tensioned wire, when plucked, vibrates at its
resonant frequency. The square of this frequency is proportional to the strain in the wire.
A VW strain gauge’s output is an AC frequency signal that is not sensitive to resistance
changes in the connecting cables caused by contact resistance or leakage to ground. The VW
gauge has a thermal coefficient of expansion similar to that of pipeline steel and thus there is no
need to compensate for the thermal effects. Temperatures changes are measured by a thermistor
encapsulated in the sensor. Manufacturers’ reported gauge ranges are from 2500 to 3000 µE.
Gauges can be purchased that are designed to be either compressed, tensioned, or be a “midrange” gauge when the type of straining is unknown.
Figure 8-80 shows a VW strain gauge, a strain gauge sensor, and a recorder unit. Installation
equipment and strain gauges are available from numerous vendors and/or manufacturers.
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Figure 8-80 Strain gauge installed at 12 o’clock position on pipeline data recorder and sensor
are shown. For reference, the gauge is 2.5 inches (7cm) long. (Photo by: D.
Dewar, Year: 2004).

The gauges, a set of straps that hold the sensors in place, and a protective cover, are spot
welded to a pipeline during installation. The typical energy for each spot weld ranges from 20 to
40 J. This is about 1/100 of the energy of an arc strike which would range from approximately
2000 to 6000 J. Generally, the spot welding used in VW strain gauge installs is considered a
surficial change that does not affect pipe hardness. Pressure reductions are not required
specifically for the installation of the VW gauges, but may be required for other pipeline
integrity related issues. Figure 8-81 shows a gauge being spot welded to a pipeline.

Figure 8-81 VW Strain gauge in the process of being spot welded at 3 o’clock position on a
pipeline (Photo by: D. Dewar, Year: 2004)

Figure 8-82 and Figure 8-83 show completed strain gauge installs (a group of gauges around
the circumference of the pipeline). Using 4 circumferential installs whenever practical is
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recommended as bending moments can still be calculated if a single gauge fails. The typical cost
of VW strain gauge install materials and labor is about 4% to 10% of the total excavation cost.
Therefore, whenever possible, it is prudent to install an additional VW gauge adjacent to the
primary install to function as backup in case an individual gauge fails. This is especially true for
remote or difficult-to-access locations where landslides and/or settlement/subsidence may impact
pipelines.

Figure 8-82 Three position strain gauge install on 36-inch natural gas mainline ready for recoat
and backfill (Photo by: D. Dewar, Year: 2008)

Figure 8-83 Four position strain gauge install on a 12-inch oil line ready for recoat and backfill.
The lines are run to a partially assembled stick up protector where a logging unit
will be mounted after backfill. (Photo by: D. Dewar, Year: 2013)

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 400

The main advantages of VW strain gauge installs are:
1. The installation process is a relatively straightforward, requiring no special skills and/or
training.
2. The installation process is relatively quick with times (excluding the actual excavation
time) ranging from 1 to 2 hours per 4 gauge install.
3. The installation process is relatively inexpensive:
a. Installation equipment for the install is relatively inexpensive at under $10,000,
and
b. Supplies are also relatively inexpensive at under $2,500 including a logging unit
to monitor up to 4 gauges.
4. The gauges, when installed correctly and backfilled with care, have proven life spans of
over 35 years [267]. See Table 8-12 for an example of the expected performance of VW
gauges in a monitoring project in a very slow moving translational landslide, with gauges
ranging in age from 1 to 13 years (8-year average age).
Table 8-12 Vibrating wire strain gauge performance
VW Strain Gauge Performance on Monitoring Project in Very Slow Moving Translational Landslide
Type

Installed

Destroyed*

Remainder

3 position
gauge installs

66

1

65

Individual
Gauges

210

3

201

Failed
gauges

%
Failed

Failed
Thermistors**

%
Failed

10***

5%

2

1%

*The surficial stick up protectors and lead wires were destroyed during agricultural activities including
hay mowing. Gauges are likely still functional but pipeline re-excavation would be required in repair lead
wires and reinstall stick-up protectors.
**Failed thermistors are less of an issue as there are either 2 or 3 neighboring thermistors with nearly
identical readings at the same location within each install.
***A review of the data indicates that half the failures appear to have occurred during backfilling.

5. The gauge sensor lead wires:
a. Are manufactured from common electrical wire. Therefore, wires can be easily
repaired/extended/shortened using common electrical supplies, and
b. Can be run up to 400 ft (120 m) [267] from install to reading point. Some
manufacturers claim up to 0.6 miles (1 km) for a maximum cable run.
6. Are sensitive enough to detect changes in strain due to ground movement from up to 200
ft (61 m) from the actual area of maximum strain.
7. Items 1 through 5 above together make VW strain gauges ideal for emergency work,
given the relative ease of installation.
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Potential challenges of VW strain gauge installation are:
1. VW gauges are typically very short at 1 to 3 in (25 to 75 mm) long when compared to the
typical section of pipe they are used to assess/monitor. Soil/pipe interaction is a complex
process and determining areas of maximum/minimum strain may be difficult even for an
experienced team of pipeline integrity and geotechnical personnel. IMU data may help in
the determination of strain gauge location. Westwood et al. [268] showed that even when
strain gauges are installed with good mechanical/geotechnical advice they may miss the
areas of maximum tensile/compressive/bending strains.
2. Pipelines must be excavated to install the gauges. While the previously noted costs of the
strain gauges themselves are minimal, there may be significant costs due to the required
ground disturbance above and beyond a typical pipeline excavation, including:
a. The cost of access: The area of interest many be in a remote or difficult to access
location. In some cases, access may be seasonal.
b. The cost of special excavation measures in challenging terrain which could
potentially include:
i. Bridling excavators,
ii. Dewatering, and
iii. Trench shoring.
VW strain gauges are used to measure the change in strain on a pipeline after installation.
Existing strains at the time of install must be estimated or determined using another method of
analysis. Any data interpretation should be conducted by an experienced mechanical/pipeline
integrity engineer. Readings are provided directly in microstrains (µE) and temperature.
Options for reading strain gauges include:
1. Manual,
2. Manually read data loggers with four or more ports, and
3. Remote readings using loggers communicating data through phone, cellular, internet, or
satellite connections. Alarms may or may not be set up as part of the remote monitoring
process.
The frequency of readings is typically dependent on the rate, and to a lesser extent, the type
of movement. As an example, an extremely slow deep-seated translational earth slide may only
require bi-annual readings. A potentially rapid retrogressive rotational earth slide–earth flow
that is encroaching on a pipeline ROW may require real-time or hourly remote readings with
alarms. Longwall mine subsidence progresses rapidly enough that hourly data logging, with
collected data downloaded and analyzed at least once each day, is prudent. At a minimum, it is
recommended that data be logged until the interactions between the ground deformations and
pipeline(s) can be determined. In many slides in fine grained soils infrequent manual readings
may misrepresent the actual loading the pipeline has been experiencing. With softer fine grained
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soils, a pipeline may spring back after the initial loading. If the undrained peak occurred
between readings, the maximum loading on the pipeline would be missed.
During interpretation of strain gauge data, the following operational stress changes must be
considered:
1. Installation associated stress changes including backfilling,
2. Temperature, and
3. Pressure.
Owners/operators should consider that there are significant changes in the stress of a pipeline
as it is backfilled. Typically, during initial construction, the majority of a pipe is laid at the
bottom of a ditch/trench on undisturbed native soils except where a thin layer of bedding
material is required. During any subsequent dig that requires 360° exposure of a pipeline there
will be a minimum of sub-excavation of 2 to 3 ft (0.6 to 0.9 m) to allow for the inspection, strain
gauge install, and recoating of the pipeline. Even with pipe supports and careful backfilling by
hand driven machine and excavator bucket compaction, it is impossible to eliminate settlements.
An example of expected vertical settlements reported in IMU run-to-run comparisons of pre and
post dig strain gauge installations on a 30 inch mainline with dig lengths of 45 ft (14 m) are on
the order of 1.6 to 8 in or (40 to 200 mm). Reported strains between the initial installation
readings and first reading after backfill can show variations of up to 600 µE in tension or
compression.
Additionally, temperature-change-caused expansion and/or contraction during the installation
process may create additional stresses. For long ditches, compressional bending of up to 500 µE
has been reported at the ditch edges due to pipe expansion on 104°F (40°C) days.
As noted above, VW sensors typically have a temperature reading device, typically a
thermistor, installed in the reading unit. The thermal expansion coefficient of common gauge
wire is similar to that of the pipeline steel at 6µE/°F (10.8 µE/°C) [269]. Therefore, corrections
for thermal effects are typically not required for interactions between the gauge and pipeline.
The temperature of any pipeline will vary over the operating life/cycle. The stress changes as a
result of the thermal expansion and contraction of the pipeline must be considered when
interpreting strain gauge data. Additionally, pressure fluctuations should be considered when
comparing readings. Figure 8-84 shows the normal temperature and pressure fluctuations on a 6in liquid propane line with a landslide occurring in the monitoring period.
Analysis of strain gauge data is not always straightforward. Experienced mechanical
engineers should be involved in determination of strain gauge install details and the
interpretation of strain gauge data.
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Figure 8-84 Normal temperature and pressure fluctuations on a 6-inch liquid propane line with
a landslide occurring in late April and early May of 2013. Note vertical/tensile shift
in curves after landslide.

8.3.3.4 Fiber Optic Strain Gauges and Cables
Fiber optic (FO) strain gauges and cable type installations (cables) use light to measure strain
changes. Light is shot down the fiber and changes in the fiber length cause light color to change.
There is a relationship between color change and the changes in strain. With the FO cable
technology, changes in temperature and sound can also be measured. More details on the theory
behind the technology are included in [270, 271, 272, 273, 274, 264]. The technology is
considered mature from a general point of view as it has been employed since the early 1980s for
non-pipeline strain monitoring applications. Limited pipeline strain monitoring applications and
experiments have been conducted since approximately 2003 and it is judged to still be a
maturing technology.
In the case of the cable type installations, the FO technology was initially used to monitor
temperature and sound along pipelines. FO temperature cables could be installed along a
pipeline to notify the control center of any temperature changes in the surrounding
ground/pipeline caused by leaks. The placement of the cable depends on the type of product
being transported. FO acoustic cables are also available that can measure acoustic changes and
the pipeline and can be used to warn operators if heavy equipment or excavation work is being
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done near the pipeline. Additionally, there may be a possibility of using this fiber to monitor
changes in cover over pipe in stream crossings. These technologies are not discussed in this
section as they are not directly related to the monitoring of pipeline strain due to ground
deformations. The FO cable technology has been adapted for strain monitoring. Additionally,
combination cables (or “tapes”) have been developed to both detect strain and temperature
changes.
FO strain gauges are installed over an area on the pipeline. FO cables are run for relatively
long distances down the length of a pipeline.
8.3.3.4.1

FO Strain Gauges

Rather than being welded or spot welded to the pipeline as VW gauges are, FO strain gauges
are bonded to the pipeline using an epoxy. Cauchi etc. al [271] provides the following
specifications for the systems:
1. Type of fibers: Conventional telecommunications grade 250 µm single mode optical
fiber.
2. Configurations (see Figure 8-85 below):
a. Linear: can have up to 10 ft (3 m).
b. Coiled: can have up to 66 ft (20 m) of fiber in a small 10 in2 (65 cm2) package
(note that this configuration will not differentiate between axial and hoop strain).

Figure 8-85 Fiber optic strain sensor configurations [271]

3. Accuracy: for lengths from 3 in to 331 ft (10 cm to 100 m) the accuracy is reported as +/5 µm or as an example +/-5 µE for a 33 ft (10 m) sensor length.
4. Range: In lab tests, up to 3% strain or 30,000 µE.
Fiber optic (FO) strain gauges are generally similar to VW gauges, with the following
advantages:
1. FO strain gauges are completely customizable and can be made to different lengths and
widths; see Figure 8-86. When compared to VW gauges, they can cover significantly
more area. Figure 8-87 shows the gauge orientations. Cauchi et al. [271] noted that the
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VW wires were installed during a slope stability monitoring project as linear gauges to
monitor large strains (range of 0.01 to 1% strain) and coiled gauges for small strains
(range of <0.01%).
2. FO strain gauges can be oriented in any direction whereas VW strain gauges can typically
only be oriented along the pipe axis. Cauchi et al. [271] described the use of FO strain
gauges to measure hoop and longitudinal strains.

Figure 8-86 FO strain gauge installation with longitudinal and axial gauges (Photo by: E.C.
McClarty, Year: 2005)

Figure 8-87 Adjacent FO and VW strain gauge installations to show size limitations of VW
strain gauge size. The VW stain gauges are used to back up the FO strain gauge
install in this application. (Photo by: D. Dewar, Year: 2008)
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Potential issues and/or challenges with FO gauges include:
1. As with VW gauges, excavations are required to install the FO strain gauges. The
differences in installation procedures, efforts, and issues include:
a. FO gauge installation typically requires the vendors’ skilled technicians to install
the gauge(s).
b. FO gauges are attached to the pipeline using epoxy rather than being spot welded;
therefore, excavation time must include epoxy curing time.
c. FO gauges must have a fiber optic cable of a known fixed length running from the
gauge to the above ground reading site. The cable is sensitive to damage/ground
deformations and cannot be easily repaired or replaced like a VW strain gauge
cable. The sensor could be in perfect condition but it cannot be interrogated due
to the damaged or deformed cable. At minimum, an experienced technician
would have to visit the site if cable repairs are required.
d. Install supplies cost roughly 2 to 5 times as much as VW strain gauge supplies at
$4,000 to 10,000 per install. Monitoring equipment can be significantly more
expensive with data recorders on the order of $20,000 to $30,000 each.
2. Information taken from the data recorders typically must be returned to the vendor for
interpretation, whereas VW gauge data may be interpreted in-house or by a third party
mechanical consultant.
3. Technology is relatively new and there are only a few vendors, potentially limiting access
to the technology.
Cauchi et al. [271] provided some very preliminary comparisons between VW and FO strain
gauge readings. It appeared from this data that the FO gauges reported significantly lower
strains. Unpublished longer term operator monitoring data indicates that the VW and FO gauges
track straining trends near identically, but the total strains reported by the VW gauges is
approximately twice that of the FO gauges. As with any case involving two sets of data that do
not agree, it is not possible to determine which, if either, set of data is correct.
While there may be many challenges with any new technology, it is customizable, allowing
for the collection of data that VW strain gauges cannot be used to measure. At this time, it is the
authors’ opinion that FO strain gauges are better suited for well-planned installations where
careful consideration is given to the backfill, and cable routing options and maintenance work
are possible. Given the limitations discussed above, FO strain gauges may not be suitable for
emergency or urgent monitoring work. Wherever possible, it is recommended that any FO
installation be backed up with VW strain gauge installs.
8.3.3.4.2

FO Cables

FO cables that measure strain are a more recent innovation that has been laboratory tested
and field testing as detailed in [272, 273, 274]. Typically, “distributed or linear” sensor cables
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are used for pipeline installations. The distributed sensor FO cables can report changes of
deformation of +/- 20 microstrains over distances up to 15 miles (25 km) with a positional
accuracy of +/- 1.5 m as claimed by numerous vendors. When designing cable installations,
splices are typically avoided as they will shorten the overall length of the cable run.
Additionally, most long installations are designed so that a reading point has a run of cable going
in either direction, effectively doubling the coverage. FO cables are reported to have
approximately 17 times the tensile modulus of steel. Therefore, they can easily report strains of
up to 0.5% or even 2.0%. The minimum bending radii of FO cables depends on the cable
specification, but a standard 48 fiber (4 bundles of 12) has a minimum bending radius is 155 mm
(6 in) while in operation. Increased positional and strain accuracy can be obtained by using more
expensive cables with “multipoint or discreet” cable sensors. Based on the required accuracies
for ground deformation monitoring, only distributed/linear technologies will be discussed in this
section.
FO cables can be installed along the length of the pipeline in orientations detailed at the start
of the section above. The FO cables can be installed during new construction or retrofitted onto
existing pipelines along shorter sections of interest. Generally, existing pipelines would not be
exposed to install FO cables unless there was a significant integrity related driver. Typically,
6’oclock installations are avoided as the usual method of installation is to tape the cable to the
pipeline. For ease of installation, FO cables are installed at the 12, 3, and 9 o’clock positions
because in these positions, it is much easier to pull the cable along the pipe and place the tape
over the top of it.
Additionally, as detailed in [273], cables can be installed in the soil surrounding the pipeline
or at the base of the pipeline trench to solely measure ground deformation. Figure 8-88 and
Figure 8-89 show typical installations with the cables being taped to a pipeline.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 408

Figure 8-88 FO Cable monitoring install with three strain/temperature tapes oriented at roughly
12, 4, and 8 o’clock along a 500-meter length of pipeline in a landslide. (Photo by:
Smartec, Year: 2003)

Figure 8-89 Taping a fiber optic cable top a pipe (Photo by: K. Ryan, Year: 2013)
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A tape that does not interfere with cathodic protection is recommended. Since the FO
cable(s) will be running laterally along the sides of the pipe, it is recommended to apply the tape
laterally to completely cover/protect the cable. Placing the FO cable on the pipe allows for ease
of excavation of the pipeline. Most pipeline companies require the backhoe to stay a given
distance from the pipe, usually 1 to 2 ft (0.3 to 0.6 m) away. The material next to the pipe is
usually removed by hand, allowing the fiber to stay in place without damage. However, a direct
hit with a shovel could damage the fiber, just like with any type of wire. The FO cables can be
spliced when required. Discussions with vendors indicate that these repairs/splices are a
relatively simple process unlike FO gauges discussed above.
An FO analyzer is required to interrogate the FO cables(s). The cables can be either be
continuously/remotely interrogated where power is available or read periodically. Analyzers are
currently bulky and not conducive to use in remote field applications with difficult field access.
The fiber gauges can be monitored on a real-time basis and alarms can be set up and sent to
control rooms to keep operators aware of the pipeline conditions. Software is available to allow
the operator to know where changes are occurring as well as the magnitude of the changes. This
can provide real-time information of the pipe and its surroundings.
Figure 8-90 shows typical cross sections of FO cables used for pipeline or in ground
installations. These cables are designed to be robust and survive burial. Manufacturers have
reported minimum lifespans of 30 years for properly installed FO cables. Immediately following
completion of the installation, including splices, the cables are tested. The cables are tested
again following backfill. Vendors consider pipeline systems as “mild environments” when
compared to hot downhole environments or high pressure subsea environments. Subsea FO
umbilical cables have reliably operated since the 1980s.

Figure 8-90 Typical FO cable cross sections for on pipe and off pipe applications [273]

The actual cost of the FO cable is typically $0.37 to $2.05 per ft ($1.20 to $6.75 per m) with
an average cost of approximately $0.60/ft ($2.00/m). Installation times are typically 3 times
faster than a pipe laying crew. In optimal conditions, with good planning and communication, a
4 person FO cable installation crew can lay between 6000 and 8000 ft (2000 to 2500 m) of cable
in a day. The main expense with FO cables is the FO analyzers which typically cost around
$100,000 USD (at time of publication). FO analyzers can be rented from certain vendors when
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readings are taken on a schedule as opposed to continuous real-time monitoring. New
construction installation costs are project specific and no reliable estimate range can be provided
at this time.
Other gauge type installs provide strain changes at a point, while the FO cables provide strain
reads continuously for the complete distance that they run along. This is the main advantage of
FO cables. Conversely, installing FO cables in an area of interest is much more expensive as the
pipeline must be exposed along the complete area of interest. If a pipeline is encountering a
small landslide with well-defined features, then strain gauges will be suitable for monitoring. In
areas where a landslide is very large and the boundaries are not well defined, such that finding
the points of anticipated maximum strain is difficult, using fiber gauges can provide significant
advantages.
Comparison testing using VW and FO cables have shown good correlation between the two
reads [273]. In this study, the gauges and cables were installed on a 16-in pipeline and then
subjected to a manmade landslide to induce strain. Strain was measured at the center and edges
of the landslide. Three FO cables were placed on the pipe and compared with the VW gauges at
their respective locations. Figure 8-91 illustrates the readings for three VW and FO cable
readings at the center of the slide. Figure 8-92 shows the strains at the edge of the slide.

Figure 8-91

Comparison of strains from fiber optic sensor (measured) and VW strain gauges
(calculated) at the center of a landslide
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Comparison of strains from fiber optic sensor (measured) and VW strain gauges
(calculated) at the edge of a landslide

Testing was also conducted to compare FO cables installed off the pipe in the bottom corners
of the pipe ditch, 6 to 8 inches above the pipe, and at the edge of the pipe ditch, and buried
outside of the pipe ditch (refer to Figure 8-93) [273]. In the last case, the FO cable could be
installed by plowing in or trenching outside of the pipe ditch. Results of the testing provided a
good correlation with landslide movement. Because the FO cable was not restrained by the
pipeline it was more sensitive to the ground movement. This is because the pipe can act as a
structural member and resist movement from the forces of a landslide and therefore the pipe will
often move less than the soil around it. The off-pipe FO cables will usually predict more strain
change than what is actually being experienced by the pipelines. These gauges can then be used
as an indication that forces are acting on the pipe.
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Conventional point sensors at
Center Line and 25ft East, West

Fiber Optic Sensors running the
entire 60 meters of pipeline

PRVW: Pluck/Read Vibrating Wire Point Sensor
COVW: Continuous vibrating Wire Pont Sensor
FBG: Fiber Bragg Gratting Point Sensor

SMC – 3 (Ground Movement Strain Sensor)
SMC – 0 (Ground Movement Strain Sensor)
SMC – 1 (Non-Metallic on-pipe Strain Sensor)
TMC-12 (Leak/Temperature Sensing cable)

Trench >1ft deep

Standard Backfill

254°

14°
134°

Retrofit Position

0°

South

North
270°
Filtered Backfill

Above Pipe Position

On-Pipe Position

South

90°

Water 1200 PSI
20 Inch Pipe

WEST

90°
Bottom Trench
position

Figure 8-93 Experimental set up with on pipe and off pipe FO cables [273]

When considering using FO cables installed in the ground, care should be taken to place the
cable in a location that will be least likely to be in the way when excavating the pipeline in the
future, e.g., at the bottom of the ditch.
Going forward, FO cables for ground deformation will likely have three applications:
1. New construction: Hazard detection/delineation/monitoring or areas of potential or
known ground movements that new pipelines must be routed through.
2. Existing pipelines: Hazard detection/delineation within high consequence areas.
Given the costs of ground disturbance, possible recoating, and reburial, this likely
will be used in limited applications.
3. Existing pipelines: Hazard monitoring within areas of known movement or at specific
areas of known pipeline deformations within larger areas of movement. The FO
cable systems could be installed following other pipeline activities including
replacements, cut outs, and/or stress/strain relief projects.
8.3.4 Selection of Methods
It has been stressed throughout this report that most landslide and/or settlement/subsidence
pipeline loading scenarios are unique and that there is no single flow chart or accepted
prescriptive method for setting up a monitoring program. This is true for monitoring programs
set up to verify the performance of hazard mitigation (discussed in sections 0 and 8.2) as well as
to monitor an active hazard prior to proceeding with mitigation (if required). Rather than
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providing a prescriptive method of determining what types of monitoring should be applied to a
particular situation, this section provides guidance on selecting potential methods of monitoring.
Regardless of the method chosen, any monitoring program must provide sufficient
information for the owner operator and/or their representatives to make integrity-based decisions
on the fitness-for-service of their pipeline. Monitoring budgets, efforts, and frequencies (as
discussed in section 8.3.5) should be proportional to the potential risks.
There are generally two ways operators approach geohazard management:
(1) The program is administered by the owner/operator integrity personnel with external
geohazard subject matter expert input typically from consultants. The ground monitoring would
be the area of expertise of the local geological engineer and/or geoscientist. Therefore,
owners/operators should rely on their recommendations for methods used to monitor the
ground. Pipe monitoring is either the area of expertise of the owner/operator or of their
mechanical/pipeline integrity consultants. Typically, there is very little technical overlap
between the subject matter experts determining the ground monitoring and pipe monitoring
programs. The geohazard subject matter expert likely has little to no operational knowledge for
pipelines. Therefore, both groups should consult extensively with each other to ensure that the
overall monitoring program can achieve the goal of confirming the fitness-for-service of the
subject pipeline(s).
(2) The program is run by internal geohazard subject matter experts. Within such a
program, there may be more collaboration between the geological and mechanical subject matter
experts. The reliance on external subject matter experts tends to vary based on the workload and
the specific role of the internal program owner.
The following guidance is provided for selection of ground monitoring techniques:
1. Any existing installations used as part of the original characterization of the hazard
should be continued. As an example, slope inclinometers used to verify that a deepseated landslide was present should be monitored after a landslide is stabilized.
2. It’s better to start out with a robust monitoring program involving numerous ground
monitoring techniques with redundancy and reduce efforts over time, if judged to be
appropriate, rather than having to build a monitoring program from less complex to more
complex in response to data gaps.
3. When using more complex methods such as InSAR, that have numerous sources of error,
a more simple and well-established method such as conventional surveys or slope
inclinometers should be used to provide redundancy and verify data.
4. In the case of monitoring an existing hazard mitigation, the geohazard subject matter
expert should predict the mode(s) of failure of the mitigation, if any. Ground monitoring
techniques should be tailored to detect any indications of such failure(s).
5. In the case of deep-seated instabilities that extend far below the pipeline burial depth, it is
more useful to monitor the ground surface rather than focusing on the landslide slip
surface. As an example, the deformations of the slip surface of a 330 ft (100 m) deep
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landslide would mean very little to a pipeline buried at 3 ft (1 m) depth. It is much more
useful to monitor the ground surface as this may be more analogous to the deformations
the pipeline is experiencing. It is the author’s experience that geotechnical consultants
may tend to focus on subsurface monitoring rather than the potentially more useful and
important deformations at pipeline burial depth.
6. Within deep-seated instabilities, any ground monitoring program should detect the
boundaries of the movement and any zones of differential deformation within the
movement. Deformations of pipelines may be just as severe or more severe in the middle
of a landslide than at its boundaries. The determination of areas of differential
movements and the ability to measure the differential movements may allow for the
accurate location of pipe monitoring techniques such as strain gauges. Additionally, it
serves as a check when reviewing smart pig related data.
7. Methods (including pipe monitoring technologies) may have to be capable of full time
remote data collection via either a landline, cellular, or satellite link directly either to the
company computer system or via an internet service. These requirements are typically
necessary for scenarios where there is a potential for rapid movement or where you have
remote sites that cannot be accessed easily during certain portions of the year, if at all.
8. If there is a threat of rapid movements, such as a debris flow that initiates with no
warning, then there is little point of conducting monitoring. In these scenarios, it is likely
better simply to move to mitigation.
9. The level of access to a site may determine the method of ground monitoring chosen.
Rizkalla [5] pointed out that satellite based technologies may be more applicable than
surveying techniques in remote sites.
10. Installations associated with a particular method must be designed to survive the
environment in which they’re being installed. As previously discussed elsewhere in this
section some technologies may be susceptible to either damage by wildlife, third-party
interactions, or weather/climate. As an example, there is little point to installing a slope
inclinometer with stickup casings if it is going to be run over by frequent off road
recreational traffic.
11. Consider the potential ground disturbance based issues with a particular method. As an
example, a contractor cannot be left to install survey monuments unsupervised as they
may contact the pipeline. In some cases, the ideal ground monitoring locations may be
directly over the pipe, thus limiting their applicability.
A ground monitoring program should be correlated to the loading on the pipeline to allow for
assessment of the fitness for service of the pipeline. Ground deformations can be related to
pipeline loading using soil/pipe interaction models or using pipe monitoring techniques such as
strain gauges or IMU smart pigging technologies, as previously discussed in this section.
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A significant consideration when selecting a ground monitoring program is cost. As an
example, a very robust ground monitoring program for a very large active deep-seated landslide
could ideally include:
• Semi-annual site reviews by a geological engineer,
• Annual aerial LiDAR inspections with annual deformation analysis,
• GPS geodetic surveying with numerous monuments to verify the LiDAR results, and
• Several deep slope inclinometers to monitor the slip surface movements.
The operational budget may not allow for annual aerial LiDAR given the potential expense.
The other three monitoring items would likely individually be an order of magnitude less
expensive.
It is recommended that regardless of the ground monitoring program, some form of pipe
monitoring should be implemented. This is also regardless of any soil to pipe modelling that has
been conducted to relate ground deformations to pipe stress/strain. Generally, the more robust
the pipe monitoring program, the less robust ground monitoring has to be.
The following guidance is given for pipe monitoring:
1. Where pipelines are piggable, it is always recommended that a baseline IMU run be
established to allow for subsequent bending strain and/or movement analysis.
2. When reviewing smart pig data, particularly IMU data, special attention should be given
to pipeline segments with known landslides and where landslides are likely to occur.
Geohazard consultants may provide input into these areas as part of a baseline screening
of a pipeline system, as discussed in section 2.
3. When using new technology, which may have some unknowns, always back it up with a
proven method. An example would be using VW strain gauges to provide backup for a
much more elaborate array of fiber-optic strain gauges.
4. When installing monitoring devices such as strain gauges on a pipeline, the
owner/operator should always have some basis for the device locations, for example:
a. Landslide features: Slide boundaries, slide scarps, terrain changes, or slope
breaks.
b. Settlement/subsidence features: Feature boundaries and areas of maximum or
differential movements.
c. Smart pig geometry indications: Anomalous bends, buckles, wrinkles, ripples, and
areas of pipeline movement.
d. Other smart pig indications: Areas of potential stress corrosion cracking
(particularly circumferential cracking if there is a technology available to detect
it).
e. Historic failure locations.
5. As discussed above (Item 7 in ground monitoring of Section 8.3.4), ensure that there is
access to the data when you need it when dealing with remote or difficult to access sites.
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6. As discussed in the introduction of the monitoring section, when selecting pipe
monitoring methods one must consider site access and ground disturbance related issues.
Additionally, when selecting smart pig based methods, issues such as throughput, flow
restrictions, and operational availability must be considered.
Appendix E discusses newer pipe monitoring techniques which include several experimental
techniques that will/could allow for the direct measurement of either the strain or stress within a
pipeline. One of these techniques, the ACSM, has been mounted and tested on a smart pig
platform. Over the next 20 years it is possible that a smart pig tool will be developed combining
anomaly detection, bending strain, movement analysis, and stress/strain measurement. This
would provide a one-stop assessment of fitness-for-service of a pipeline, if hazards such as
debris flows, rock avalanches, and other rapid movements that could impact the pipeline system
are adequately accounted for. These potential technological advances could greatly change how
the monitoring of geohazards is approached.
Secondary issues that may impact or influence the selection of methods may include:
1. Potential third party interactions: As an example, a farmer mowing down all the stick-up
protectors for a series of strain gauge installs. Other examples include incidents of
vandalism or theft.
2. Potential livestock/animal interactions: Animals may chew, walk over/through, or rub
against monitoring installations.
3. Potential weather impacts such as windthrow/blowdown interrupting power to a remote
monitoring installation.
4. Potential access issues including:
a. Poor access conditions,
b. Steep slopes, and
c. Landowner issues, such as restrictions on the ability to install monitoring
instruments.
8.3.5 Frequency of Data Collection and Analysis
Any program that includes both ground and pipe monitoring has three processes with an
associated frequency. The processes are:
1. Data Sampling: Electronic, automated, or manual sampling rate for the monitoring device
or method.
2. Data Collection: Retrieval of data from the monitoring installation/device.
3. Data Analysis: Expert review of collected data. In many cases, data may be collected and
screened based on preset limits to determine if a subject matter expert data
review/analysis/action is required.
For specialized tasks, such as smart pig runs, Lidar/InSAR studies, and geodetic surveys, the
frequency for data sampling, collection, and analysis are the same.
CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 417

Generally, the frequencies of any monitoring program are determined by following factors:
1. The rate of movement of a landslide (refer to Table 2-2 for a description of velocity class)
which typically relates to the rate of straining on the pipeline within the landslide.
2. The potential for changes/accelerations in rates of movement. An example would be
shallower landslides that accelerate during wetter seasons and/or following extreme rain
events. Conversely, monitoring frequencies can typically be reduced during dryer times
of year or in northern climates during winter. For larger movements, the onset of
accelerated movements may be delayed. As an example, in some large deep seated
translation slides with slip surfaces up to 400 ft (120 m) below the ground surface,
acceleration can be delayed by up to 18 months. A comprehensive geotechnical
understanding of the slide characteristics and local climatic variations is critical when
designing a monitoring program. This includes the ability to predict significant
movements from subtle precursor movements or behaviors.
3. The likelihood and/or consequences of either damage or rupture of a pipeline.
4. The overall efforts required to read monitoring installations. More accessible sites may
have higher frequencies of monitoring simply because employees/contractors/consultants
can visit the study area frequently.
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Table 8-13 A general classification of monitoring frequencies
Class

Frequency

Comments

Near
continuous

Every sub-second to
every minute

High

Every minute to every
hour

Moderate

Every hour to every
week

Typically logged or remotely monitored data, or manually read data for
short durations

Low

Every week to every
few months

Typically logged data or manually read data for longer monitoring
periods

Very Low

Every year to every
few years

Reserved for cases where low strain rates are encountered with low
rates of movement or for expensive methods including: smart pig runs,
Lidar/InSAR studies, and geodetic surveys

Typically, real-time data that is monitored continuously
Typically logged or remotely monitored data

There are several ways of collecting the data which include:
1. Continuous/Remote: Full time access to collected data via either a land line, cellular, or
satellite link directly to the company computer system or via an internet service.
Automated data collection is typically only available for electronic monitoring devices.
2. Logged: Data collected from a logging unit connected to monitoring installation (i.e.
strain gauge or in-place inclinometer). The logged data are manually downloaded during
a field visit at an assigned frequency, or remotely downloaded as with
Continuous/Remote data collection.
3. Manual: Data collected by field personnel visiting the site. An example would be a crew
annually reading a strain gauge.
With many monitoring programs, different methods may have different sampling, collection,
and analysis frequencies. As an example, for the monitoring of a deep seated translational slide
where no physical mitigation work has taken place (Figure 8-38), Table 8-14 provides details of
a hypothetical monitoring program:
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Table 8-14 Monitoring frequencies for a hypothetical monitoring program
Example Situation/Scenario of Deep Seated
Translational Slide Loading

Frequency of Data
Sampling

Collection

Analysis

Near continuous

Near
continuous

Low
(Monthly*)

VW strain gauges at less critical locations with data
loggers with biannual collection of data

Moderate

Low

Low

Slope Inclinometer readings taken by field crew after
spring and fall wet seasons

Low

Low

Low (Annual)

Remote monitoring of VW strain gauges at key strain
locations (slide flanks and at boundaries of separate
moving blocks within slide mass)

Geodetic survey

Very Low - Annual

Visual Monitoring (Annual review of site by
geological engineer)

Very Low- Annual

Run-to-run smart pig geometry tool run
Run-to-run smart pig axial strain tool run

Very Low - Triennial (once every 3 years)
Very Low - Quinquennial (once every 5 years)

*Unless a pre-set limit or condition is exceeded then immediate data analysis is required

It is always recommended to start out with a higher frequency monitoring program (data
sampling, collection, and analysis) and reduce the frequency based on analysis of the initial and
ongoing data. There should be provisions for accelerating monitoring in the event of unexpected
events including high precipitation, unexpected slide accelerations, or earthquakes. When
determining the sampling/collection/analysis frequencies for any program, the most important
factor to consider is ensuring that any event that could potentially compromise the integrity of a
pipeline is detected in a timely manner.
While it is always favorable to err on the side of collecting too much data as opposed to too
little, it should be cautioned that excessive data collection may cause secondary problems with
data storage and analysis. As an example, in an extremely slow moving deep seated translational
landslide, logging VW strain gauge readings every 20 seconds would be considered excessive
although the logger’s memory would allow it. The number of collected readings would provide
little (if any) additional insight into the landslide behavior, and would make data processing and
analysis unnecessarily complicated and difficult. Readings every 6, 12, or 24 hours would be
sufficient. Project managers should also consider the issues of data storage and retention when
designing a monitoring program. Typically, data are stored for the entire duration for which the
pipeline is in service.
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Overall Management Process
Abstract

The first part of this section covers the limits on longitudinal stress and strains in relevant
standards, i.e., ASME B31.4 and B31.8. The meaning of the standard language is explained
when needed. This part is considered necessary if an operator chooses to follow the limits set in
those standards. As explained in Section 1.1, longitudinal stress limits are typically not actively
managed in pipelines except in locations where high longitudinal stresses or strains are
expected. In fact one might find the longitudinal compressive stress limit overly restrictive. The
regulatory requirements on managing longitudinal stresses are perhaps a grey area.
The next part of this section answers some frequently answered questions, such as
(a) Acceptance of FFS assessment for in-service pipelines,
(b) Effectiveness of hydrostatic tests in exposing girth weld flaws, and
(c) Differences in key drivers of girth weld failures between vintage and relatively new
pipelines.
The main part of this section is the overall integrity management process. While the integrity
management from the viewpoint of geotechnical engineers is covered in Section 2, this section
focuses on quantitative assessment using FFS principles. The purpose of the assessment is
broadly divided into two parts: (1) screening or ranking the locations of interest, e.g., locations
of high strains or (2) site-specific assessment to determine the risk of failure and mitigation
measures.
For the screening and ranking part, the following critical issues are covered
(a) Default reporting threshold for IMU tools, and
(b) Classification of locations of high strains.
The next part covers determination of strain capacity (both tensile and compressive) and
strain demand limits. This information can be used in both screening/ranking and site-specific
assessment. Appropriate FFS assessment procedures are recommended, depending on the mode
of loading and the magnitude of strain demand.
For site-specific assessment, the application of the FFS assessment procedures is linked to
the potential level of impact if an event were to occur. The recommended default values of input
parameter for FFS assessment are set to produce different levels of conservatism. The higher
the level of impact, the more conservative the assessment outcome becomes. These default
values can be replaced when site-specific values are known.
The section closes with situations where specialized analysis or procedures may be
warranted.
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Longitudinal Stress and Strain Limits in Standards

9.1.1 Limits on Longitudinal Stress
9.1.1.1 ASME B31.4-2012
Clause 403.3.1 Strength Criteria (under 403.3 Criteria to Prevent Yield Failure) states
“The maximum longitudinal stress due to axial and bending loads during installation and
operation shall be limited to a value that prevents pipe buckling or otherwise impairs the
serviceability of the installed pipeline. Other stresses resulting from pipeline installation
activities, such as spans, shall be limited to the same criteria. Instead of a stress criterion, an
allowable installation strain limit may be used. Stress values for steel pipe during operation shall
not exceed the allowable values in Table 403.3-1 as calculated by the equations in this Chapter.”
Table 403.3.1-1 referenced above is duplicated as Table 9-1 below.
Table 9-1 Allowable stress values in Table 403.3.1-1 of B31.4-2012

The majority of a pipeline length in buried onshore pipelines should be qualified as
“Restrained Pipeline.” Limits in columns “Allowable Expansion Stress, SE”, “Additive
Longitudinal Stress, SL”, “Sum of Longitudinal Stresses from Sustained and Occasional Loads”,
and “Equivalent Combined Stress, Seq” are relevant to the longitudinal stress limit.
The term “Additive Longitudinal Stress, SL” refers to the stress generated by the restraint of
thermal expansion or contraction, internal pressure and sustained loads. The stress can be
determined following the equation in Sections 402.6.1 and 402.6.2 of ASME 31.4-2012. For
restrained pipes, the maximum allowable value is 0.90Sy, where Sy is the specified minimum
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yield strength of pipe material (SMYS). The term “Sum of Longitudinal Stresses from Sustained
and Occasional Loads” refers to the sum of “additive longitudinal stress” plus the stress
generated by occasional loads. The maximum allowable value for restrained pipes is 0.90Sy.
The “occasional loads” are those generated “occasionally” such as “subsidence, differential
settlement, frost heave and thaw settlement” as described in Section 401.1.3 of ASME B31.42012.
9.1.1.2 ASME B31.8-2010
Specifications on the longitudinal stress limits are provided in Section 833 Design for
Longitudinal Stress. The sum of longitudinal stresses in restrained pipe is limited to
0.9×SMYS×temperature derating factor. When the temperature derating factor is 1.0, the limit
on the sum of longitudinal stresses is the same as that in ASME B31.4-2012.
A separate combined stress criterion is also given for restrained pipe. The effective
combined stress may be computed with either shear or Mises criterion, similar to ASME B31.42012. The limit on the effective combined stress is 0.9×SMYS×temperature derating factor for
loads of long duration or 1.0×SMYS×temperature derating factor for occasional nonperiodic
loads, respectively. When the temperature derating factor is 1.0 and the load of long duration is
considered, the effective combined stress criterion is the same as that in ASME B31.4-2012.
9.1.1.3 Summary on the Longitudinal Stress Limits
When the temperature derating factor is 1.0, the longitudinal stress limits in B31.8-2010 are
the same as those in B31.4-2012. The longitudinal stress limits for pipelines of various design
factors is shown in Table 9-2 [102].
Additive Longitudinal Stress
/ SMYS

Sum of Longitudinal
Stresses from Sustained and
Occasional Loads /SMYS

Table 9-2 Longitudinal stress limits of ASME B31.4-2012 and B31.8-2010

0.72

0.90

0.90

1.62

1.01

0.18

0.29

0.90

0.29

0.60

0.90

0.90

1.50

1.03

0.30

0.43

0.90

0.43

0.50

0.90

0.90

1.40

1.04

0.40

0.54

0.90

0.54

Hoop
Stress /
SMYS

Longitudinal stress / SMYS from Equivalent Combined
Stress Criterion
Tensile Longitudinal Stress /
SMYS

Compressive Longitudinal
Stress / SMYS

Shear Stress Mises Stress Shear Stress Mises Stress
Criterion
Criterion
Criterion
Criterion

Final Allowable Longitudinal
Stress / SMYS, Excluding
Occasional Loads

Tensile

Compressive

Note: The “Final Allowable Longitudinal Stress” in the right two columns is computed using von
Mises criterion, not the shear stress criterion. The allowable compressive longitudinal stress
would be lower if computed by the shear stress criterion.
Both B31.4-2012 and B31.8-2010 require the equivalent combined stress be less than
0.90×SMYS. The equivalent combined stress may be calculated using either Von Mises or
Tresca criterion. Figure 9-1 and Figure 9-2 show the relationships between the equivalent
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combined stress (either Von Mises or Tresca) and the longitudinal stress when the hoop stress is
kept at 72% yield strength. When the equivalent combined stress is limited to 0.9×SMYS, the
highest allowable compressive longitudinal stress is approximately 0.29×SMYS under Von
Mises criterion and 0.18×SMYS under Tresca criterion. These are very lower compressive stress
limits. The allowable compressive stress can be increased if the criterion is set at plastic
collapse, i.e., when the equivalent stress reaches materials’ flow stress [102].
The highest allowable tensile longitudinal stress is approximately 1.01×SMYS under Von
Mises criterion and 0.90×SMYS under Tresca criterion. However, the “additive longitudinal
stress” is limited to 0.90×SMYS. Therefore, the maximum longitudinal stress is limited to
0.90×SMYS when both the additive longitudinal stress and equivalent combined stress criteria
are applied.
In contrast to the design phase of a pipeline, loads from subsidence, differential settlement,
frost heave and thaw settlement cannot be treated as occasional loads if they are known to exist
in the integrity assessment of a particular segment of an in-service pipeline.
The allowable longitudinal stress limits are appropriate for load-controlled loading, such as
sustained loading from the self-weight over a span. They can be overly conservative or limiting
when bending stress is present in buried pipeline which is fully supported, i.e., when the bending
can be considered displacement-controlled. The longitudinal strain limits are addressed in the
next section.
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Variation of Von Mises Stress as a function of longitudinal stress when the hoop
stress is at 72% yield strength. The bottom figure is a zoomed-in version of a part
of the top figure. The vertical lines represent the maximum compressive stress the
material can tolerate before plastic collapse.
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Figure 9-2 Variation of Tresca Stress as a function of longitudinal stress when the hoop stress
is at 72% yield strength. The bottom figure is a zoomed-in version of a part of the
top figure. The vertical lines represent the maximum compressive stress the
material can tolerate before plastic collapse.
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9.1.2 Limits on Longitudinal Strain
9.1.2.1 Requirements in Current Standards
ASME B31.4-2009 Clause 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 B31.4-2012 Clause 403.3.3 Strain Criteria for Pipelines states (unchanged from 2009
version):
“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 B31.8-2010 Clause 833.5, Design for Stress Greater Than Yield, states:
“(a) The limits in paras. 833.3 and 833.4 may be exceeded where due consideration is given
to the ductility and strain capacity of seam weld, girth weld, and pipe body materials; and to the
avoidance of buckles, swelling, or coating damage and (b) The maximum permitted strain is
limited to 2%.”
In Chapter VIII Offshore Gas Transmission of ASME B31.8-2010, Clause 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 contact, the longitudinal and combined stress limits need not be used
as a criterion 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
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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. Similarly, the same criteria may be applied to the pipe during construction
(e.g., pull-tube or bending shoe risers).
9.1.2.2 Significance of the Terms in Currents Standards
B31.4 limits the possible use of the strain criteria to noncyclic displacement of its support.
B31.8 Claus 833.5 places no such limit. However, such a limit is placed in the offshore chapter
Clause A842.2.3. From the integrity viewpoint, the displacement of the support should probably
be limited to noncyclic in order to use the strain criterion. Cyclic displacement of the support
may involve fatigue damage to pipelines which does not appear to be addressed in those clauses
about strain limits. Both B31.4 and B31.8 require the consideration of ductility (and strain
capacity) of welds (seam and girth welds), pipe body material, and the avoidance of buckling.
B31.4 further requires the consideration of prior plastic strain history and serviceability of the
pipelines, while B31.8 requires the consideration of swelling and coating damage. Taken as a
whole, the language in the standards provides a good overview of various factors that must be
considered when pipelines are expected to experience high longitudinal strain. On the other
hand, the standards do not provide specific conditions by which the strain limits of 2% are
attainable. The offshore chapter of B31.8 does not provide a specific permissible strain limit.
It is clear that both B31.4 and B31.8 permit longitudinal stresses higher than those specified
by the stress criteria, provided that the displacement of the support is noncyclic and the integrity
of critical components, such as welds, is assured.
9.2

Acceptance of FFS Assessment for In-Service Pipelines

The application of FFS assessment for pipeline girth welds is not universally accepted or
practiced. Some of the reservations arise from the way the FFS assessment is applied in new
pipeline construction projects. An example of such application in new pipeline construction is
the use of the alternative flaw acceptance criteria outlined in API 1104 Annex A. Broadly
speaking, API 1104 Annex A contains three parts: (1) welding procedure qualification, (2)
determination of maximum acceptable flaw dimensions, and (3) field implementation in
conjunction with NDT. In part I of the process, welds are made with precisely prescribed
welding parameters on pipe steels with limited ranges of chemical composition. The welds are
then tested for mechanical properties. These mechanical properties are then used as inputs in the
determination of the maximum acceptable flaw dimensions, i.e., part II of the process. The same
precisely prescribed welding parameters are enforced in field construction. As such the welds
from field construction are expected to have the “same” mechanical properties as the welds
tested in initial procedure qualification. The fundamentals of part II are from well accepted
fracture mechanics principles. In part III of the process, NDT techniques are qualified to ensure
the flaws in construction welds are not under-sized.
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When FFS assessment is applied to in-service welds, there is no practice or record that
establishes the equivalence of mechanical properties between the qualification welds and field
production welds. In other words, the mechanical properties of the field welds are unknown.
The challenges facing the pipeline industry in assessing in-service welds are not unique to
this industry. When FFS assessment is applied in other industries, the general practice is using
lower or upper bound properties that would lead to conservative estimation of the structure
integrity of the welds being assessed. The less is known about the mechanical properties of a
particular weld, the greater is the conservatism applied in the input parameters. The same
philosophy of performing FFS assessment is applicable to the pipeline industry in assessing the
girth welds of in-service pipelines. FFS assessment can be applied; but the accuracy of such
assessment depends on how well the available data represent the actual welds being assessed.
The extensive test data presented in Section 5 and similar data that being updated in the future
should greatly help the FFS assessment.
In the draft Integrity Verification Process (IVP) issued by US DOT PHMSA, ECA or FFS
assessment is listed a viable option in IVP [275]. However, there is no clear guidance in the
industry for using FFS that would be acceptable to PHMSA.
9.3

Effectiveness of Hydrostatic Testing in Exposing Poor-Quality Girth Weld

The effectiveness of hydrostatic test in exposing poor-quality girth welds may be assessed
through an example. If an X52 pipeline operating at 72% SMYS is hydrostatically tested to 90%
SMYS, the additional tensile longitudinal stress ((i.e., the difference between operating and
hydrostatic test conditions) imposed on the girth weld is 2.8 ksi (0.18×52×0.3=2.8), or 5.4% of
SMYS. In contrast, every 5 ºC (9 ºF) drop of pipe temperature would produce an additional
tensile longitudinal stress of 1.8 ksi, or 3.5% SMYS. A temperature drop of 7.8 ºC (14.0 ºF)
produces the same magnitude of additional tensile longitudinal stress as the hydrostatic pressure
test (2.8 ksi). Consequently, hydrostatic test pressure alone is not an effective way to “weed-out”
poor quality girth welds unless the girth welds already have a leak path or are very close to
failure under normal operational conditions. More importantly, a large temperature drop in the
pipe can produce much greater tensile longitudinal stress than a hydrostatic pressure test, thus
overwhelming any margin a hydrostatic test may have introduced.
9.4

Potential Drivers to Failure in Vintage versus Modern Girth Welds

Prior to about mid- to late 1960s, SMAW welds were made to linepipe steels with relatively
high carbon content (pre microalloying and TMCP steels). The field inspection practice was
uneven at that time. The principal risk to girth weld integrity was the existence of large flaws
after construction, such as hydrogen cracks. The strength of the weld metal can be lower than
the actual strength of the pipe. In most cases, the weld cap reinforcement served to compensate
the effect of weld strength undermatching. The strength of HAZ is comparable to the strength of
pipe, sometimes slightly lower and other times slightly higher.
After mid- to late 1960s, there was a switch to microalloyed TMCP steels that had lower
carbon content. The industry started to practice 100% girth weld inspection at about the same
time. Consequently the incidents of large post-construction flaws in pipe installed after the late
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1960s should be diminished substantially. This practice may not remove the possibility of
delayed hydrogen cracking entirely, though. The factors that can have negative impact on girth
weld integrity are more likely weld strength undermatching, HAZ softening, and reduced strain
hardening capacity of the linepipe steels. There is evidence that the actual strength of the
linepipes can be substantially higher than the SMYS. As welds are qualified by pipes’ specified
minimum strength, weld strength undermatching is more likely as the higher strength linepipes
see widespread use.
The trends described above are meant to be an overall reflection of the industry practice and
consequence. Circumstances around an individual pipeline, or even a small segment of a long
pipeline, can deviate from the general trends.
9.5

Overall Integrity Management Process

This section covers the integrity management process that focuses on quantitative assessment
using FFS principles. The purpose of the assessment can be either (1) screening or ranking the
locations of interest, e.g., locations of high strains or (2) site-specific assessment to determine the
risk of failure and mitigation measures.
The integrity of a pipeline can be assessed by comparing strain demand with strain capacity.
Locations with the smallest difference between strain capacity and strain demand pose the
highest risk. This difference can be measured in terms of either absolute difference between
strain capacity and strain demand or the ratio of strain capacity over strain demand. High strain
locations that are flagged in initial screening can be ranked or prioritized on the basis of strain
difference.
9.5.1 Screening and Ranking of High Strain Locations
The identification of locations of interest or segments of a pipeline experiencing high strains
from a geotechnical viewpoint is described in Section 3. This section covers the screening using
instrumentation that is capable of measuring longitudinal strains.
9.5.1.1 Screening for High Strain Locations
One of the key decision points in the screening process is the threshold strain above which a
segment would be called a location of interest. To establish this threshold, one must consider (1)
the starting point, or baseline strain, of the measurement and (2) strain components a tool can and
cannot pick up. For instance, IMU tools have certain limitations as described in Section 4.4.
Using IMU tools as an example for strain measurement, the determination of reporting
threshold for assessing the limit state of tensile strain rupture is described below.
9.5.1.1.1

Default Strain Capacity of Girth Welds

The experimental data in Section 5 show that the tensile strain capacity of SMAW welds
fabricated in 1940-1960s can be as low as 0.2-0.3% and as high as >2.0%. The analysis welding
procedure qualification requirements in API 1104 shows that welds can have a strain capacity as
low as 0.2-0.3% even when they are fully API 1104 compliant. Pipeline design standards, e.g.,
ASME B31.4 and B31.8, put the longitudinal stress limit at 90% SMYS. This stress limit is
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equivalent to approximately 0.20% strain for X65 and X70 pipelines. Therefore the default
lower bound strain capacity is 0.20-0.30%.
9.5.1.1.2

Default Baseline Strain Not Included in IMU Strain Measurement

Strains from internal pressure and temperature differential would result in uniform
longitudinal strain, not bending strain. Such strain is not picked up by IMU. With the addition
of other stresses from construction, a baseline strain of approximately 0.10% may not be picked
up by IMU, see Table 3-1.
9.5.1.1.3

Default Threshold for IMU Report

The default threshold is the difference between the default strain capacity and the baseline
strain not being picked up by IMU. Based on the above analysis, this value is 0.10-0.20%.
9.5.1.2 Ranking of High Strain Locations
Once locations of interest are identified, they can be further ranked based on the amplitude of
the strain and the strain difference between strain demand limit and strain demand. The strain
demand limit is the strain capacity multiplied by a safety factor that is less than 1.0. The strain
capacity may be determined using FFS assessment procedures as described in Section 7. The
safety factor is discussed in Section 9.5.3.
The proposed ranking of high strain locations is given in Table 9-3. A higher level of
classification is related to higher level of strain demand and smaller difference (margin) between
strain demand limit and strain demand. This table is broadly consistent with PHMSA’s strainbased design (SBD) special permit conditions for maintenance of pipelines constructed on SBD
principles [276].
Table 9-3 Ranking of high strain locations
Range of Strain Demand

Level of
Classification

Lower End

High End

1

0.25% strain

50% of strain demand limit, or 0.50% strain,
whichever is smaller

2

50% of strain demand limit, or 0.50%
strain, whichever is smaller

75% of strain demand limit, or 0.75% strain,
whichever is smaller

3

75% of strain demand limit, or 0.75%
strain, whichever is smaller

100% of strain demand limit, if the strain demand
would not increase before remediation

9.5.2 Determination of Strain Capacity
9.5.2.1 Tensile Strain Capacity
9.5.2.1.1

Low Strain Demand

Stress-based assessment procedures should be used if any one of following conditions exists:
(1) Compliance to the longitudinal stress limits (maximum longitudinal stress =
0.90×SMYS) in ASME B31.4 or B31.8 is necessary, or
(2) The loading is load-controlled.
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Assessment procedures:
The assessment procedures that may be used are
•

API 1104 Annex A,

•

CSA Z662 Annex K,

•

API 570/ASME FFS-1,

•

BS 7910, or

• Other equivalent procedures.
The basis and applicability of those procedures are described in Section 7.2.
9.5.2.1.2

Moderate to High Strain Demand

Strain-based assessment procedures should be used if any one of the following conditions
exists:
(1) Conditions are beyond those required for using the stress-based procedures, or
(2) Strain demand is equal or higher than 0.2% strain.
One or a combination of the following assessment procedures may be used:
•

Procedures from PRCI project SIA-1-7 (vintage pipelines with manual girth welds
moderate to high strain),

•

PRCI-CRES tensile strain modes (modern pipelines with mechanized or manual girth
welds, strain > 0.75%), or

•

Other equivalent procedures.

9.5.2.2 Compressive Strain Capacity
The compressive strain capacity (CSC), as customarily defined now, is only relevant to load
controlled loading from the viewpoint of structural integrity. If the loading is displacement
controlled, strains greater than the CSC can be tolerated without immediate failure. More on the
relevance of CSC and short- and long-term consequence of compressive strain are discussed in
Section 7.4.2.
9.5.2.2.1

Load-Controlled Loading

If the loading is load controlled, the compressive stress or strain capacity may be established
by using
•

the longitudinal stress limits in ASME B31.4 or B31.8, or

• CSC equations as described in Section 7.4.3.
As described in Section 9.1.1.3, the compressive stress limit from ASME B31.4 or B31.8 for
pipelines in Class 1 locations can be very low. The use of CSC equations is more practical.
More on the longitudinal stress limits and assessment of load-controlled events, such as spans,
can be found in a paper by Wang, et al. [102].
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Displacement-Controlled Loading

If a pipe segment is under displacement loading, the pipe/weld can usually tolerate strains
much higher than that given by the CSC equations (Section 1.2). There is consensus in the
industry that the strain limits set by the CSC equations may be overly conservative for
displacement-controlled loading. However, there is no consensus on the appropriate strain limits
beyond those given by the CSC equations. Evidence from field, numerical analysis, and
experimental tests suggest that a compressive strain as high as 2% can be tolerated at least in a
short term [277]. The long-term impact of high compressive strain is a subject of current and
future research, see Section 10.3.
9.5.3 Safety Factor and Strain Demand Limit
As introduced in Section 9.5.1.2, the strain demand limit is the strain capacity multiplied by a
factor of less than 1.0. Since reaching the tensile and compressive limit states has different
consequences, the safety factors on those two limit states are set differently.
9.5.3.1 Safety Factor on Tensile Rupture
Curved wide plate and full-scale experimental tests have shown that the measured tensile
strain capacity can different by a factor of two under “identical” material, geometric, and flaw
conditions [185]. Assuming the predicted tensile strain capacity by tensile strain models is in the
middle of the low- and high-end capacity of the experimental measurement, the low-end strain
capacity would be 1/1.5 of the predicted value. In order to have the predicted strain capacity
equal to the lower-end strain capacity, the safety factor of 1/1.5 should be applied to the
predicted value. Consequently, the appropriate safety factor is 0.67 (=1/1.5). PHMSA’s SBD
SP conditions have a safety factor of 0.60 [276]. CSA Z662 Annex C on limit state design has a
resistance factor that is equivalent to a safety factor of 0.70. Here a safety factor of 0.67 is
recommended.
9.5.3.2 Safety Factor on Compressive Buckling
CSA Z662 Annex C sets the safety factor for compression strain capacity at 0.80. PHMSA’s
SBD SP conditions also use a safety factor of 0.80. Therefore a safety factor of 0.80 is
recommended for compressive buckling assessment.
9.5.3.3 Alternative Approach to Setting Strain Demand Limit
Setting the strain demand limit by applying a fixed safety factor to strain capacity as
described above has some disadvantages. For instance, if a girth weld has a tensile strain
capacity of 0.80%, the tensile strain limit would be 0.56%, giving a margin between the strain
capacity and strain demand limit of 0.24%. In contrast, if a girth weld has a tensile strain
capacity of 3.0%, the strain demand limit would be 2.1%, giving a margin between the strain
capacity and strain demand limit of 0.9%. The first weld has lower strain capacity, thus may be
interpreted as being an inferior weld to the second weld. The accuracy and repeatability required
to capture the strain difference of 0.24% are higher than to capture the strain difference of 0.9%.
Since the first weld has a relatively low strain capacity, it may be interpreted that greater scrutiny
is needed for this weld. Therefore, maintaining a minimum difference between the strain
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capacity and strain demand limit can be advisable. For instance, the tensile strain demand limit
may be set as lower of (1) strain capacity multiplied by 0.7 and (2) strain capacity minus 0.25%
strain.
9.5.4 Site-Specific Assessment
9.5.4.1 Level of Impact
In order to perform a quantitative assessment of the strain capacity at a location of interest,
many material and geometric parameters are needed. In addition, the type and dimensions of
possible flaws in girth welds are necessary input to an assessment. Experimental testing and data
analysis have revealed that there are large ranges of those parameters for in-service pipelines
built in past several decades. In most cases, the precise values of those parameters are unknown
for a location of interest.
Recommendations of critical input parameters for estimating tensile strain capacity are given
in three levels related to the impact of a potential event. The event can be defined by the pipeline
operators and/or other stakeholder for a particular situation. In broad terms, an event can be (a) a
restriction to the passage of ILI pigs, (b) formation of wrinkles that may create either short-term
or long-term negative consequence, (c) a leak, (d) a rupture, or (e) any other change of the
physical characteristics of the pipeline that the operator or other stakeholders may find
unacceptable.
•

Level 1 High impact – worst case analysis: an event may cause serious damage to
environment, properties, or human life. Worst-case scenarios are assumed for all
parameters.

•

Level 2 Medium impact - nominal analysis: an event can cause damage, but manageable
in comparison to accepted risk management. Values of input parameters are selected to
produce nearly worst-case scenarios, but not the absolute worst-case scenarios. This
level is meant to cover most situations.

•

Level 3 Low impact – analysis to produce most likely occurring scenario: an event, if
occurs, would have minimal damage to environment, properties, and human life. The
input parameters are selected to represent the mostly likely values.

9.5.4.2 Recommended Default Values
The default values of critical parameters for estimating tensile strain capacity are given in
Table 9-4. The default values are meant for estimating tensile strain capacity when site-specific
data are not available. The values can be replaced with site-specific values if they are available.
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Table 9-4 Recommended default values of input parameters for estimating tensile strain
capacity
Parameter

Characteristics

Impact Level 1 Impact Level 2

Impact Level 3

Pipe/Weld prior to Mid-1960's

0.75

0.70

0.65

Pipe/Weld after Mid-1960's

0.93

0.90

0.90

Pipe/Weld prior to Mid-1960's

0.75

0.90

0.90

SMAW

0.75

0.90

0.90

Mechanized GMAW

0.80

0.90

1.00

Pipe/Weld prior to Mid-1960's

0.3

0.5

0.7

SMAW

0.3

0.5

0.7

Mechanized GMAW

0.6

0.8

1.0

WT-2.5

3.0

2.0

25.4

25.4

25.4

25.4

25.4

25.4

Pipe Y/T

Weld Strength
Mismatch Ratio

Apparent
Toughness (mm)

Pipe/Weld after Mid1960's

Pipe/Weld after Mid1960's

Flaw Height (mm)
Pipe/Weld prior to
Mid-1960's
Flaw Length
Pipe/Weld after Mid1960's

No inspection record, or
inspection not done
Inspected to API 1104
SMAW
Inspected to API 1104

9.5.5 Situations Necessitating Specialized Analysis
Girth welds having highly undermatching weld metal (> 20%) have been shown to exist in
both vintage and modern pipelines. Pipelines built with microalloyed TMCP steels may also
have high levels of HAZ softening as described in Appendix D. These material features can
severely limit the tensile strain capacity of a girth weld.
Wrinkles under fatigue loading, if such load exists, may require specialized analysis. One of
such example is given in Reference [277].
9.5.6 Monitoring after Assessment
Mitigation may be implemented after the strain locations of interest are identified.
Mitigation can also be performed after further quantitative assessment. If the assessment shows
that the pipe segment is safe to avoid an immediate intervention, the same assessment procedures
can be used to define future intervention criteria before the segment reaches a limit state. The
intervention criteria should be high enough to avoid unnecessary interventions/repairs but still
low enough to allow time to schedule and execute a field intervention/repair before the strain
reaches a limit state. This assumed the locations of interest are subject to ongoing monitoring
and that the rate of strain accumulation can be estimated and/or projected.
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Issues Not-Addressed in This Project
Abstract

Managing ground movement hazards for pipelines involves multiple disciplines of science
and engineering. The most effective solutions to a particular issue may lie at the intersection
among those disciplines. Although this report is intended to be comprehensive, the scope of the
problems is so broad that some important considerations are not covered in this report.
Furthermore, progress is being made in our understanding of the issues and tools available to
address those issues. This section highlights a few notable issues that are not adequately
addressed in this report, with due to the limits on the intended scope of work or lack of
understanding of the issues. In some cases, gaps exist due to the lack of recognition of the
issues, while solutions to fill the gaps may already be available. Whenever appropriate, ongoing
work and/or possible future work to address these issues and gaps are described here.
10.1

Hazards Other Than Landslides and Subsidence

The hazards that are the focus of this work are landslides and subsidence. Pipelines may face
other types of hazards, such as seismic activities, frost heave and thaw settlements, river
scouring, et al. Each of those hazards has its own characteristics, some of which are covered in
Section 2. The principles and procedures developed in this work can be applicable to the
management of those hazards with appropriate modification.
10.2

Consistency in Strain Measures

The strain demand on a pipeline can be determined/estimated using pipe and soil
interaction models or IMU. There are different types of pipe/soil interaction models. In beamspring type of interaction models, the peak strain from pipe or beam elements are taken as strain
demand without a notion gauge length. In contrast IMU bending strains are computed over a
finite gauge length. These tools/models often have different ways and resolution in strain
determination. Consequently the reported strains are usually different from the same ground
movement condition.
The other inconsistency is between the measure of strain demand and strain capacity. For
instance, a fixed gauge length of 10-foot is often used in computing the “bending strain” from
IMU runs. The compressive strain capacity reported in most experimental tests is measured over
a gauge length of one or two pipe diameters. Due the difference in gauge length between the
computation of strain demand and strain capacity, the same value of strain does not represent the
same state of the materials of interest.
10.3

Post-Buckling Behavior

The compressive strain capacity (CSC) is often defined as the strain corresponding to the
point of the maximum bending moment in a lateral bending test. In most cases, pipes have a
very minimal amount of bulging or wrinkle at this point of loading (i.e., maximum moment). In
a displacement-controlled loading scenario, reaching the CSC probably does not negatively
affect the pipeline service. The ovalization of the pipe’s cross section is so small that inspection
pigs should be able to pass. If the loading is load-controlled, the pipe may collapse immediately
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after the maximum bending moment is reached, possibly forming severe wrinkles. Large and
severe wrinkles can lead to rupture/leak from high local tensile strains in either hoop or
longitudinal direction. If the wrinkles survive the initial formation, the long-term integrity of the
wrinkles may be affected by possible fatigue damage and/or coating/corrosion related concerns.
The knowledge of the buckling process and the nature and magnitude of subsequent loading is
necessary to make right decisions about the need and timing of mitigation measures [277].
10.4

Behavior of Anomalies in the Presence of High Longitudinal Strains

Most pipelines experience corrosion and mechanical damage in their lifetime. The current
methodologies for assessing and mitigating those anomalies were developed under the premise
that hoop stress is higher than longitudinal stress, thus hoop stress being the primary driver for
potential failures. When a pipeline segment is subjected to ground movement hazards, the stress
and strain in the longitudinal direction are typically higher than those in the hoop direction. The
validity of the current assessment methods is not known under such conditions.
10.5

Mitigation Measures when Strain Capacity is Potentially Inadequate

Type-B sleeves have been used extensively in the pipeline industry to provide permanent
repairs for various anomalies, such as corrosion, dents and gouges. The principal consideration
has been containing or reducing hoop stress on the carrier pipe while containing pipeline
pressure in event of leakage from the carrier pipe. In the absence of significant external
loading/bending in the longitudinal direction of the pipe, such repairs are adequate and the fillet
welds between the carrier pipe and the sleeve are under low stress. However, in the presence of
bending moments, such as those from transverse ground movement, a sleeve can result in
significant stress risers at the ends of the sleeve.
If a girth weld of a pipeline segment is found to having inadequate tensile strain capacity, one
might consider the installation of Type-B sleeves. If longitudinal strain is expected to increase
after the installation of the sleeve, the adequacy of the sleeve must be evaluated. The sleeved
assembly cannot be automatically assumed to be able to provide full-pressure containment.
Internal work at CRES suggests that the fillet welds would be under high stresses when all three
components of loading exist simultaneously: (1) internal pressure in the carrier pipe, (2) internal
pressure in the annulus between the carrier pipe and the sleeves, and (3) longitudinal
stresses/strains on the sleeve assembly. The pressurization of the annulus creates a bending
moment at the fillet welds. This loading in combination with externally applied longitudinal
stresses/strains leads to high stress conditions at the fillet welds. This type of loading scenario
has not been adequately examined in the industry. Possible mitigating measures may include:
(1) assurance that there would not be a leak path to the annulus between the carrier pipe and the
sleeves after the installation of the sleeves and/or (2) increasing the size and strength of the fillet
welds. If, however, the annulus between the carrier pipe and sleeves/doubler is not pressurized,
the fillet welds of normal design/repair are adequate. To ensure that the girth weld of carrier
pipe does not create a leak path after the installation of the sleeves, the girth weld must have
sufficient reserve strain capacity at the time of the sleeve assembly installation. It is
recommended a strain capacity analysis be conducted for the girth weld of interest using the XCRES-2012-M03-01
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ray inspection results at the time of the excavation to confirm the necessary strain capacity is
available.
In addition to Type-B sleeve, composite wraps are becoming increasingly popular for
repairing pipeline anomalies. Much of the current work focuses on pressure containment under
low to moderate levels of longitudinal stresses while the pipe is under static or cyclic pressure
loading. The use of composite wraps for pipe segments expected to experience high longitudinal
stresses/strains has not been adequately examined at this time. The thermal expansion
coefficients of composite wraps and the steel pipes can be significantly different, which may
affect the load transfer from the pipe to the wraps under stresses in the longitudinal direction of
the pipe.
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Field Measurements for Stress Estimation
Abstract

The procedure outlined in this appendix can be used to record the amount of movements at
the pipe ends when an exposed segment of a pipeline is cut. The data collected can be used to
estimate the magnitude and orientation of bending the pipe is experiencing before the pipe is cut.
The strain obtained from the pipe end movements reflects the elastic unloading of the pipe
segment when the pipe is cut. Any permanent deformation of the pipe, if it exists, is not shown in
the pipe ends’ movement. The magnitude of the permanent deformation can’t be estimated from
the amount of movement.
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Field Measurements for Stress Estimation
Project Number:

Name of field crew:

Date:

Step by step instruction
Step 1:Make punch marks at 9, 12, 3, and 6 o’clock
Done positions at both sides of the planned cutting plane
as shown in Figure 1. Label the marks at upstream
side of the cutting plane as A, B, C, and D at 9, 12,
3, and 6 o’clock positions, respectively. Label the
corresponding marks at downstream side as A’, B’,
C’ and D’. The marks at each side should be kept
in the same cross-sectional plane. The distance
from marks to the cutting plane should be sufficient
to protect them from damage during the cutting
process, and the distance between each pair of
marks should be at least an inch (2.5 cm) less than
the range of the instrument which will be used to
measure them.
Step 2:Smooth the surface of the soil at the upstream
Done end of the exposed pipeline section, so that it is
as close to a vertical plane as can reasonably be
achieved while remaining stable. Install survey
nails into the soil about 2 in (5cm) from the pipe
as shown in Figure 2. The nails are at 9, 12, 3,
and 6 (if practical) o’clock positions of the pipe.
As far as possible, keep the heads of the nails in
the same vertical plane. Make punch marks on
the pipe at the locations closest to each of the
nails. Label the punch marks as E, F, G, and H
at 9, 12, 3, and (if practical) 6 o’clock positions,
respectively.
Step 3:Install survey nails into the soil and make marks
Done on the pipe following the similar procedure in
Step 2 at the downstream end of the exposed
pipe segment as shown in Figure 3. Label the
marks on the pipe as E’, F’, G’, and H’ at 9, 12,
3, and (if practical) 6 o’clock positions,
respectively. Step 4 and Step 5 at next page

CRES-2012-M03-01

Center for Reliable Energy Systems

Flow direction
A(A’)
D(D’)

A

A’

B
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B(B’)
C(C’)

C
C’
Cutting plane

Figure 1: Marks near cutting plane

Survey nail
Mark

F

Survey nail
Mark

F
E

E

G
H

H

Figure 2: Survey nails and marks at the
upstream end of the exposed segment

E’

E’

Survey nail
Mark

F’

Survey nail
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L’

G’

L’ K’

J’
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Figure 3: Survey nails and marks at the
downstream end of the exposed segment
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Step 4:Make measurements before cutting and fill the data in Table A-1. The measurements
Done include the distance between marks or between nails and marks as shown in Figures 1 to
3. Measure the distance from punch marks at each end to punch marks at the cutting
plane as shown in Figure 4.
Flow direction

Survey nails at
Survey nails at
upstream to cutting plan downstream to cutting plan

Figure 4: Distance from survey nails to the cutting plane
Table A-1 Measurements before cutting

O’clock
Position

Distance between marks and survey nails

Distance between
marks at cut

Upstream end

Downstream end

9

AA’

E

E’

12

BB’

F

F’

3

CC’

G

G’

6

DD’

H

H’

Measurements above may be made with a caliper or a similar tool.
Circle the units used: Inches millimeters
Measurements below may be taken with a tape measure or a similar tool.
Circle the units used:
Decimal feet
Inches
meters
Distance between survey nails and marks at the cutting plane
AE
Upstream end

BF
CG
DH
A’E’

Downstream end

B’F’
C’G’
D’H’

Step 5:
Make measurements after cutting as shown in Figures 5 and 6 (next page), and fill
the data in Table A-2:
CRES-2012-M03-01

Center for Reliable Energy Systems
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•
•

At the cutting plane, measure the distance between marks (A to A’, etc.).
Measure the high-low misalignment at each clock position5. High-low can be
negative or positive, defined using the pipe axis at the downstream side of the cut
as the reference (termed “the axis”). Figure 5 shows positive misalignment at the
12:00 position (B is further from the axis than B’) and it shows negative
misalignment at the 6:00 position (D is closer to the axis than D’). Make sure to
show each high-low measurement as positive or negative by putting a plus or
minus sign in front of it.
• Measure the maximum high-low misalignment and the clock position at which it
occurs.
• Measure the angular misalignment after cutting at each clock position following
one of the two methods shown in Figure 6.
• Measure the maximum angular misalignment and the clock position at which it
occurs.
• Measure the distance between survey nails and the corresponding marks at each
end of the pipeline segment again.
• Before the cutting is complete around the circumference, the cutting location
would either pop open by tensile rupture if the pipe is loaded in tension or form a
wrinkle if the pipe is loaded in compression. Measure the length of remaining
ligament in pipe’s circumferential direction when the tensile rupture occurs or
wrinkle forms. Indicate the mode of deformation (tensile rupture or compressive
wrinkling).

Profile gages may be used to measure the misalignment.

CRES-2012-M03-01

Center for Reliable Energy Systems
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Table A-2 Measurements after cutting

O’clock
Position

Distance between marks and survey nails

Distance between marks
at cut

Upstream end

Downstream end

9

AA’

E

E’

12

BB’

F

F’

3

CC’

G

G’

6

DD’

H

H’

Circle the units used:
Axial Misalignment
(include + or -)

O'clock
Position
9

A

12

B

3

C

6

D

Inches

millimeters
Angular Misalignment

M

N

P

max
max
Pops or wrinkle at the end of cutting

High-low
misalignment

Tensile rupture (T) or
compressive wrinkle (C)

B

A

B’

Length of the remaining ligament at
the moment of tensile rupture or
compressive wrinkle formation

Method A

Method B
M

P

A’

P

D

D’

Figure 5: Distance b/w
marks and high-low
misalignment after cutting

CRES-2012-M03-01

Center for Reliable Energy Systems

M

N

N

Figure 6: Alternative methods to measure the
angular misalignment
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Example Plot Packages of Inertial Survey Data
Abstract

This appendix presents a series of pipeline geometry plot packages and tables based on real
inertial survey data provided by JIP participants. All plots and characterizations of the data are
presented in a non-identifying, anonymous way. The purpose of these plots is to illustrate
various aspects of the data signatures associated with pipeline movement at locations of interest
identified in inertial surveys. A brief narrative description is provided for each example together
with a sample table of key information and a multi-panel plot package.
Example 1 was developed and provided by ROSEN and contains a description of the plotted
information. For Examples 2 through 7, the panels in the multi-panel plot package are described
as follows:
•

1st Panel: Profile of vertical out-of-straightness OOSV (ft) vs. relative odometer distance
(ft).

•

2nd Panel: Profile of Horizontal out-of-straightness OOSH (ft) vs. relative odometer
distance (ft).

•

3rd Panel: Profile of pitch angle θ (degrees) vs. relative odometer distance (ft).

•

4th Panel: Profile of horizontal angle (yaw or azimuth) γ (degrees) vs. relative odometer
distance (ft).

•

5th Panel: Profile of vertical bending strain εV (%) calculated using a 3-m gauge length vs.
relative odometer distance (ft).

•

6th Panel: Profile of horizontal bending strain εH (%) calculated using a 3-m gauge length
vs. relative odometer distance (ft).

•

7th Panel: Profile of resultant bending strain εR (%) calculated using a 3-m gauge length
vs. relative odometer distance (ft).

Within each of these plots, the locations of pipeline girth welds are denoted using blue “o”
symbols.

CRES-2012-M03-01

Center for Reliable Energy Systems
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Example 1: In the following an exemplary bending strain feature caused by pipeline movement
recorded with a ROSEN RoGeo·Xt® tool equipped with an IMU is given. It is an extract from
an in-line inspection report including explanations and the feature itself, whereby all reporting
parameters that would allow for the identification of the actual pipeline were modified or erased.
Value on left axis
Bending strain value (%, right axis)
Girth welds
Bending strain areas > 0.125 %
Field/factory bends with strain values > 0.125 %
As a visual aid, the background in the ‘total bending strain’ graph is
shown in grey above the threshold level (0.125 %)

Top view graph
The black line in the ‘Top view’ graph illustrates the horizontal distance between the actual pipe position and an
imaginary straight line over the graph area.
The red line illustrates horizontal bending strain [%]. Positive values represent right bends, negative values
represent left bends.
Side view graph
The black line in the ‘Side view’ graph illustrates the height difference between the actual pipe position and an
imaginary straight line over the graph area. The straight line is defined from the start and end points of the actual
pipe height.
The red line illustrates vertical bending strain in [%]. Positive values represent over bends, negative values
represent sag bends.
Total bending strain graph
The ‘Total bending strain’ graph illustrates the combined horizontal and vertical bending strain. The values
represent the elongation at the outer side of the bend (which is equal to the compression at the inner side of the
bend).
Direction of bending strain graph
The ‘Direction of bending strain’ graph illustrates the o’clock position (h) of the total bending strain.
Pipeline representations
At the bottom of each page two pipeline representations are shown. The top pipe representation gives the center
of the strain event.
S
= Bending strain due to pipeline movement (red areas)
B
= Field / factory bend (green areas)
The bottom one provides the associated joint numbers.

CRES-2012-M03-01
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Table B-3 Geometry information for Example 1
Anomaly No.

1

Anomaly

Bending strain

Start distance

12,248.000 m

End distance

12,288.000 m

Length (rounded)

40 m

Max. strain value

0.42 %

Strain direction

horizontal

Start coordinates

N

E

H

End coordinates

N

E

H

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017
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Top View
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
12220

0.2
0
-0.2
-0.4

12260

12280

12300

12320

Vert. bending Strain [%]

12240

Distance [m]

Height deviation [m]

0.4

Side View
5
4
3

0.4
0.2
0

2
-0.2
1
-0.4
0
12220

12240

12260

12280

12300

12320

12280

12300

12320

12300

12320

Bending strain [%]

Distance [m]
Total Bending Strain
0.5
0.4
0.3
0.2
0.1
0
12220

12240

12260
Distance [m]

Direction of Bending Strain

O'clock [h]

12
10
8
6
4
2
0
12220

12240

12260

12280
Distance [m]
S

B

B

B

B

Strain type
10900 12800

12810
10910

12820
10920

12830
10930

12840
10940 12850
10950 12860
Joint Number

Joint number

Figure B-1 Geometry information for Example 1
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Example 2: Example 2 illustrates the geometry of a 26-inch diameter gas pipeline where it
crosses a transverse horizontal landslide feature which is centered on a trough shaped depression.
A tabulation of the key parameters of this feature is provided in Table B-4. The geometry is
presented over a length of about 480 ft in the multi-panel plot in Figure B-2. As shown in the
vertical OOS profile in the 1st panel, the feature has a vertical OOS range of about 5.8 ft where
most of the elevation change is developed over a series of 7 vertical cold bends which are well
illustrated by abrupt steps in the pitch profile in the 3rd panel and by relative sharp lobes in the
vertical bending strain profile in the 5th panel. As shown in the horizontal OOS profile in the 2nd
panel, the landslide movement has generated a horizontal OOS range of about 7.1 ft with a main
lobe of movement to the right (relative to the flow direction) with a peak horizontal OOS at a
relative odometer distance of about 185 ft (which also coincides with the low point of the vertical
profile). The horizontal geometry change is characterized by a fairly distinct 3 lobe sinusoidal
variation in the azimuth profile (4th panel) which extends over the distance range from about 50
ft to 400 ft with a total azimuth swing of about 12.1°. The corresponding maximum horizontal
bending strain magnitude is about 0.79% at a relative odometer distance of about 250 ft.
Table B-4 Key parameters for Example 2

Feature Number
Start Distance (ft)
End Distance (ft)
Feature Length (ft)
Upstream Weld
Downstream Weld
Average Tool Speed (ft/s)
Overall Peak Bending
Strain Values
Distance and Bending
Strain Components at
Governing Girth Weld
Location
Distance and Bending
Strain Components at
Location of Peak
Resultant Strain

CRES-2012-M03-01

Center for Reliable Energy Systems

2
0.00
477.83
477.83
2000
2130
8.2

Mid-Point Coordinates
Northing (ft)
N
Easting (ft)
E
Elevation (ft)
H
Latitude (degrees)
Lat
Longitude (degrees)
Long

Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Girth Weld Number
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)

February 28, 2017

0.786
0.757
0.847
2070
240.14
0.535
-0.315
0.621
191.56
0.757
-0.381
0.847
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Azimuth Profile
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Relative Odometer Distance (feet)

Figure B-2 Geometry profiles for Example 2
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Example 3: Example 3 illustrates the geometry of a 26-inch diameter gas pipeline where it
crosses a transverse horizontal landslide feature which is centered on a long, trough shaped
depression. A tabulation of the key parameters of this feature is provided in Table B-5. The
geometry is presented over a length of about 375 ft in the multi-panel plot in Figure B-3. As
shown in the vertical OOS profile in the 1st panel, the feature has a vertical OOS range of about
19 ft where most of the elevation change is developed over a series of 7 vertical cold bends
which are well illustrated by abrupt steps in the pitch profile in the 3rd panel and by relative sharp
lobes in the vertical bending strain profile in the 5th panel. As shown in the horizontal OOS
profile in the 2nd panel, the landslide movement has generated a horizontal OOS range of about
4.6 ft with a main lobe of movement to the right (relative to the flow direction) with a peak
horizontal OOS at a relative odometer distance of about 180 ft (which also coincides with the
low point of the vertical profile). The horizontal geometry change is characterized by a fairly
distinct 2 lobe sinusoidal variation in the azimuth profile (4th panel) which extends over the
distance range from about 50 ft to 340 ft with a total azimuth swing of about 6.4°. The
corresponding maximum horizontal bending strain magnitude is about 0.16% at a relative
odometer distance of about 150 ft.
Table B-5 Key parameters for Example 3

Feature Number
Start Distance (ft)
End Distance (ft)
Feature Length (ft)
Upstream Weld
Downstream Weld
Average Tool Speed (ft/s)
Overall Peak Bending
Strain Values
Distance and Bending
Strain Components at
Governing Girth Weld
Location
Distance and Bending
Strain Components at
Location of Peak
Resultant Strain

CRES-2012-M03-01

Center for Reliable Energy Systems

3
0.00
374.07
374.07
3000
3100
8.2

Mid-Point Coordinates
Northing (ft)
N
Easting (ft)
E
Elevation (ft)
H
Latitude (degrees)
Lat
Longitude (degrees)
Long

Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Girth Weld Number
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)

February 28, 2017

-0.157
0.450
0.460
3040
150.71
-0.154
0.199
0.251
137.90
-0.093
0.450
0.460
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Figure B-3 Geometry profiles for Example 3
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Example 4: Example 4 illustrates the geometry of a 36-inch diameter gas pipeline where it
crosses a transverse horizontal landslide feature which is centered on a long, trough shaped
depression. A tabulation of the key parameters of this feature is provided in Table B-6. The
geometry is presented over a length of about 355 ft in the multi-panel plot in Figure B-4. As
shown in the vertical OOS profile in the 1st panel, the feature has a vertical OOS range of about
17 ft where most of the elevation change is developed over a series of 5 vertical cold bends
which are well illustrated by abrupt steps in the pitch profile in the 3rd panel and by relative sharp
lobes in the vertical bending strain profile in the 5th panel. As shown in the horizontal OOS
profile in the 2nd panel, the landslide movement has generated a horizontal OOS range of about 5
ft with a main lobe of movement to the right (relative to the flow direction) with a peak
horizontal OOS at a relative odometer distance of about 165 ft (which also coincides with the
low point of the vertical profile). The horizontal geometry change is characterized by a distinct 2
lobe sinusoidal variation in the azimuth profile (4th panel) which extends over the distance range
from about 40 ft to 330 ft with a total azimuth swing of about 6.1°. The corresponding
maximum horizontal bending strain magnitude is about 0.2% at a relative odometer distance of
about 50 ft.
Table B-6 Key parameters for Example 4

Feature Number
Start Distance (ft)
End Distance (ft)
Feature Length (ft)
Upstream Weld
Downstream Weld
Average Tool Speed (ft/sec)
Overall Peak Bending
Strain Values
Distance and Bending
Strain Components at
Governing Girth Weld
Location
Distance and Bending
Strain Components at
Location of Peak
Resultant Strain

CRES-2012-M03-01

Center for Reliable Energy Systems

4
0.00
355.95
355.95
4000
4110
7.9

Mid-Point Coordinates
Northing (ft)
N
Easting (ft)
E
Elevation (ft)
H
Latitude (degrees)
Lat
Longitude (degrees)
Long

Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Girth Weld Number
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)

February 28, 2017

0.194
0.627
0.630
4020
65.41
0.144
0.179
0.230
272.75
0.066
0.627
0.630
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Figure B-4 Geometry profiles for Example 4
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Example 5: Example 5 presents the geometry where a 1.5 to 4 m deep and 60 m wide earth
slide/flow has moved laterally across the alignment of a 30-inch diameter gas pipeline. The slide
appears to have been triggered by construction activities during an upslope line looping. A
tabulation of the key parameters of this feature is provided in Table B-7. The geometry is
presented over a length of about 420 ft in the multi-panel plot in Figure B-5. As shown in the
vertical OOS profile in the 1st panel, the feature has a peak vertical OOS of about 11.6 ft at a
relative odometer distance of about 150 ft where most of the elevation change is developed over
a series of 7 vertical cold bends which are well illustrated by abrupt steps in the pitch profile in
the 3rd panel and by relative sharp lobes in the vertical bending strain profile in the 5th panel. As
shown in the horizontal OOS profile in the 2nd panel, the earth slide movement has generated a
horizontal OOS range of about 18.8 ft with a main lobe of movement to the left (relative to the
flow direction) with a peak horizontal OOS at a relative odometer distance of about 200 ft. The
horizontal geometry change is characterized by a distinct 2 lobe sinusoidal variation in the yaw
profile (4th panel) which extends over the distance range from about 100 ft to 350 ft with a total
yaw swing of about 27°. It is noted that the 27° yaw swing occurs over an almost linear ramp
over the distance range from about 150 ft to 270 ft. The corresponding maximum horizontal
bending strain magnitude is about 0.90% at a relative odometer distance of about 190 ft.
Table B-7 Key parameters for Example 5

Feature Number
Start Distance (ft)
End Distance (ft)
Feature Length (ft)
Upstream Weld
Downstream Weld
Average Tool Speed (ft/s)
Overall Peak Bending
Strain Values
Distance and Bending
Strain Components at
Governing Girth Weld
Location
Distance and Bending
Strain Components at
Location of Peak
Resultant Strain

CRES-2012-M03-01

Center for Reliable Energy Systems

5
0.00
417.36
417.36
5000
5180
10.6

Mid-Point Coordinates
Northing (ft)
N
Easting (ft)
E
Elevation (ft)
H
Latitude (degrees)
Lat
Longitude (degrees)
Long

Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Girth Weld Number
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)

February 28, 2017

-0.899
-1.323
1.559
5110
232.35
-0.466
-0.849
0.968
242.95
-0.827
-1.322
1.559
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Figure B-5 Geometry profiles for Example 5
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Example 6: Example 6 illustrates a 12-inch diameter natural gas pipeline which runs down a
river valley slope adjacent to a gully. There is a 6-m deep earth slide/earth flow moving at an
angle of approximately 45° across the pipeline alignment into the gully. A tabulation of the key
parameters of this feature is provided in Table B-8. The geometry is presented over a length of
about 210 ft in the multi-panel plot in Figure B-6. As shown in the vertical OOS profile in the 1st
panel, the feature has a vertical OOS range of about 11.5 ft. The vertical geometry change is
characterized by a fairly distinct 2 lobe sinusoidal variation in the pitch profile (3rd panel) which
extends over the distance range from about 50 ft to 180 ft with a total pitch swing of about 25°.
The corresponding maximum vertical bending strain magnitude is approaching 1% at a relative
odometer distance of about 80 ft. As shown in the horizontal OOS profile in the 2nd panel, the
earth slide movement has generated a horizontal OOS range of about 5.1 ft with a main lobe of
movement to the right (relative to the flow direction) with a peak horizontal OOS at a relative
odometer distance of about 80 ft. The horizontal geometry change is characterized by a distinct
2 lobe sinusoidal variation in the yaw profile (4th panel) which extends over the distance range
from about 40 ft to 170 ft with a total yaw swing of about 16°. The corresponding maximum
horizontal bending strain magnitude is approaching 0.5% at a relative odometer distance of about
85 ft.
Table B-8 Key parameters for Example 6

Feature Number
Start Distance (ft)
End Distance (ft)
Feature Length (ft)
Upstream Weld
Downstream Weld
Average Tool Speed (ft/s)
Overall Peak Bending
Strain Values
Distance and Bending
Strain Components at
Governing Girth Weld
Location
Distance and Bending
Strain Components at
Location of Peak
Resultant Strain

CRES-2012-M03-01

Center for Reliable Energy Systems

6
0.00
210.05
210.05
6000
6060
2.7

Mid-Point Coordinates
Northing (ft)
N
Easting (ft)
E
Elevation (ft)
H
Latitude (degrees)
Lat
Longitude (degrees)
Long

Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Girth Weld Number
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
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Figure B-6 Geometry profiles for Example 6
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Example 7: The feature illustrated by Example 7 is located at the flank of a 3.5 km long and
approximately 50 m deep very slow translational earth slide in a large river valley. The upstream
end of a 30-inch mainline is located in the landslide and the downstream end is located in stable
ground. At the flank boundary there has been approximately 2 m of movement over 60 years. A
tabulation of the key parameters of this feature is provided in Table B-9. The geometry is
presented over a length of about 100 ft in the multi-panel plot in Figure B-7. As shown in the
vertical OOS profile in the 1st panel, the feature has a maximum downward vertical OOS of
about 0.8 ft. The vertical geometry change is characterized by a fairly distinct ramp-like
variation in the pitch profile (3rd panel) with a total azimuth swing of about 3° occurring over the
distance range from about 15 ft to 60 ft. The corresponding maximum vertical bending strain
magnitude is approaching 0.3% at a relative odometer distance of about 35 ft. As shown in the
horizontal OOS profile in the 2nd panel, the earth slide movement has generated a horizontal
OOS range of about 2.2 ft with a 2 lobes of movement first to the left then to the right (relative to
the flow direction) with peak horizontal OOS values of about +1 ft at a relative odometer
distance of about 25 ft and -1.2 ft a relative odometer distance of about 65. The horizontal
geometry change is characterized by a fairly distinct 1-lobe sinusoidal shape in the yaw profile
(4th panel) over the distance range from about 15 to 85 ft with a total yaw swing of about 8°. The
corresponding maximum horizontal bending strain magnitude is approaching 1% at a relative
odometer distance of about 61 ft.
Table B-9 Key parameters for Example 7

Feature Number
Start Distance (ft)
End Distance (ft)
Feature Length (ft)
Upstream Weld
Downstream Weld
Average Tool Speed (ft/s)
Overall Peak Bending
Strain Values
Distance and Bending
Strain Components at
Governing Girth Weld
Location
Distance and Bending
Strain Components at
Location of Peak
Resultant Strain
CRES-2012-M03-01
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7
0.00
100.06
100.06
7000
7030
8.9

Mid-Point Coordinates
Northing (ft)
N
Easting (ft)
E
Elevation (ft)
H
Latitude (degrees)
Lat
Longitude (degrees)
Long

Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Girth Weld Number
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
Chainage (ft)
Horizontal Strain (%)
Vertical Strain (%)
Resultant Strain (%)
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-0.965
0.287
0.975
7020
61.03
-0.965
-0.141
0.975
60.99
-0.965
-0.141
0.975
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Figure B-7 Geometry profiles for Example 7
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Sample Specification Language for Inertial Survey RFP
Abstract

This Appendix provides sample specification language that an inertial survey client may
choose to include with RFP transmittal documents. The purpose of this sample specification
language is to provide inertial survey vendors with specific guidance defining acceptable
deliverable packages including specific items to be tabulated and plotted for each pipeline strain
feature that has been flagged based on inertial survey data screening. The intent of this
language is not to be overly prescriptive and inertial survey vendors should have leeway to
develop alternative presentation formats provided that they are acceptable to the client. The
client is free to modify this language as needed in order to meet any company or project specific
requirements.
C.1

Identification of Strain Locations of Interest from IMU Data

Chapter 4 provides detailed guidance on methods for identifying strain locations of interest
based on review of the inertial data. As described in Chapter 4, the ILI service provider should
have leeway in identifying or “flagging” anomalous bending strain features based on their
standard anomaly screening procedures so a description of methods used to identify strain areas
is not presented in this Appendix. As part of the screening process, it is expected that the vendor
will experiment with different curvature calculation lengths in order to establish and justify the
gauge length used to report strain features of interest on a case-by-case basis. The selected
gauge length should strike a balance between the tendency for short gauge lengths to amplify
noise in the data and the tendency for long gauge lengths to underestimate curvature. Once a
strain location of interest has been identified or flagged by the geometry screening process, it is
expected that key information describing the feature(s) of interest will be extracted, tabulated and
plotted. The following subsections summarize recommendations for characterizing and
reporting the pertinent information.
C.2

Items to be Tabulated for Features of Interest

For all areas that are flagged by the screening process, the vendor shall have leeway to
tabulate all information considered pertinent to describing the feature of interest (subject to client
requirements and/or approval). As a minimum, it is recommended that the following
information be tabulated for each feature of interest:
•

Unique feature name or identifier.

•

Pipe steel grade and wall thickness.

•

Starting/ending odometer distance and estimated length of the feature.

•

Map coordinates of the mid-point of the feature e.g., Easting-Northing or LatitudeLongitude (WGS-84 decimal degrees) and elevation relative to a specified datum.

•

Peak values of the vertical, horizontal and resultant/total bending strain anywhere within
the feature.
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•

ID number and/or odometer distance of all girth welds that are encompassed by the strain
feature.

•

Maximum values of vertical, horizontal and resultant/total bending strain at any of the
girth welds encompassed by the strain feature (or a tabulation of these strains at each
girth weld within the feature).

•

Average tool velocity across the feature.

•

A brief narrative description of the feature.

•

A listing of any supplemental notes or comments regarding the feature including the
presence of other anomalies such as corrosion, ovality, dents, etc.

C.3

Items to be Plotted for Features of Interest

For all areas that are flagged by the screening process, the vendor shall have leeway to plot
all information that is considered pertinent to describing the geometry of the feature of interest
(subject to client requirements and/or approval). As a minimum, it is recommended that the
following plots be developed for each feature of interest:
•

Along-the-pipe profile view of the pipe centerline elevation vs. odometer distance. The
pipe elevation profile may alternately be characterized using vertical out-of-straightness
(OOS) plots showing the vertical deviation of the calculated pipe centerline path as a
function of odometer distance between selected end points with zero OOS.

•

Plan view “map” of Easting vs. Northing (or Longitude/Latitude). A plan view of the
pipeline geometry may alternately be presented using horizontal out-of-straightness
(OOS) plots showing the horizontal (plan) deviation of the calculated pipe centerline path
as a function of odometer distance between selected end points with zero OOS.

•

Pitch angle (degrees) vs. odometer distance.

•

Azimuth or yaw angle (degrees) vs. odometer distance.

•

Along-the-pipe profile view plots of vertical, horizontal and resultant bending strain vs.
odometer distance.

•

Measured wall thickness and diameter (if available from the survey).

Appendix B presents a sample package illustrating some of the geometry plots described
above. The format of these plot packages provides a compact overall view of the aligned
pipeline geometry features including position, orientation and bending strain profiles on a single
page. Alternate geometry presentation packages developed by the vendor may also be
acceptable.
C.4

Additional Guidance for Bend Strain Reporting
The following notes/comments are provided for additional information.
•

In all along-the-pipe profile view plots, the locations of pipeline girth welds should be
clearly identified (e.g., using a symbol like “o” or “+” or using a distinct vertical line at
the odometer distance of each girth weld, etc.).
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•

All-along-the pipe profile view plots should be presented over an odometer distance long
enough to fully encompass the length of the feature of interest with at least an additional
pipe joint of length on either end (e.g., say ±40 to ±50 ft). Plots of this sort typically span
over 200 to 300 ft. The plots should be nominally centered on the high strain zone.

•

Plots vs. odometer distance should show the odometer distance on the X axis and the
geometry quantity of interest on the Y axis. The Y axis should be “auto-scaled” (i.e.,
maximum Y axis value slightly larger than Ymax and minimum Y axis value slightly
smaller than Ymin) in order to provide an exaggerated/zoomed view of the quantity of
interest wherein the details of the signal will be clearly visible.

•

The units of all plotted and tabulated quantities should be clearly denoted in all plots and
tables.

•

All references to curvature and/or bending strain should identify the curvature calculation
gauge length.

•

For each high strain zone, it should also be noted whether or not any pipe ovality or outof-roundness was detected. If the inertial survey also includes high resolution caliper
measurements, then the screening criteria may be extended to include a review of the
caliper data. For the areas flagged by the bending strain criteria discussed above, detailed
profile plots of pipe out of roundness (if present) should also be included. Also, any
locations with dents or ovality features of 2% of the pipe diameter or more should be
identified and plotted in the screening report. Any vendor-specific calculations for
localized through-wall bending strains due to pipe wall deformations should also be
provided together with any associated documentation.

•

Similarly, any high strain zone at/near a girth weld should note whether or not rotational
or translational misalignment (or other defect) was detected at the weld. Angular
misalignments at girth welds (i.e., accidental miters) are sometimes readily visible as
very short, nearly vertical offsets (i.e., like a step function) in the pitch and azimuth
profiles.

•

For each high strain zone, it should be noted whether or not any metal loss was detected
at/near the high strain location if such information is available.

•

Additional plots that may be worth presenting to characterize pipeline features of interest
include a profile plot of the circumferential angle or o’clock orientation corresponding to
the orientation of the resultant bending strain. More compact spatial plot packages can be
achieved by overlaying different signals on the same plot (e.g., pipe elevation on the left
vertical axis and vertical bending strain on the right vertical axis) – see Example 1 in
Appendix B.

•

For pipelines subjected to multiple inertial surveys, it will be useful to develop versions
of these plots which directly overlay the data and/or the differences in the data from two
or more different surveys. In order to align the data from different surveys, it is common
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practice to scale the chainage distance between selected girth welds from the new survey
to match the chainage distance between those welds from the old survey (or vice versa).
C.5

Additional Deliverables

Reference [115] provides general guidance for ILI report contents. The vendor strain report
should also always include the following information:
•

A summary of the tool detection threshold and accuracy specifications including the
gyroscope type and sampling rate.

•

A summary of the sensor accuracies.

•

At least a basic description of the numerical algorithm used to compute
curvature/bending strain and applied data analysis parameters

•

Documentation of the accuracy realized during the survey (i.e., what was the realized
position accuracy and curvature/bending strain accuracy and did they meet or exceed
specifications?).

•

A summary ILI data quality assessment for the survey (e.g., was the tool run within the
range of essential variables, was there any sensor malfunction, etc.)

•

A profile plot of the tool velocity during the entire survey.

•

A detailed drawing of the tool that is used to perform the survey showing all pertinent
dimensions (including the distances between all canister supports) and the locations of all
sensors.

The vendor may also provide specialized software that can be used by operator
representatives to view and/or export selected quantities of the inertial survey data along selected
sections of the alignment.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Appendix D

Page 463

Considerations in Pipe Replacement
Abstract

Most of the design, construction, and maintenance practices in the pipeline industry were
established before the extensive use of modern control-rolled and microalloyed steels. With the
exception of a few isolated research projects, the impacts of the fundamental changes in the steel
metallurgy in modern microalloyed steels have not been systematically examined and
understood. For instance, these new steels may have very low strain-hardening capacity and
high levels of heat-affected zone (HAZ) softening due to their ultra-low carbon low-hardenability
chemistry. The low strain hardening and HAZ softening reduces the strain capacity of girth
welds. Current codes and standards have not kept up with the evolution of the linepipe
manufacturing and field girth welding practice. This has led to integrity issues in newly
constructed pipelines despite those pipelines being fully code-compliant.
A brief review of the linepipe manufacturing history with a focus on the chemical
composition and rolling practices that directly affect the mechanical properties and the response
to welding thermal cycles is given. The characteristics of linepipes made from modern
microalloyed steels are contrasted with that of vintage linepipes made from hot-rolled and
normalized steels. The implications of the pipe and weld characteristics on the design, field
girth welding, and maintenance of pipelines are highlighted.
The issues highlighted here should help the selection of pipes and girth welding procedure to
achieve high strain capacity. The information presented here can be used in pipe replacement
projects and post-construction stress capacity assessment.
D.1

Scope of this Document
1. This document is intended to address pipeline segments in known areas of ground
movement or potentially subjected to loads inducted by ground movement, where
longitudinal strain may exceed the elastic limit (~0.2% strain for pipe grades up to X70).
2. The focus of this document is the additional considerations beyond those required in
current codes and standards or assumed by the industry in general. These additional
considerations may not be applicable or necessary for pipelines with stable support
conditions with minimal risk of ground movement.
3. The potential failure modes addressed in this document are girth weld leak or rupture
under tension load in the longitudinal direction of the pipeline.
4. This document is useful in at least the following scenarios:
a. Pipe replacement in known areas of ground movement.
b.

Newly constructed pipelines with modern lean chemistry TMCP (thermalmechanically controlled process) steels in areas with potential for small to moderatelevel of settlement or ground movement (expected movement minor enough that
area is not actively managed in a ground movement program).
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Loading on Girth Welds and Design Assumptions
1. The vast majority of in-service pipelines designed to ASME B31.4 and B31.8 have taken
the approach of stress-based design, where the longitudinal stress in the design stage is
limited to 90% SMYS. When a pipeline is designed to meet this requirement, one may
interpret that the pipeline is capable of sustaining a longitudinal stress of 90% SMYS or
higher. This 90% SMYS stress is equivalent to a strain capacity of approximately 0.21%
for X70 pipes and 0.15% for X52 pipe. In other words, the current requirements in codes
and standards assure a strain capacity of ~0.15-0.21%. Many welds have strain capacity
greater than 0.15-0.21%, but such capacity is not assured when meeting the current codes
and standards.
2. The contributors to longitudinal stresses include:
(1) residual stress from welding,
(2) post-construction locked-in stress from the construction process,
(3) thermal stress from temperature differential between construction temperature and
operation temperature,
(4) stress from Poisson’s effects when a pipe is under internal pressure,
(5) bending stress from settlement or lateral movement, and
(6) sag/side tension stress from settlement or lateral movement.
3. Among all these contributors, the stress from Poisson’s effect is easiest to estimate. The
thermal stress is easy to compute if the installation temperature is known. In most cases,
the installation temperature is not known. A temperature differential of 30-40 ⁰F has
been used to account for the thermal stress. The residual stress from welding principally
affects welds with brittle material properties and fatigue life. For pipelines with minimal
cyclic stresses on girth welds, the residual stress is not a major player.
4. The other three contributors (locked-in stress from construction, bending stress from
settlement or lateral movement, and sag/side tension stress) can be major contributors to
girth weld failures. The locked-in construction stress can come from (1) pipe segments
not having conforming profile thereby introducing significant secondary loads as the pipe
are made to accommodate the trench profile, (2) tie-in welds forced into alignment,
and/or (3) differential settlement. The magnitude of these three stress contributors are
often difficult to estimate. In most cases, these stresses are NOT actively managed. In
other words, despite the fact that a stress-based design may require the longitudinal stress
being less than 90% SMYS, the above three stress contributors typically are not actively
managed to meet the design requirements, except in locations with known history of
ground movement.
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Why Are Additional Considerations beyond Codes Necessary?
1. Relevant codes and standards that cover pipe and girth weld requirements are API 5L
(Canadian equivalent CSA Z245.1) and API 1104 (Canadian equivalent Z662). ASME
B31.4 and B31.8 have certain design requirements on pipes and girth welds.
2. With rare exceptions, the requirements in the above codes and standards are meant for
pipelines on stable support conditions, i.e., minimal longitudinal strain demand.
Consequently, pipe segments in full compliance of codes and standard can fail at low
longitudinal strains (strain less than 0.5%).
3. There is misinformation about the requirements in codes and standards. Some
publications suggested that girth weld strength overmatching, i.e., weld strength being
higher than the strength of the pipe, is required in codes and standards. There are no such
requirements. Welds can have strength substantially lower than the strength of the pipe,
but still meet the requirements in current codes and standards. PRCI Seismic Design
Guidelines claim that girth welds meeting API 1104 requirements are capable of
sustaining 4% strain. While some welds may have strain capacity of 4% or higher, API
1104 does not have requirements that would adequately ensure a strain capacity of 4%.
In fact, the strain capacity of a girth weld can be as low as 0.3%, but still meet the 1104
requirements.
4. B31.4 and B31.8 permit pipelines designed to 2% strain while meeting certain
requirements. However, the language of the requirements is so vague that the exact
procedures for implementing the requirements are not clear at all. More importantly,
permitting design to 2% strain is not the same as stating that a pipeline is good for 2%.
Some have misinterpreted the 2% strain design limit as a proof that pipe segments are
good for 2% strain.

D.4

Evolution of Materials and Their Response to Welding

Up to the late 1960s, linepipes up to API Grade X60 were manufactured from hot rolled coils
and normalized plates, see Figure D-8 [278]. The introduction of thermo-mechanically (TM)
processed plates since the late 1960s enabled the production of higher strength linepipes with
submerged-arc welded longitudinal seam. More recently, accelerated cooling from finish rolling
temperature along with the TM rolling allowed the production of linepipes for grades up to X100
[279]. The strength increase is primarily derived from the rolling and cooling processes. The
carbon content in the linepipes has decreased over the years. The control-rolled and
microalloyed steels usually have fine grain (more commonly acicular ferritic) microstructures
with excellent toughness and weldability even with increasing strength. The reduction in carbon
content has led to reduced hydrogen-cracking (cold cracking) propensity in field welding. The
toughness of the new steels, as measured by Charpy impact energy, has also increased
significantly in comparison to the older hot-rolled and normalized steels.

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 466

Figure D-8 Evolution of chemical composition and grade of linepipes [278]

D.5

Features of Modern Linepipes that are Detrimental to Pipeline Performance

The TM rolling process with accelerated cooling resulted in some unintended consequences
on the new steels, especially with the lean chemistry including ultra-low carbon. Some of the
undesirable features of the new steels are (1) reduced strain hardening capacity as shown by
progressively higher yield to tensile (Y/T) ratio with increasing grade level, (2) HAZ softening in
seam and girth welds, (3) non-uniform material properties, (4) reduced uniform strain (strain at
the ultimate tensile strength), and (5) reduced total elongation.
Examples of HAZ softening are shown in Figure D-9, Figure D-10, and Figure D-11. The
heavily-rolled materials can show splitting along the mid-thickness plane under tension load
(Figure D-12). The HAZ can have reduced ductility and toughness as shown in Figure D-13.
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Figure D-9 Macro and hardness map of an X100 seam weld

Figure D-10 Macro and microhardness map of an X100 girth weld made with mechanized
GMAW process
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Figure D-11 Macro and microhardness map of an X70 girth weld made with mechanized
GMAW process
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Figure D-12 Failure of an X100 girth weld. Splitting occurred in the base metal, characteristic of
heavily-rolled steels.

Figure D-13 Fracture along the HAZ of an X100 weld
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The examples given above are mostly from an X100 weld. It should be noted that pipe grade
does NOT determine the extent of HAZ softening. The principal drivers for HAZ softening are
chemical composition of steels and welding heat input. Lower grade materials, such as X65 and
X70, can have lean chemistry and low carbon. They are just as susceptible to HAZ softening as
X100 steels. Furthermore, manual welds typically have higher heat input than mechanized
GMAW welds. For the steels shown in the above examples, the level and extent of HAZ
softening would be greater if manual girth welding processes were applied.
D.5.1 Design, Construction, and Maintenance Practice
Much of the design, construction, and maintenance practice in the North American pipeline
industry were established before the extensive use of modern control-rolled and microalloyed
steels. For instance, the widely used pipeline design and construction standards, such as ASME
B31.4, ASME B31.8, and API 1104, were adopted by the industry well before the widespread
use of modern microalloyed steels. The undesirable features of the modern linepipes are not
adequately addressed in the current codes and standards.
D.6

Consequence of HAZ Softening

Existing test data have shown that, due to welding thermal cycles, the strength in HAZ can be
reduced by as much as 20-25% when compared to the strength of the pipe. The width of the
softened zone varies from 2 to 5 mm. Only a portion of this HAZ width has the maximum
strength reduction of 20-25%.
Figure D-14 is an example of weld strength undermatching and HAZ softening of an X70
pipe. The actual yield strength of the X70 pipe is close to the upper bound value of API 5L PSL
2 pipes.
The negative impact of softened HAZ is particularly strong for manual welds as shown in
Figure D-14 which typically have 60° included bevel angle and thin-walled pipes (wall thickness
less than 3/8-inch). After welding, the plane of the softened HAZ zone is aligned approximately
35°-45° with respect to the pipe longitudinal direction. In Figure D-14, the black lines represent
45° shear planes that align with the softened HAZ and the weak E6010 root pass. This angle is
the preferred plastic flow path when the pipe is under longitudinal tension. High level of
plasticity can accumulate in this plane at nominal strain levels as low as 0.3%. The weld can fail
by plastic shearing along the softened HAZ zone even the weld is free of anomalies and fully
code-compliant. The existence of high-low misalignment can make the matter worse.
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Figure D-14 An example of manual SMAW weld with weld strength undermatching and HAZ
softening for an X70 pipe having much higher yield strength than 70 ksi

Figure D-15 Contours of equivalent plastic strain. Significant plastic straining occurs in the
softened HAZ when the weld is subjected to longitudinal tension.
Top: no high-low misalignment. Bottom: with high-low misalignment.
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Figure D-16 Contours of longitudinal strain. Strain concentration occurs in the softened HAZ
when the weld is subjected to longitudinal tension.

Figure D-17 Cross-weld strain as a function of the remote strain in pipe

Examples of high plastic strain in the softened HAZ are shown in Figure D-15. The plastic
strain in the softened HAZ is well over 15% while the base pipe material sees very little plastic
strain, i.e., the pipe remains in elastic state.
An example of longitudinal strain distribution is given in Figure D-16 for a weld without
high-low misalignment. The strain in the softened HAZ is above 12% while the strain in the
base pipe material is less than 0.5%.
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The development of strain concentration in the weld as the pipe is being strained is illustrated
in Figure D-17. Prior to material yielding when the strain is less than approximately 0.2%,
magnitude of the cross-weld strain and the remote strain in the pipe is comparable. Once the
weld area starts to experience yielding, its strain increases at much greater rate than the strain in
the pipe, with a ratio of approximately 10:1. For instance, when the pipe strain increases from
0.2% to 0.3%, the cross-weld strain increases from 0.2% to 2.6-4.0%, depending on the level of
misalignment. For the weld without misalignment, the cross-weld strain increases at an
extremely high rate when the remote strain in pipe approaches approximately 0.44%, indicating
nearly all deformation occurs in the weld region. This 0.44% strain is effectively the strain
capacity of the weld joint. For the weld with 1.6 mm misalignment, the strain capacity is
decreased to 0.36%. Even though those welds do not have any flaws, the gross strain
concentration in the weld region effectively limits the strain capacity to a level less than 0.5%.
Mechanized GMAW processes can typically produce sound welds with strength higher than
those from manual cellulosic SMAW processes. However, mechanized processes are not
economically practical when only a few joints are replaced in an isolated location. Even on a
new pipeline construction project, manual welds are often utilized at tie-ins, road, creek and
utility crossings, and other areas of difficult terrains. These are the areas prone to having high
strains, both from construction and during service.
Having higher weld strength can reduce the negative impact of HAZ softening. However, if
the level of HAZ softening is high and the width of the softened zone is wide, the softening zone
itself can lead to low strain capacity even with high weld strength.
D.7

Major Gaps in Current Codes and Standards

With respect to building pipe segments that are resistant to high longitudinal strains, there are
major gaps in current codes and standards.
1. API 5L and similar standards have generous allowance for the pipe upper bound tensile
properties for a particular grade. PSL1 pipes have no upper limits on strength. The upper
bound limit of yield strength of PSL2 pipes is approximately SMYS+22 ksi. The upper
bound limit of UTS of PSL2 pipes is approximately SMTS+30 ksi where SMTS is the
specified minimum tensile strength. For instance, one could get X70 pipes with 90+ ksi
yield strength.
2. In procedure qualification tests in accordance with API 1104, welds are considered
qualified even when cross-weld tensile specimens can fail in the weld region, provided
that the failure stress is greater than SMTS of the grade of pipe being qualified. The
SMTS of X70 pipes is 82 ksi. Therefore, X70 girth welds can fail at a stress level of 82
ksi and pass the qualification tests. If such welds are made to pipes with actual yield
strength of 90 ksi and UTS of 100 ksi, the welds would pass qualification tests but have
low strain capacity.
3. The standards are silent on HAZ softening. There are no tests or requirements to measure
materials’ susceptibility to HAZ softening in either linepipe or girth welding standards.
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4. Tensile properties in hoop and longitudinal directions can be quite different, particularly
yield strength. For moderate to large diameter pipes, API 5L has no requirements on
testing longitudinal properties which are very important for pipes experiencing high
longitudinal strains.
5. Standard tensile tests using flattened straps tend to produce yield strength that is lower
than the actual yield strength of the pipe material in its non-flattened configuration. To
meet the minimum strength requirements of a particular grade, the overall strength
distribution of pipes has to move up.
6. The issue with expanded pipes during hydrostatic testing in some of the recent new
pipeline construction projects has led pipe manufacturers to aim for high strength. The
increase of the pipe strength makes it more likely to have undermatching girth welds.
Considerations in Pipe Specifications6

D.8

In locations where strains may potentially exceed elastic limit, the best starting point to have
strain-tolerant pipeline is getting the right pipes through rigorous and practical pipe
specifications. The following steps are suggested as a starting point. More specific requirements
can be developed when needed.
1. Educate and communicate. Inform individuals responsible for pipe procurement and
welding supervisors about the consequence of weld strength undermatching and HAZ
softening. It is critical that those individuals understand that compliance of the current
codes and standards is not sufficient to ensure moderate to high levels of strain capacity.
2. Put an upper limit on the tensile properties. In a large order, pipe mills typically can’t
work with a narrow band of tensile properties. A range of 12-15 ksi is typically
workable. Due to the possible large measurement variations in yield strength, it’s better
that the upper limits are given in UTS. For instance, the SMTS of X70 pipes is 82 ksi.
The upper limit of the UTS can be set at 95 ksi.
3. Require tensile testing in both hoop and longitudinal directions.
4. The required yield strength in longitudinal direction can be lower than SMYS. This can
lead to lower Y/T ratio in the longitudinal direction and makes overmatching weld
strength more likely.
5. Set upper limit of Y/T ratio (lower than that permitted by API 5L), particularly in
longitudinal direction. For pipe grades X70 and lower, a Y/T ratio less than 0.87 in the
longitudinal direction is reasonable.

6

Having additional requirements beyond those in standards can be a difficult task, especially when the quantity
of needed pipes is small. It is however necessary to consider the consequence of inadequate pipe specifications,
particularly in locations of potentially high strains. Building strain-tolerant pipelines becomes harder through other
means if undesirable pipes are procured.
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6. Request pipe mills and distributors use more rigorous test procedures than those allowed
in current codes and standards. The test procedures in current codes and standards are
insufficient for precise measurement of material properties for the modern new steels.
7. Always ask for full stress-strain curves from tensile tests. The stress-strain curves can
tell a lot more about material properties and test data quality than a table of yield strength
and UTS. The uniform strain, i.e., engineering strain corresponding to UTS, should be
determined and reported as well.
D.9

Recommendations

D.9.1 Pipe Segments already in Service
1. If pipe replacements were done without some of the special considerations outlined
above, an intervention limit may be set at 0.3% strain. As stated earlier, many welds (or
even a majority of the welds) can have strain capacity much greater than 0.3%. Without
information on pipes and welds more specific than those required in current codes and
standards, strain capacity can as low as 0.3%.
2. Collect mill certs of pipes, records of welding procedures, and NDT records with flaw
acceptance criteria if site-specific assessment is anticipated. Such information would be
useful if there are needs/desires to raise the intervention limit beyond 0.3%.
D.9.2 Near-Term Planned Pipe Replacement
1. Collect mill certs of pipes, records of welding procedures, and NDT records with flaw
acceptance criteria.
2. Select lower grade heavy wall pipes over high grade light wall pipes if there is a
reasonably certainty that the actual strength of the lower-strength pipes would be lower
than that actual strength of high grade pipes. Pipes of lower strength typically have high
strength hardening than high-strength pipes. It’s easier to have weld metal that
overmatches the lower-strength pipes. However, it is important to understand the lower
grade does not necessarily mean lower strength, as explained in sub-section 4 of this
document. Ultimately, it’s actual properties of the pipes that matter, not a particular
grade they are designated.
3. Encourage field welding crew to produce one extra weld and ship it to a central location
with proper IDs. A weld pup with 2 ft on either side of the weld would be sufficient for
characterizing the pipe and weld properties. A battery of tests can be done on the pipe
and weld should there be a need to perform a site-specific assessment. The test data are
essential to establish site-specific intervention criterion when used with appropriate
assessment procedures/models.
D.10 Long-Term Actions to Ensure Adequate Strain Capacity
1. One question that may be asked is whether new pipes/welds are always better than
“vintage pipes/welds” for a given segment that may be considered for replacement. The
answer is no. The principal integrity threat of vintage girth welds is the possibility of
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pre-existing large planar flaws that were left from construction. Since there are no
reliable free-flowing inline tools to detect and size those flaws, replacing vintage girth
welds removes the principal cause of possible failures. On the other hands, the new
pipe/welds could create new integrity issues. The threat to girth weld integrity of the new
pipe/welds is no longer pre-existing large planar flaws. Instead, weld strength
undermatching and HAZ softening can still lead to low strain capacity, thus possible
failures from longitudinal strains. Vintage girth welds almost never have HAZ softening.
Some degree of weld strength undermatching is possible. However, the undermatching
can usually be compensated by wide and smooth weld caps in those welds. From the
viewpoint of risk, a segment of vintage pipe/welds being replaced may or may not have
large planar flaws. On the other hand, if the upper bound strength of the new pipes is not
known or controlled, it’s possible that every girth weld in the replaced segment has HAZ
softening and weld strength undermatching. Having new pipe/welds brings benefits other
than girth welds free of large flaws, such as better coating. It is, however, important to
recognize that the strain capacity of new pipe/welds is not guaranteed to improve over
vintage pipe/welds unless proper measures are taken to ensure that there is no strain
concentration in the weld region.
2. Given the accuracy of strain demand measurement devices/procedures and variations in
field and material conditions, it is recommended that a strain capacity of 0.5% or higher
should be targeted for future pipe replacement projects in areas of possible ground
movement.
3. Consider implementing the pipe specifications given in Sub-section 5. It may not be
practical to implement all recommendations at one time.
4. Select lower grade heavy wall pipes over high grade light wall pipes if there is a
reasonably certainty that the actual strength of the lower-strength pipes would be lower
than that actual strength of high grade pipes.
5. Tools and processes are available or being developed to ensure strain capacity of 0.5% or
higher. Quantitative analysis of strain capacity is available when needed.
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Newer and/or Developing Pipe Monitoring Techniques
Abstract

Various ground and pipe monitoring techniques are extensively covered in Section 8.3. Most
of these techniques are considered relatively mature, or at least there have been some field
applications. At the same time, other monitoring techniques are being developed. In some
cases, the working principles of those techniques are well proven and/or the techniques may
have been used in applications other than monitoring geohazards. In other cases, the concepts
are being developed and verified.
In this section, some of the newer and/or developing techniques are covered. In general,
these techniques have not been used in geohazards monitoring programs beyond experimental
stage. It is recommended that use of those techniques should be reviewed by appropriately
qualified independent experts and proven techniques should be used as a backup.
E.1

Residual Stress Measurement by IIT

Instrumented Indentation Technique (IIT) is a non-destructive technology for measurement
of residual stresses in a structure by analyzing the indentation load versus indentation depth
curve generated while testing the structure.
Working Principle and Description of Technology
The intrinsic hardness of a material is independent of the presence of residual stress in the
structure to be tested. However, the presence of residual stress influences the deformation
caused by the indenter.
A model [280] of this residual stress dependent deformation behavior is shown in Figure
E-18. In Figure E-18, ht, which is the maximum indentation depth, is constant for the three
scenarios shown. The load applied to the indenter in case of tensile residual stress, LT, is the
lowest. Moving on to the scenario with zero residual stress, the comparative relaxation of stress
leads to a ‘pushing’ force applied by the indented surface opposing the applied load; thus applied
load L0 must be higher than LT to achieve the same indentation depth. In the case of
compressive residual stress, the indented surface exerts an even higher ‘pushing’ force against
the applied load; thus, applied load LC in the presence of compressive residual stress is higher
than both LT and L0. Note that the presence of residual stress in the surface influences the
contact depth hc.
This change in the deformation behavior beneath an indenter is captured by the indentation
loading curve (indentation load vs. indentation depth) as shown in Figure E-19. This is the
working principle employed by indentation systems used for measuring residual stress.
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Figure E-18 Model of the residual stress dependent contact deformation behavior for
(a) tensile residual stress, (b) no residual stress, and
(c) compressive residual stress [280]

Instrumented indentation systems used to measure residual stress can measure the indentation
loading curve in situ by sensing applied load and indentation depth during the process of
indentation. The ‘shift’ in the indentation load caused by the presence of residual stress is used
by the instrumented indentation system to calculate the residual stress in the structure [280]. All
calculations can be performed by the software accompanying these commercially available
systems (e.g. Advanced Indentation System 3000 [281] and the accompanying AIS3000 V3.10
software sold by Frontics Inc., Seoul, South Korea).
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Figure E-19 Indentation loading curve showing dependence of indentation behavior on residual
stress [280]

E.1.1 Field Application of the IIT to Measure Residual Stress
To accurately measure the residual stress using the instrumented indentation system, it is
important to obtain residual stress free indentation curves corresponding to each microstructural
region (weld, heat-affected zone, base pipe) being tested on the structure in the field. This
information is required for calculation of the ‘load shift’ caused by the presence of residual stress
[282]. This can be accomplished by first performing the indentation on a test piece made of the
same material as the structure to be tested in the field.
The residual stress value calculated by IIT is the magnitude of the average value of the
residual stress in the structure [282]. The principal residual stresses and their orientations cannot
be determined using this technique for field applications.
The advantages of the instrumented indentation testing systems for measurement of residual
stress in field are that it is a portable system and being a non-destructive in nature, does not
affect the integrity of the structure being tested.
The instrumented indentation systems available commercially [281] are lightweight,
portable, and are supplied with software that can immediately analyze test data and determine
residual stress in the structure.
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Figure E-20 Example of the application of IIT on a pipe to determine residual stress [281]

E.2

Alternating Current Stress Measurement

E.2.1 Introduction
Alternating current stress measurement (ACSM) is a non-contacting electromagnetic
technique used to measure the longitudinal strain levels in a pipeline. The technology can either
be used to measure strains on the outside of the pipeline with a handheld unit (not discussed in
this report) or inside a pipeline behind a traditional MFL inspection tool. The current
commercial name for the smart pig is the “Axial Strain Tool”.
E.2.2 Theoretical Background
Internal stresses of magnetic materials such as carbon steels alter the internal arrangement of
magnetic domains leading to magnetic anisotropy. Consequently, stress effects in a
ferromagnetic material are reflected through its magnetic anisotropy [283]. This interaction is
called inverse magnetostriction (also known as magnetoelastic effect or Villari effect); which is
the name given to the change of the magnetic susceptibility of a material when subjected to a
mechanical strain.
A magnetic material has magnetic domains which are regions with uniform magnetization.
Domain structure is responsible for the magnetic behavior of ferromagnetic materials such as
iron, nickel, etc. (see Figure E-21). Magnetostrictive strain within each magnetic domain causes
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microscopic dimensional changes in the material when magnetic domains reorder under the
applied magnetic field. To minimize the total stored energy, domain magnetization vectors in
iron with a positive value of magnetization constant prefer to align themselves parallel to a
tensile stress axis and perpendicular to a compressive stress axis. Figure E-22 shows a schematic
of the domain wall changes due to application of stress and magnetic field. The change in
magnetization is believed to influence the magnetic permeability.

Figure E-21 Microcrystalline grains within a piece of NdFeB with magnetic domains made visible
with a Kerr microscope. The domains are the light and dark stripes visible within
each grain. In most materials the domains are microscopic in size, around 10−4 to
10−6 m. [283]

Figure E-22 Influence of stress on magnetic domain [268]
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E.2.3 Sensor Technology
The ACSM sensor currently deployed on MFL inspection tools is based on the inverse
magnetostriction effect where the magnetic domain behavior of the pipe is dependent on the
mechanical strain in the pipe. The sensor is based on the measurement of the magnetic
permeability and induction of the pipe wall. The ACSM sensor uses an inducing coil to
magnetize the region of interest and small sensing coils to measure changes in the magnetic field
close to the metal surface. It uses a 5 kHz alternating current (AC) to produce a uniform field
within a thin surface layer due to the skin effect in ferrous materials, is essence a reading on the
surface layer of the pipe similar to a strain gauge [268].
E.2.4 Sensor Validation
As part of a study for TransCanada Pipelines Ltd. (TCPL), C-FER Technologies Inc. (CFER) conducted experimental trials to calibrate the ACSM sensor [284]. The test was carried
out in a bi-axial (longitudinal and hoop) test frame that could simultaneous apply internal
pressure and compressive or tensile axial loads. The test setup subjected a pressurized pipe
specimen to a displacement-controlled axial tensile/compressive load to achieve the required
combinations of longitudinal and hoop strains. The pipe strains were simultaneously measured
using the ACSM sensor and traditional strain gauges fixed to the pipe specimen (see Figure
E-23).

Figure E-23 Pipe assembly at C-FER’s facility [284]
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The test consisted of three bi-axial loading phases. The first two phases were conducted in
the elastic region of the pipe and consisted of 91 elastic stress combinations, each repeated eight
times for a total of 728 data points. Phase 3 was intended to capture the performance of the
ACSM probes in the plastic region of the stress-strain curve and consisted of 12 load
combinations. Results of the lab testing indicated that it was possible to measure strain well into
the plastic range.
Based on the experimental trials and a previously conducted strain relief where ACSM field
measurements were taken, the authors concluded that the ACSM sensors accurately measure
longitudinal strains in the pipe specimen.
E.2.5 Current Inspection Capabilities and Limitations
The use of ACSM sensors for pipeline inspections is quite new and the technology is still
under development. As a result, the current technological capabilities and limitations may
evolve as industry adopts the inspection technique. The current generations of ACSM sensors are
capable of detecting longitudinal strains caused by landslides, subsidence features or other
geohazards over relatively long sections of pipeline.
To provide absolute strain values, the pipeline steel must be calibrated using a 3-point
bending test. Otherwise, the tool provides axial strain variations which show areas of abnormal
strain. A pipeline segment typically contains pipe with variations in steel properties,
manufacturing method and manufacturer; therefore, numerous calibrations are required. As the
calibration is used during the data processing phase, absolute strain values can be calculated
following the run if calibrations can be performed on a piece of pipe coupon that has properties
representative of the pipeline segments of interest. The actual calibration, ACSM sensors and
calculations to determine strain are proprietary.
The need for calibration requires the available of test coupons and defining the applicable
boundary of such test coupons. In other words, the nature and range of physical characteristics
that define a test coupon being representative must be clearly understood and applied
accordingly. Some vintage pipelines often are full of replacement sections where physical
characteristics of the replacement sections may or may not be available (in part depending on the
clear understanding of physical characteristics necessary to define being representative). Some
of the replacement sections have a high probability of having been installed under high tie-in
stresses. Developing clear guidelines of the calibration and applicability and accuracy of the
technique when calibration is not available are needed.
More research is required to determine if the tool can accurately measure deformations into
the plastic range but as a guideline, the tool is considered accurate up to 5000 microstrains or
0.5% deformation. The absolute values reported are for the total strain which includes
components due to hoop stress (which can be calculated), residual strains, construction related
loading, and soil/pipe interactions from landslides and/or settlement/subsidence. It is impossible
to differentiate the types of external loading that contribute to the total absolute strain from the
data alone. The use of other information and judgement is required to determine the causes of
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any abnormal strain values. Absolute values should be used with corrections for pressure and
temperature variations when conducting run-to-run analysis.
The axial sampling rate is dependent upon the tool speed. At normal transmission pipeline
flow velocities (3 to 13 ft/s, 1 to 4 m/s), the axial sampling rate is approximately 1.5 to 3 ft (0.5
to 1.0 m). Current inspection tools are equipped with four ACSM sensors spaced 90° apart.
Additional sensors will be added going forward for redundancy purposes, but it is unlikely that
sensor density will approach MFL or high-resolution geometry tools in the near to mid future.
The ACSM tools used in the case studies below did not include sensor orientation data but the
latest generation will collect orientation data. As the ACSM sensors are deployed on traditional
MFL tools their specifications regarding travel speed, travel time, temperature and pressure
ratings are similar to MFL tools/sensors.
E.2.6 Case Studies
Westwood et al. [268] details research by North American pipeline operators and a pipeline
inspection company to assess the technical and commercial feasibility of deploying the ACSM
sensors on ILI tools to measure longitudinal strain in pipelines. From 2011 to 2014
approximately 2,000 km of transmission pipelines were inspected with integrated MFL / ACSM
sensors. The results of the experimental inspection runs demonstrated that the ACSM sensors
were able to measure variation in the longitudinal strain in the pipelines along their inspected
lengths. Without knowledge of the respective pipelines, the tool analysts were able to identify
locations where measured longitudinal strains were outside normal operating conditions and
likely caused by landslide related soil/pipe interaction. Note that field testing appears to have
been done on pipelines operating within the elastic range of strains. Additional work would be
required to prove the technology on pipelines that have yielded.
In one case study the ACSM identified an area of abnormal strains on a 30-inch natural gas
pipeline where it laterally crossed an active deep seated translational slide that was 2.2 miles (3.5
km wide). Figure E-24 shows the ACSM data plotted against the known slide extents from an
extensive geotechnical monitoring program. Areas of high tensile and compressive pipeline
strain within the landslide were clearly identified. The operator reported that observations made
during subsequent integrity investigations qualitatively verified the results of the ACSM. As it
was an initial run, no comparison could be attempted to data from an extensive VW strain gauge
network.
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Figure E-24 ACSM tool run results for a 30-inch natural gas pipeline [268]. Graph shows the
known slide boundaries (in red) superimposed on the plotted strain variations. The
tool results clearly show the slide boundaries. Note that the downstream portion of
the slide was stress relieved prior to the tool run; therefore, it does not show the
same variation as the remainder of the slide.

In another case study a run-to-run comparison was conducted before and after a strain relief
dig on a 20-inch natural gas pipeline. Figure E-25 clearly shows the area of strain relief on a
run-to-run comparison of the ACSM tool. Figure E-26 shows a comparison of the ACSM tool
results to VW strain gauge results with the strains plotted as membrane and bending strains. A
comparison of data over the period of the run-to-run analysis indicated that there was a
correlation between the results. Additionally, the data comparison indicated that although the
strain gauges were installed with considerable geotechnical advice, the strain gauge locations
missed the peak tensile and compressive strain areas within the landslide.
st

1

nd

2

inspection (before strain relief)
inspection (after strain relief)

Figure E-25 Change in longitudinal strain from strain relief activities. The area of strain relief is
shown in the blue circle. Y-axis shows ACSM readings in microstrains.
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Figure E-26 Change in longitudinal strain from strain relief activities plotted as membrane and
bending strains. The plot compares the ACSM tool measurements with VW strain
gauge measurements.

The case studies presented by Westwood et al. [268] shows that the ACSM tool can be
effectively used to highlight areas where there are strains beyond expected normal operating
conditions as a result of geohazards and to identify areas where there has been strain relief.
Preliminary results to try to quantify the results of the ACSM tool versus other technologies are
promising but additional refinements are required with the tool platform (more probes and
orientation data) and calibrating the technology.
The greatest challenge to validating the technology is that there is no other non-destructive
method to compare it with. As stressed by Westwood et al. [268] strain gauges only measure the
change in strain from installation onwards and current in-line inspection (ILI) technologies do
not directly measure pipeline strain, but calculate longitudinal bending strain based on the
absolute or change to pipe curvature (refer to Chapter 4).
The main advantage of the technique is that it allows for the detection and monitoring of
areas of high tension (of particular concern to vintage welds) or compression that have little or
no bending. IMU technology would not identify these areas as there is minimal longitudinal
bending strain. If tool calibrations and readings are quantified to the point where they provide
industry accepted tolerances (i.e. +/- 15%, 80% of the time) the ACSM technique may see near
universal acceptance as the primary tool for assessments of geohazard induced pipeline loading.
With the current state of technology, if one does not trust the absolute numbers, the ACSM at
minimum clearly delineates areas of abnormal straining caused by geohazards. Therefore, the
ACSM can be used to focus assessment mitigation and monitoring efforts using other
technologies.
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The technology is currently transitioning from an experimental study into a commercially
available product with limited larger diameter pig platforms. More study is required to
determine the overall accuracy, repeatability and reliability of the technology.
E.3

eStress System

The eStress system is a non-destructive quantitative residual stress assessment tool using an
electromagnetic method that measures the strain in materials by determining changes in the total
energy of the system through variation in the electronic effective mass [285, 286, 287]. When a
metal is stressed the conduction of the electrons is altered, the change in electron vibration can
be directly correlated to a specific quantified residual stress using proper calibrations.
E.3.1 Working Principle and Description of Technology
The eStress system consists of an electromagnetic probe and analysis system used to assess
residual stress through electromagnetic monitoring. A simplified diagram of a probe is given in
Figure E-27, used to perform a low frequency impedance measurement. Real-time scanning
hand-held electromagnetic pipeline probe systems were developed to provide quantified threedimensional residual stress measurements of in place pipelines. In addition to a proprietary
sensing probe, a proprietary analysis and calibration system has been developed to enable
quantified residual stress measurement. The system is required to consider a broad range of
variables which may include but are not limited to temperature, conductivity, magnetic
properties, remnant magnetization and sensor liftoff distance and composition of the material
being tested. Measurements may be made based upon a known reference and conditions,
residual stresses within a material may be determined relative to adjacent zones or remote
locations. Through wall stress measurements can be taken while a pipeline is in service,
allowing direct measurement of the material stress state under operating conditions.

Figure E-27 Electromagnetic probe
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E.3.2 Current Status of this Technique
The eStress system has been developed under DOT PHMSA SBIR phase 1 and 2 funding,
with the goal to demonstrate a capability of measuring internal pipe wall stresses. Several series
of prototypes have been developed based upon a single probe configuration, shown in Figure
E-28. The system has been successfully demonstrated to measure residual stress levels
associated with mechanically damaged regions in pipeline steels. Residual stress levels were
measured in low and high strength steel pipeline material and compared to the results of neutron
diffraction data for validation. Shown in Figure E-29 is the G2MT residual stress hand-held
probe for portable testing of structures and materials.

Figure E-28 G2MT preliminary residual stress scanning system for steel pipelines

Further refinement of calibration procedures to increase accuracy of residual stress
measurements is underway in addition to continued development of ruggedized equipment. The
latest prototype for the eStress system uses a flexible probe system, with an array of 64 or more
sensors. The sensor array is in the form of a conformable mat which may be located in an area
of interest for monitoring, or moved from location to location to provide scans of extended areas.
Each of the existing systems requires external pipe access, with static measurements being taken.
Prototype units and testing services to enable monitoring at areas of interest are available.
Additional development is required to complete commercialization. Assessment of the technique
at selected locations before and after remediation, using strain gauge measurements as a
reference, may be helpful in understanding the capabilities of the method.
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Figure E-29 G2sMT residual stress hand-held probe

Figure E-30 Latest prototype of the eStress system from September 2014

CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

E.4

Page 490

Acoustic Birefringence

Acoustical Birefringence is an ultrasonic method of residual stress analysis based upon the
measurement of the propagating velocities of different ultrasonic waves [288, 289].
E.4.1 Working Principle and Description of Technology
The principle of this ultrasonic method requires measurements of velocities of orthogonally
polarized shear waves propagating through the material thickness. The normalized difference
between transverse sound velocities is the acoustic birefringence coefficient B.
𝐵 = (𝑉1 − 𝑉2 )𝑉𝑎𝑣𝑒
Where 𝑉1 and 𝑉2 are the velocities of shear waves along a given path, with 𝑉1 polarized at 90° to
𝑉2 and 𝑉1 being the larger velocity. 𝑉𝑎𝑣𝑒 is the average velocity. It is easier to measure
acoustical birefringence than velocity if it is possible to propagate both polarization waves along
the same path. This would be the case for a plate, or a pipe wall cross section having parallel
faces.

Figure E-31 Schematic diagram of apparatus used for birefringence coefficient measurement

The difference between minimum and maximum velocities is usually less than one percent,
measuring the ultrasonic wave’s times of flight and their difference readily provides the
coefficient of birefringence independent of part thickness.
𝐵 = 2(𝑡2 − 𝑡1 )⁄(𝑡2 + 𝑡1 )
Where 𝑡1 and 𝑡2 are the times of flight relative to both velocities of shear waves
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The resulting measurement provides an evaluation of the residual stress amounts averaged
over the thickness of the sample.
In addition to the use of piezoelectric transducers as described above, EMAT
(ElectroMagnetic Acoustic Transducers) may be used generate the shear waves and SH waves
needed to measure birefringence. EMATs provide additional benefits of not requiring a couplant
and operating through thin coatings.

Figure E-32 Change in the birefringence as a function of plastic strain

E.4.2 Field Applications of Prototype Systems
An implementation based upon EMATS has been under development for several years, in
cooperation with and funded in part by DOT PHMSA and PRCI, with several projects focused
on Mechanical Damage. An example of the system and probe in field tests are shown in Figure
E-33.

Figure E-33 Prototype Strain Measurement System and EMAT probe

In addition to lab testing and measurements, field testing of several prototypes has been
completed on pipe samples, including catenary spans, suspended pipes and wrinkled pipes. An
EMAT system for thickness and stress measurement, the stress measurement based on
birefringence, has been developed by Nichizo Tech Inc. and Osaka University. A set of field
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measurements carried out with this system are shown in Figure E-34. From the graph shown, the
stress would be a result of bending, equal amounts being present on opposite sides of the pipe,
indicating the absence of any externally applied tension or compression. Additional results,
further information, and discussion may be found in the references noted below [290, 291, 292,
293].

Figure E-34 Distribution of axial stress around pipe circumference

E.4.3 Current Status of this Technique
Each of the existing systems requires external pipe access and relatively clean surfaces, with
static measurements being taken. Prototype units and testing services may be available.
Additional development is required to complete commercialization, further assessment of the
technique at selected locations before and after remediation, using strain gauge measurements as
a reference, may be helpful in understanding the capabilities of the method.
E.5

MWM-Meandering Winding Magnetometer

MWM, or Meandering Winding Magnetometer, is an electromagnetic method using an
MWM array, an inductive sensor that operates like a transformer in a plane [294, 295, 296, 297,
298, 299]. A rapid multivariate inverse method converts impedance data into images of surface
geometry and permeability response due to stress and changes in microstructure.
E.5.1 Working Principle and Description of Technology
Developed at MIT in the 1980s, a MWM is an eddy current sensor with a response that may
be accurately predicted using layered models. Applying a time varying current which produces a
changing magnetic field, eddy currents are induced in the material under test in the opposite
direction of the drive current. By measuring the current in the drive winding and the voltage
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produced by the sense elements, the properties of the pipeline material may be estimated. The
MWM geometry may be modeled by assuming the parameters for permeability, conductivity,
steel thickness, and liftoff. The sensor response may be accurately predicted. Of interest for this
application, is the change in magnetic properties of a pipeline material due to applied stress.
Shown in Figure E-35 is a schematic of a MWM with primary (excitation) and secondary
(sensing) windings. Using flexible circuitry techniques, these may be fabricated in any shape or
combination of shapes, allowing sensors to be configured for specific purposes. These may
include windings in a single plane and direction, or layered in directions to accommodate
magnetic fields excitation or sensing in different directions. Individual sensors or larger arrays
may be fabricated, depending upon the method chosen and geometry of the test piece.

Figure E-35 Meandering Winding Magnetometer schematic representation

E.5.2 Current Status of this Technique
Originally targeting military and commercial aircraft engine inspection, the method has been
repackaged for use in pipeline applications. Several DOT PHMSA and SBIR projects have
provided funding for developing systems based upon MWM arrays for application to pipelines.
Field deployable scanners and portable instrumentation have been developed and configured for
pipeline use. Field inspection demonstrations have been carried out with MWM arrays for
Stress Corrosion Cracking (SCC), external surface corrosion imaging, mechanical damage and
stress mapping. Shown in Figure E-36 is an instrument system to support scanning applications.
Continued research is being done in an effort to improve portability and measurement accuracies.
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Figure E-36 GridStation electronics unit and portable MWM array scanner

Present systems are capable of imaging residual stress patterns in mechanical damage areas.
Continued development of procedures to increase accuracy of residual stress measurements is
presently underway. Configurations of MWM sensor arrays have been mounted on ILI tools and
limited pull trials have been conducted. Continued development may result in an ILI prototype.
Existing instrumented systems require external pipe access, with prototype units and testing
services available for monitoring areas of interest. Additional development is required to
complete commercialization. Assessment of the technique at selected locations before and after
remediation, using strain gauge measurements as a reference, may be helpful in understanding
the capabilities of the method.
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Apparent Toughness and Constraint Effects on Toughness
Abstract

The concept of apparent toughness, in particular, the apparent CTOD toughness, is used
throughout this report when the tensile strain capacity is discussed. The practical significance
and theoretical background of apparent toughness is discussed in this appendix.
F.1

Concept of Apparent Toughness

The concept of apparent toughness is the direct result of the observation of the tensile failure
process as described in Section 7.3.2. The apparent CTOD toughness (CTODA) corresponds to
the CTOD at the onset of ductile tearing as indicated by the start of a macroscopically sharp flaw
at the tip of a blunted flaw, see Figure F-37 [300].

s2

s1

CTODA = s1 – s2

Figure F-37 Physical meaning of CTODA shown with a crack-tip profile

An important distinction between the apparent CTOD toughness and the CTOD toughness
from standard three-point bend CTOD test specimens is that CTODA is not purely a material
property, while the CTOD toughness from standard tests is often perceived as a material
property. The standard CTOD tests are done under what is termed “high-constraint” conditions.
In contrast, CTODA is obtained when the flawed structure/specimen is under predominantly
tensile loading. The latter loading condition tends to produce toughness that is higher than the
toughness from standard CTOD test specimens. This dependence of the loading conditions
makes CTODA not a pure material parameter.
F.2

Fundamental Basis of Fracture Mechanics

The fundamental basis of fracture mechanics is the existence of the unique relationships
between the crack-tip fields and the fracture parameters, such as the stress intensity factor K, JIntegral, and Crack Tip Opening Displacement (CTOD). These fracture parameters are uniquely
related to the asymptotic crack-tip stress and strain fields at the crack tip. When such unique
relationships exist, the crack-tip fields of a test specimen can be “transferred” to the structures
being assessed through the fracture parameters, since those parameters uniquely represent the
crack-tip fields. When the crack-tip fields of a specimen or structure are accurately represented
by the asymptotic fields, the fields are referred to as being “dominated” or “characterized” by the
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fracture parameters. The “loss of dominance” refers to the condition that the crack-tip fields of a
specimen or structure deviate appreciably from the asymptotic fields.
To apply the fracture toughness measured from a laboratory specimen to the fracture
assessment of a structure, it is necessary to ensure that the fracture parameter dominates the
crack-tip fields at the event of the fracture. The conditions that lead to the loss of dominance of a
fracture parameter received great attention in the later 1970s and early 1980s. McMeeking and
Parks [301] and Shih and German [302] examined the crack-tip fields of a variety of specimens
and compared them with finite strain solution of McMeeking [303] and the HRR fields [304,
305]. These comparisons led to the single parameter dominance criteria, which in turn were cast
in the form of specimen size validity criteria. These specimen validity criteria have been adopted
in K and J based fracture toughness test standards, e.g., ASTM E 1820.
F.3

Experimental Evidence of the Effects of Constraint

The crack-tip constraint can affect both fracture initiation and ductile tearing behavior.
Figure F-38-Figure F-40 show the variation of fracture toughness as a function of loading mode
(constraint) [306]. The T-stress is as a measure of the crack-tip constraint; positive T-stress
indicating high constraint and low T-stress indicating low constraint. Specimens with high
constraint have a T-stress that is positive or close to zero. Specimens with low constraint, such
as a girth weld with planar flaws under tensile loading, have negative T-stress values. The data
of Figure F-38-Figure F-40 show that the “effective” toughness of specimens with low constraint
(negative T-stresses) can be several times of the toughness of the specimens with high constraint
(positive T-stresses).

Figure F-38 Fracture initiation toughness as a function of crack-tip constraint. The 3PB
represents standard three-point bend CTOD test specimens. The CCT refers to
center-cracked tension specimens with through-wall crack (typical large plate test
geometry). The Jc is a measure of material’s fracture initiation toughness. The
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tested material was a 1960 vantage mild steel plate conforming to specification BS
4360 43A [307].

The constraint can affect the materials’ ductile tearing behavior as shown in Figure F-41 and
Figure F-42. The constraint effect is more pronounced at high degree of ductile tearing. The
increase in the tearing resistance should be beneficial, perhaps even necessary in establishing
realistic strain limits of modern ductile girth welds.
The constraint effects may be observed in the form of fracture toughness transition curves, as
shown in Figure F-43 for X60 linepipe materials [308]. At any given temperature, the toughness
of low constraint specimen is higher than that of high constraint specimen.

Figure F-39 Fracture initiation toughness as a function of constraint. The tested material was
an ASTM A515 Grade 70 steel [309].
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Figure F-40 The toughness variation as a function of the constraint parameter T-stress for an
A106 Grade B material [310].
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Figure F-41 Fracture toughness variation as a function of constraint at different amount of crack
growth. The SCP refers to surface-cracked plate loaded in tension. The tested
material was ASTM 710 Grade A steel [311].

Figure F-42 J-R curves for high-constraint (CTsg) and low-constraint (CCTsg) specimens. The
tested material was a pressure vessel steel StE 460 [312].
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Figure F-43 An example of transition temperature shift due to the constraint effect of linepipe
materials [308]. The three-point-bend specimens are of high constraint, whereas
the SEN(T) specimens are of low constraint.

F.4

Validity Limit of Fracture Toughness

A unique relationship between the crack-tip fields and the fracture parameters exists when
the crack-tip plasticity is well-contained within the boundary of the specimens and/or structures.
For fracture mechanics test specimens, such a unique relationship is enforced by specifying
specimen “validity limit” as expressed in the following format:
J / 0 

L

 cr

,

where L is the specimen ligament size, and μcr is 25 for a bend specimen [313] and 200 for a
tension specimen with through wall crack [314, 315]. The fracture mechanics parameter J may
be converted to CTOD through the following relation [316]:
 = ( 0 .5 − 0 .7 )

J .
0

If the ligament size L of a standard CTOD specimen is 25 mm (equivalent to tests done on a
25-mm wall thickness pipe), the maximum “valid” CTOD is 0.5-0.7 mm for bend specimens and
less than 0.1 mm for tension specimens.
F.5

Toughness at the Point of Tensile Failure

When the crack-tip profiles of large-scale test specimens are observed, the CTOD values
associated with the final failures are well above 0.5 mm, often in the range of 1.0-2.0 mm [317,
318]. These values are much greater than the single-parameter “valid” CTOD value (0.1 mm or
less). This demonstrates that the single fracture parameter characterization of girth weld
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toughness typical of stress-based design is no long rigorously valid for strain-based design. The
concept of apparent toughness is therefore necessary to highlight that the toughness
representation is not strictly a material parameter anymore. The apparent toughness represents
the combined effects of the intrinsic material toughness and the structural behavior. Therefore, it
should be expected that the value of the apparent toughness may be dependent on the flaw size
and other structural features, such as dimensions and even material’s tensile properties.
F.6

Appropriate Values of Apparent Toughness

When the crack-tip profiles of large-scale test specimens under tension are observed, the
CTODA is often found at well above 0.5 mm, often in the range of 1.0-2.0 mm, for modern
mechanized GMAW welds [300]. Tests of girth welds made in the 1950s-1960s showed that the
CTODA has a range from 0.3 mm to well over 1.0 mm, with an average above 0.6 mm [135].
More extensive coverage of typical CTODA values is given in Section 5.
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Nomenclature
Terms
Strain-based design (SBD)

Strain based design (SBD) is a pipeline design
methodology with specific goals of providing safe and
reliable service when such a pipeline is subjected to
longitudinal strains with magnitudes greater than 0.5%. It
does not replace design requirements based on the
maximum hoop stress criteria of 49 CFR Part 192.

Strain capacity (SC)

Strain capacity is the longitudinal strain limit of a pipe
and/or girth weld at the point of an incipient failure event,
such as a leak or rupture with accompanying loss of
pressure containment, loss of structural stability, or creation
of features that may have long-term negative consequences.

Strain demand (SD)

Strain demand is the longitudinal strain imposed on a
pipeline by its surrounding environment

Strain demand limit (SDL)

Strain demand limit is a specific longitudinal strain demand
value that cannot be exceeded. The strain demand limit is
set by (1) either multiplying the strain capacity by a factor
less than 1 or (2) strain capacity minus a finite value.

Tensile strain capacity (TSC)

Tensile strain capacity (TSC) is the strain capacity under
tension stress/load.

Compressive strain capacity (CSC) Compressive strain capacity (CSC) is the strain capacity
under compressive stress/strain. CSC is often defined as
the maximum longitudinal compressive strain when the
pipe segment reaches its maximum bending moment under
lateral bending or its maximum compressive load under
compression. Reaching CSC generally does not lead to
immediate loss of pressure containment if the pipe is
restrained from further deformation. The consequence of
exceeding CSC varies, depending on the mechanical
properties of the pipe and welds, site-specific support
conditions, and operational conditions of the pipeline.
Uniform strain

Uniform strain is the engineering strain corresponding to
the ultimate tensile strength in an engineering stress vs.
engineering strain plot.

Small-scale testing

Typical small-scale testing includes uniaxial tension test,
uniaxial compression test, single edge notched bending
(SENB) test, single edge notched tensile (SENT) test,
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Charpy V-notch (CVN) impact test, cross-weld tensile test,
etc. The dimensions of typical small-scale test specimens
range from a few inches to tens of inches. The specimens
are usually light enough that they can be handled without
the use of lifting equipment.
Medium scale test

One of the typical medium-scale tests is a curved wide
plate (CWP) test. The test specimen is a curved piece of
pipe with a nominal gauge width of 200 mm (8 in) to 450
mm (18 in) and a nominal length of 4-5 times of the gauge
width. The specimen usually has a girth weld in midlength and is pulled in the longitudinal direction. A
machined notch or fatigue-sharpened flaw is usually placed
in the weld or heat-affected zone to simulate welding
defects.

Full-scale test

A full-scale test involves a full-size pipe. The test may be
performed with or without internal pressure. The pipe can
be loaded in longitudinal tension, longitudinal compression,
lateral bending, or combination thereof.

Stress/strain relief
Abbreviations
CTOD

Crack tip opening displacement

CTODA

Apparent CTOD toughness

CTODF

Crack driving force measured in CTOD

FE

Finite element

FEA

Finite element analysis

IMU

Inertial measurement unit

SSC

Stress-strain curve

UTS

Ultimate tensile strength

YS

Yield strength

Symbols
D

Pipe outside diameter (OD)

t

Pipe wall thickness

A

Apparent CTOD toughness

F

Crack driving force measured in CTOD

Organizations
CRES-2012-M03-01

Center for Reliable Energy Systems

February 28, 2017

Management of Ground Movement Hazards for Pipelines

Page 503

ASME

American Society of Mechanical Engineers

CRES

Center for Reliable Energy Systems

PRCI

Pipeline Research Council International
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