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movement hazards.  Although every effort is made to ensure the highest quality of the data, 

information, methodology, et al, presented in the report, the information may not be complete.  

Methods of evaluating and responding to ground movements vary according to the 

characteristics of the ground movements, locations, regulations, company policies, and other 

factors that affect the approach(es) selected.  The processes and approaches reviewed, proposed, 

or recommended represent the experience and knowledge of the contributors and are not 

intended to be all encompassing.  They should not be interpreted as prescriptive and/or 

mandatory requirements, nor standard practice.  Certain emerging technologies are covered to 

illustrate possible tools and methodologies potentially available in the future.  Their effectiveness 

should be proven before application. 
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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 ñdesign limitò 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 heat-

affected 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 ñweed-outò 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:  

Å FFS procedures under small tensile strain,  

Å FFS procedures under moderate to large tensile strain, and  

Å FFS procedures under compressive strain.   

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

Å Applicability and limits, 

Å Fundamental basis, 

Å Key considerations and key input parameters to the procedures, and 

Å 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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1 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 ñdesign limitò 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 weldsô 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 (heat-

affected 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 pipeôs 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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Figure 1-5   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 

 



Management of Ground Movement Hazards for Pipelines Page 7 

CRES-2012-M03-01 
February 28, 2017 

 
Center for Reliable Energy Systems 
 

 

Figure 1-9   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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1.3 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 donôt 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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1.4 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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2 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/operatorôs 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.   



Management of Ground Movement Hazards for Pipelines Page 13 

CRES-2012-M03-01 
February 28, 2017 

 
Center for Reliable Energy Systems 
 

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 pipelineôs 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. 

2.3 Potential Geologic Hazards that May Affect Pipelines in North America 

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 ñmovement of a mass of rock, 

debris, or earth down a slope,ò 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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Figure 2-2  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] 
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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 

Á 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). 

Á General Scour: lowering of the bed elevation in a reach due to channel 

constriction (e.g., armored pipeline crossing). 

Á 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). 

Á 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 

Á 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).  

Á 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. 

Á Meander loop cutoffs:  is a special case of bank erosion, where a long 

meander bend exists and flow ñshortcutsò 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 operatorôs 

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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Figure 2-6  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].  

OôRourke 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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Figure 2-9  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 wind-

blown (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]: 

¶ 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) 

2.4 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 hazardôs 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 ñslumpò 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 ñslips.ò 

Spreads are defined by Cruden and Varnes [25] ñas 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.ò  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 ñflowò 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 Movement 

Type of Material 

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 ñcomplex, extremely rapid, dry, rock fall-debris flowò [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 ñcreepò 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 movementôs 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 run-

out, 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 cross-

section 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 

ñpistol-buttedò 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 
Cause/Trigger (Italics indicate common triggers) 

Geological 

¶ 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  

Morphological 

¶ 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) 

Physical 

¶ 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 

Human-caused 

¶ 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 
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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 deep-

seated, 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 Earthôs 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 cover-

collapse 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 ñsubterranean erosion of surficial materials by flowing groundwater that 

results in the formation of tubular conduits due to the removal of particulate matterò [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 13-

year 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-and-

pillar 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 room-

and-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].    



Management of Ground Movement Hazards for Pipelines  Page 64 

CRES-2012-M03-01 
February 28, 2017 

 
Center for Reliable Energy Systems 
 

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 














































































































































































































































































































































































































































































































































































































































































































































































































































































































