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Executive Summary

Pipeline abandonment occurs when a pipeline is permanently removed from service at the end of
its useful life. Pipelines removed from service may be either abandoned in place, or they may be
excavated and physically removed. The potential impacts of either approach require
consideration.

Abandoned pipelines may not have operational cathodic protection systems. This allows the pipe
material to corrode with time, and the pipeline loses structural integrity. The pipe wall of an
abandoned pipeline is not needed to contain product, as it is in service, but it is necessary to
support the weight of the soil overburden and any traffic over the pipe. A pipeline that degrades
sufficiently due to natural corrosion processes could, in principle, collapse under the weight of
soil above the pipe and any traffic, if present. The traffic may be vehicular if the pipeline crosses
under roads, rail lines, or it may be agricultural equipment if the pipeline crosses farmland.

The objectives of this project were to develop corrosion rate, structural integrity and soil collapse
models to better understand the susceptibility of buried onshore pipelines to collapse following
abandonment and long-term corrosion degradation.

In general terms, predictions indicate pipelines maintain sufficient structural integrity to resist
collapse due to personal or vehicular traffic for a large number of years. The word “large” is
relative and will change based on specific circumstances, but, for most cases, is in the order of
hundreds to thousands of years.

To support these predictions, a literature review was performed to identify corrosion and
structural integrity studies relevant to the development of predictive models to understand the
degradation and collapse of abandoned pipelines. Several industry studies have been performed
by other researchers that are directly relevant to this program. The data generated and the models
developed by these studies were reviewed.

Soils data generated by the National Bureau of Standards (NBS) were used to develop a
corrosion rate model that is considered suitable for the pipeline abandonment program. The

model is based on a parabolic rate law, and provides a reasonable upper bound estimate for
corrosion rate calculations. The model can be modified easily to account for average or lower

bound corrosion rate conditions. The methodology of the model was discussed. Examples and
plots are provided to demonstrate the use and sensitivity of the model.

Established structural integrity and soil mechanics equations, developed primarily by the civil
engineering industry and academia, were combined to develop a structural model considered
suitable for the pipeline abandonment program. The model is based on the assumption that soils
loads and live loads acting above the pipe will lead to either plastic or elastic collapse of the
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pipeline at a critical load. The critical load acting on the pipe to cause this collapse is considered
the load bearing capacity of the pipeline. The model can be modified to account for dry or wet
soils, jacked installation of the pipeline, and personnel or vehicle traffic. The methodology of the
model were discussed. Simple examples and plots are provided to demonstrate the use and
sensitivity of the model.

As shown by the analytical results of this study, the predicted time to collapse will vary
depending on a number of variables, including (i) pipeline diameter, wall thickness and yield
strength, (ii) soil type and soil properties, and (iii) pipeline depth of cover. Accordingly,
analytical predictions have to be made on a case-specific basis using applicable pipeline and soll
data.

The analysis suggests that a medium diameter pipeline situated in stable soil and at typical depth
would support a personal truck for approximately 9,000 years before collapse. On the other hand,
in a situation where a large diameter pipeline is buried at very shallow depth in extremely poor
soil conditions, the pipeline may collapse under the weight of a truck in the time of
approximately 100 years.

Note that the above examples assume the pipelines are not coated and the bare steel surface is
free to corrode. Generally, this is an inherently conservative assumption because there is no
coating to retard the degradation of the pipe steel. If a coating were present, as is typically the
case, the model would predict a higher load bearing capacity and / or a longer time to collapse. In
some cases, corrosion rates can be faster at areas of coating disbondment than for a bare pipeline.

The corrosion rate and structural integrity models can be combined in a practical way to
determine the load bearing capacity of the pipeline as a function of time. Instructions and
examples are provided in the use of the models. In addition, both bare steel pipelines and
pipelines with coating and partial disbondment were considered and discussed.

A geometric model was developed to estimate the depth of soil subsidence in the event that a
pipeline does collapse. The predicted depth of subsidence is highly variable depending on
pipeline diameter, burial depth and solil type, but is generally expected to be less than 10 cm. At
the very extreme, the predicted depth of subsidence could be up to about 40 cm for a large
diameter pipeline buried at shallow depth in poor soil conditions. The area of disturbance would

be much wider than the pipeline diameter due to the behavior of soil above the pipe.

The models developed within this study need further development and refinement.
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1.0 BACKGROUND

Pipeline abandonment occurs when a pipeline is permanently removed from service at the end of
its useful life. Pipelines removed from service may be either abandoned in place, or they may be
excavated and physically removed. The potential impacts of either approach require
consideration.

Abandoned pipelines may not have operational cathodic protection systems. This allows the pipe
material to corrode with time, and the pipeline loses structural integrity. The pipe wall of an
abandoned pipeline is not needed to contain product, as it is in service, but it is necessary to
support the weight of the soil overburden and any traffic over the pipe. A pipeline that degrades
sufficiently due to natural corrosion processes could, in principle, collapse under the weight of
soil above the pipe and any traffic, if present. The traffic may be vehicular if the pipeline crosses
under roads, rail lines, or it may be agricultural equipment if the pipeline crosses farmland.

Various regulatory and industry bodies have collaborated to discuss technical and environment
issues related to pipeline abandonment. In 1996, representatives from the Canadian Association
of Petroleum Producers (CAPP), the Canadian Pipeline Association (CEPA), the Alberta Energy
and Utilities Board (AEUB) and the National Energy Board (NEB) prepared a Discussion
Paper[1] outlining technical and environmental considerations relevant to pipeline abandonment.
The paper considered ground subsidence, and discussed the effects of corrosion of pipe material
and soil mechanics on the likelihood and consequences of soil collapse. Data provided indicated
corrosion on less than 1% of the pipeline surface area, due to the presence of a generally intact
corrosion protection coating. However, the report did not discuss coating degradation over time.
The conclusion was that pipelines would take several decades or more to lose substantial
structural integrity. The supporting modelling concluded that collapse of pipelines of 323.9 mm
(nominal 12 inch) diameter or less would lead to negligible subsidence.

A 2007 report [2] by the Terminal Negative Salvage Working Group and Steering Committee of
CEPA reiterated the issues of concern raised by the 1996 NEB study. In late 2007, the NEB
established the Land Matters Consultation Initiative (LMCI) to consider land related matters with
input from various stakeholders. The LMCI worked with various industry members and land
ownership groups to increase understanding between parties and identify areas of improvement.
An outcome of their work was a “roadmap for change” to achieve a balance amongst
stakeholders’ concerns. In 2010, the NEB commissioned a literature review to summarize known
technical issues related to pipeline abandonment and to identify knowledge gaps for future
study [5]. The review recommended several future studies, including work on corrosion rate
modelling and degradation of pipelines, structural modelling of pipelines and soil collapse
modelling.
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The Petroleum Technology Alliance of Canada (PTAC) was established in 1996, as a not-for-
profit association to support Canada’s hydrocarbon energy industry leadership through
innovation and technology development. PTAC and CEPA established the Pipeline
Abandonment Research Steering Committee (PARSC) to guide research to address knowledge
gaps identified by the NEB 2010 study. In March of 2013, the PARSC issued a request for
proposals to commission research projects on three topics. One of the topics; PARSC 001
“Understanding the Mechanisms of Corrosion and their Effects on Abandoned Pipelines” is the
subject of this report.

The PARSC 001 Project Description identified three sub-projects:

1. Validation of Corrosion Models for Abandoned Pipelines.
2. Structural Integrity Study.

3. Collapse of soil under different void sizes, soil types, and depth of pipeline cover — definition
of research scope.

The three sub-projects are inter-related, and it was proposed by DNV that all three sub-projects
would be performed concurrently. The advantage of this is that all three sub-projects are
developed with a common philosophy, and can be used together.

The first of the sub-project relates to corrosion models, with the goal to develop an estimate of
the degradation of the pipe material as a function of time. The second sub-project relates to loss
of structural integrity as the pipe degrades. By combining the two sub-projects, it becomes
possible to develop a model in which the structural integrity of the pipe can be estimated as a
function of time. If the pipe structural integrity degrades sufficiently, the pipe may collapse
under the weight of soil above the pipe and vehicle traffic, if present. By studying soil collapse
as part of the third sub-project, it then becomes possible to estimate the susceptibility to soil
collapse as a function of time. It was also considered by DNV that the structural integrity of the
pipe and the soil void would be contingent on one another and these two sub-projects should be
developed together. Although the three sub-projects required different expertise (ie. corrosion,
structural integrity, soil mechanics), the development of a single, unifying model is considered
by DNV to be of overall benefit.
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20 METHODOLOGY
The three sub-projects were developed as follows:

2.1  Sub-Project 1 — Validation of Corrosion Models for Abandoned Pipelines

The first stage of Sub-Project 1 was to perform a literature review of relevant corrosion models.
The information, and particularly the lessons learned during the development of the models, was
compiled as a starting point for the continued model development. Both external and internal
corrosion were considered.

The California State Department of Transportation [11] analyzed data from perforated culverts
and developed a model to estimate the time to perforation as a function of soil pH and resistivity.
This model could be adapted to thicker wall pipelines that are of particular interest to the
program. The model was reviewed and modifications were considered to improve its
applicability to thicker wall pipe.

Another approach was to consider the generic corrosion rates of steels in various soils. The
National Bureau of Standards performed extensive research in the 1950’s and a summary of the
work is available [17]. This work was reviewed and considered with respect to modelling of
corrosion rates in abandoned pipelines. Analysis of the data allowed corrosion rates to be
estimated as a function of soil properties. Soil types were grouped by corrosivity and a generic
rate determined for each group. Models were developed that consider both general wall loss and
pitting.

It is also of interest to consider internal corrosion. Moisture accumulation at the bottom of pipes
is a known corrosion issue for pipes in service. However, loss of metal at the bottom of the
pipeline will not necessarily lead to loss of structural integrity, and this was considered during
the structural integrity study.

Models, whether developed or modified, will need to be validated using data from pipelines that
have previously been abandoned. This requires both review of available documentation, and a
continued effort to collect information as abandoned pipelines are inspected in the future.

An issue of tacit interest to the program is coating degradation. The majority of underground
pipelines are protected from corrosion by both a corrosion resistant coating and a cathodic
protection system. Abandonment of a pipeline may lead to a loss of cathodic protection, but will
not lead to an immediate loss of coating integrity. Corrosion rates at areas of disbonded coating
were determined during the development of the models. However, the proportion of a pipeline
that is un-coated is low, likely less than one percent. Corrosion at areas of disbonded coating
may lead to the coalescence of adjacent corrosion anomalies and/or perforation. Consequently,
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the structural integrity of the pipe would be degraded and the eventual structural collapse of the
pipe and soil is possible.

2.2 Sub-Project 2 — Structural Integrity Study

The first stage of Sub-Project 2 was to perform a literature review of similar industry studies on
structural integrity. The models developed for these standards were reviewed and their
applicability considered. Both general wall loss and pitting were considered. Given that most
pipelines are coated, it is unlikely that general wall loss is the primary issue of interest. The
structural integrity of pipelines containing multiple small perforations is considered more
realistic.

Fitness for service assessments, such as those described by API579-1/ASME FFS-1 [45], are
typically focused on pipelines subject to internal service pressure. However, they do consider
pipelines subject to external pressures, and in some cases, consider elastic collapse under
hydrostatic pressures. In the case of abandoned pipelines under soil loading, the loads are not
hydrostatic, and this must be considered in the assessment. Loads from soil weight and vehicle
traffic lead to a downwards force on the pipe. The soil at the sides of the pipe acts to constrain
the pipe and prevent collapse. The stress acting on the top of the pipe and in the wall of the pipe
can be estimated using established models. Soil mechanical properties become important to the
assessment.

Existing models were considered and modified as appropriate to address the issue of pipeline
collapse. The models developed were combined with the results of the corrosion modelling work
to develop a model that estimates the time to collapse of a given pipeline, as a function of soil
properties, and pipeline dimensions, depth of cover and surface loads.

2.3  Sub-Project 3 — Collapse of Soil under Different Void Sizes, Soil Types and
Depth of Pipeline Cover — Definition of Research Scope

In the event that there is sufficient load acting on a pipe to cause collapse, the soil would collapse
into the void of the empty pipe. It is of interest to the study to estimate how deep the soil would
collapse. A simple geometric model was developed to determine the depth as a function of pipe
diameter and depth of cover.

The goal of Sub-Project 3 was to define and propose research scopes to validate the structural
integrity and soil collapse models. Three methodologies were proposed (by PTAC) to study soill
collapse. These methods were to examine previously abandoned pipelines, bury and remove
lengths of pipe to monitor soil collapse, and build physical soil models with voids and test in
centrifuges. Additional methodologies were proposed by DNV. These were to test soil void
collapse in a laboratory, and to model soil void collapse using finite element analysis. These
methodologies are not discussed further in this report.
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3.0 LITERATURE REVIEW
3.1 Corrosion Rates of Steels in Soil
3.1.1 The Fundamentals of Corrosion

Corrosion is the degradation of a metal due to natural electrochemical reactions. Electrochemical
reactions consist of two “half-cell” reactions; the anodic reaction and the cathodic reaction. The
anodic reaction involves a loss of electrons, and is referred to as “oxidation.” In the case of steel,
iron dissolves to form either ferrous Pe or ferric (F&") cations, depending on the
environmental conditions. The cathodic reaction involves a gain of electrons, and is referred to as
“reduction.” In the case of steel, the cathodic reaction is typically the reduction of oxygen, if the
environment is aerated, or reduction of water if the environment is deaerated. In acidic
environments, hydrogen ions may be reduced and gas evolved. The two electrochemical half
reactions occur in parallel.

Pipelines are typically protected from corrosion by both corrosion resistant coatings and
impressed current cathodic protection (CP) systems. The corrosion resistant coating provides a
barrier to water, which is necessary to act as an electrolyte to support the corrosion reactions and
to provide the chemicals necessary to drive the reactions. All coatings contain defects, referred to
as holidays, and corrosion can potentially occur at these defects. Coatings degrade with time and
the population of defects increases with time. CP prevents corrosion at these coating holidays.
The CP system takes advantage of the electrochemical nature of the corrosion reactions. The
system provides excess electrons to the pipe steel surface, in effect counter-acting the natural
tendency of the steel to corrode. In addition to coating defects, corrosion may also occur when
electrolytes are present under disbonded coating, where cathodic protection is shielded from
reaching the pipe steel surface. If a pipeline is removed from service and abandoned in place, the
CP system may also be removed from service. This allows the natural corrosion reactions to
occur. However, corrosion will only occur at areas of damaged coating, where water is in direct
contact with the pipe surface.

3.1.2 The Soil Environment

Corrosion of steels in soils is a complex phenomenon, due to the many factors that contribute to
corrosion and the many varieties of soil that exist in nature. Figure 1 is a schematic of a pipeline
buried in soll, illustrating the local environment. The pipe surface is surrounded by soil. If the
pipe is below the water table, then water is in direct contact at all times. If the pipe is above the
water table, the pipe is only in contact with water from “gravitational” water from surface run-off
or precipitation. The pipe surface is also surrounded by oxygen, either dissolved in the water or
diffusing into the soil from the surface. The dissolution of carbon dioxide in water can also be an
important contributing factor in the development of corrosion. Given the importance of water,
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oxygen, and carbon dioxide to the corrosion reaction, it is important to corrosion rate predictions
that the environment is well understood.

Soils can be classified as organic or inorganic. Organic soils are found in peats, bogs, and
swamps, and so have a high water content. They consist of decaying organic matter and
inorganic matter weathered to various particle sizes. Inorganic soils consist primarily of the
inorganic matter and are generally classified by their particle size. Coarser soils are referred to as
“sands”, moderate soils as “silts” and finer soils as “clays.” Soils with a range of particle sizes
are referred to as “loams.” Figure 2 is a ternary diagram describing soil types by their
characteristic particle sizes [18].

The particle size has an influence on the corrosion rate of steel due to the soil permeability. The
coarse sands have a higher permeability, allowing oxygen and water to flow easily. This allows
water to drain away from the pipe surface and allows oxygen to replenish during the corrosion
reactions. The fine clays have lower permeability, decreasing flow rates of both water and
oxygen. The fine pores may lead to capillary action, drawing water into the clays. Soils become
waterlogged, decreasing the available oxygen. This leads to anaerobic conditions.

The mineral contents of the soils tend to trend with the particle sizes. Coarse sands consist of
guartz, carbonates and feldspars. Finer soils consist of feldspars, mica and mineral clays. Quartz
soils tend to be inert. Soils formed from limestones and dolomites contained dissolved
carbonates, which tend to buffer electrolytes to alkaline conditions. This allows passive layers to
form, which protects the underlying steel from further damage. Carbonates may precipitate
scales on pipe surfaces and decrease corrosion rates. Soils containing fine mineral clays have
higher surface energies per unit volumes that coarser soils and this has an effect on
electrochemistry at the particle-water interfaces.

Climate can also affect soil composition. Arid, tropical, temperate and arctic regions have
different precipitation. This affects the dilution and precipitation of various salts, and can affect
the acidity or alkalinity of the soil. In addition, the temperature can have a significant influence.
Temperature not only affects the rate of chemical reactions, but can also affect the chemistry of
the soil. Cold conditions in arctic environments can freeze water, segregating salts and creating
highly saline regions.

As discussed above, there is a diverse range of possible soil types. Soils differ by organic
content, moisture, particle size, mineral content and salt content. These differences must be
considered to predict the corrosion rates of steels in various soils.
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3.1.3 Corrosion Rates in Soil

Water and oxygen both play key roles in the corrosion reactions. Dry soils are typically not of
concern for corrosion. Wet soils are of concern, and the water content can influence the
corrosion mechanisms. Soils with low water contents (<20%) are subject to pitting corrosion,
whereas soils with higher water contents (>20%) are subject to general corrosion [6]. However,
if water saturates the soil, oxygen availability is decreased, and corrosion conditions might
change from aerobic to anaerobic conditions. The cathodic reactions supporting the process
change from oxygen reduction to water reduction. This affects the acidity or alkalinity of the
environment. Table 1 is a classification of corrosivity based on drainage [11].

In some cases, there is variation in aeration and moisture content in different areas of the
pipeline. This can lead to the development of macro-cells. If one area of the pipeline is anodic
relative to another (cathodic) area of the pipeline, then a corrosion cell is formed. For example,
this may occur if the top of the pipe is dry and aerated, and the bottom of the pipe is wet and
deaerated. In this case, the cell drives corrosion on the bottom of the pipe. The most severe
corrosion occurs under these conditions and is reflected in the corrosivity classifications shown
in Table 1.

The pH is a measure of the acidity or alkalinity of the soil. Lower pH soils (~ 4) are acidic.
Corrosion rates of steel are typically higher, as the acid dissolves protective films that form on
the metal. If the pH is low enough, the metal dissolves and the reaction evolves hydrogen. The
evolution of hydrogen removes hydrogen ions from the solution and raises the local pH. Higher
pH soils (~ 10) are alkaline. Corrosion rates are typically low, as the hydroxides in the water
precipitate to form protective, or “passive”, layers on the metal surface. Neutral, or near-neutral
pH soils (~ 6 to 8) have moderate corrosion rates. The corrosion rates are sensitive to the ion
contents, oxygen availability and resistivity of the water and soil.

Soil resistivity is another way to categorize soil corrosivity. Lower resistivity typically is
associated with higher concentrations of corrosive anions, such as chloride, and leads to severe
corrosion; whereas, higher resistivity leads to milder corrosion. Table 2 is a classification of
corrosivity based on resistivity [41]. Table 3 provides typical resistivity ranges for various soil
types and water types [11].

King [8] developed a nomogram to relate the pH and resistivity to corrosion rates of steels,
see Figure 3. It allows one to estimate a pitting rate (in mm/year) and a weight Idége@/m

as a function of resistivity and pH. The nomogram does not consider the electrical potential or
the role of microbial activity.

The relationship between ion content and soil corrosivity is not direct. Some ions have additional
effects on corrosion mechanisms that influence corrosion rates. For example, the presence of
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calcium (C&") or magnesium (M) cations can decrease corrosion rates by precipitating
carbonates and forming passive steel surfaces. The presence of chlof)dess@fates (S&)

can lead to more severe corrosion of bare steel surfaces. Chlorides destabilize protective films
and can results in pitting of the steel. While Table 1 and Figure 3 can be used as guidelines, they
are not directly applicable to all soil environments.

The corrosivity of a soil can also be estimated by the oxidation-reduction potential. In aerobic
conditions, the oxygen content of the soil is high, leading to higher potential and lower
susceptibility to corrosion. In anaerobic conditions, the lower potential leads to higher
susceptibility. Table 4 is a classification of soil corrosivity based on oxidation-reduction
potential [7]. As described above, variation in aeration of soils on different parts of the pipeline
can lead to macro-cells. Deaerated areas, such as lengths of pipe under roads, become anodic
relative to aerated areas, and this drives corrosion in the deaerated areas. In addition, it should be
noted that the application of CP systems leads to beneficial low potentials by artificially drawing
the potential of the pipeline down and forcing cathodic reaction on the steel surface.

Another factor that may play a role in corrosion of pipeline steels is the presence of microbes.
Various types of microbes are known to contribute to pipeline corrosion reactions. Two of the
more common types that contribute to corrosion of buried pipelines are acid producing bacteria
(APBs) and sulfate reducing bacteria (SRBs). Both types of bacteria may be present in organic
soils. APBs have metabolisms that produce acid and contribute to corrosion by decreasing the
pH of the local environment. The acid dissolves the steel. SRBs have metabolisms that reduce
sulfates in the environment to form hydrogen sulfide. Sulfate reduction is more common in
anaerobic environments.

3.1.4 Culvert Service Life Prediction Models

Several states’ departments of transportation have developed corrosion rate models to estimate
the service live of culverts. They are based on a chart developed by the California Department of
Transportation in 1972 [11]. The chart was compiled from corrosion rate data derived from the
inspection of over 7,000 culverts. The basic form is illustrated in Figure 4.
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The California DOT method bases its service life predictions on the pH and resistivity of the soil.
The soil properties are considered representative of the ground water in the culvert. Two models
are included in the chart, one for acidic soils and one for neutral or alkaline soils, specified as pH
>7.3. For the acidic soils, service life increases with increasing resistivity and increasing pH. The
relationship between service life and environment is described by:

Equation 1: SL, = 17.24 - [logR — log(2160 — 2490 - logpH)]

where:
SL, service life in years (base)
R resistivity 2cm)

The base service life assumes a 16 gauge steel culvert (that is, 1/16 inch, or 1.59 mm). If a
thicker gauge is used, a multiplication factor is applied to the base service life. The
multiplication factor can be approximated as linear with gauge thickness, but some researchers
[11] have proposed a power law relationship, as the corrosion rates are observed to decrease with
time for the thicker gauges. If the steel is coated, a constant service life length is added to the
estimate. The constant varies for different coating types.

For neutral to alkaline soils (pH >7.3) a different relationship is used:
Equation 2: SL, = 1.84 - R%41
Both the acidic and alkaline relationships are illustrated in Figure 4.

The California DOT model is based on the “service life” which requires a clear definition. Two
levels of corrosion damage are defined; (a) the time to first perforation, and (b) the time to loss
of function. The time to first perforation has been statistically correlated to an average thickness
loss of 13%. The time to loss of function is defined as an average thickness loss of 25%, so
approximately twice the time to perforation.

The California DOT model has been statistically analyzed and shown to be approximately
valid [11]. However, service lives vary 10 years from the models predictions. Several other
state authorities (Arizona, Colorado, Utah) and industry associations (American Iron and Steel
Institute) have offered modifications to the basic model. The AISI model predicts service lives
twice as high as the California DOT model, and is generally considered as non-conservative.

It is important to recognize that the culvert models developed and used by the various state
DOTs are based on the assumption that the culverts have water and air flowing through them
during their service lives. The corrosion of interest is primarily internal corrosion, due to water
flow through the culvert, though corrosion may be present on both the internal and external
surfaces of the culvert. In the case of abandoned oil and gas pipelines, it is assumed there is
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minimal water on the inside of the pipeline. If the ends are capped, then no water or air flows.
Water may accumulate in pipelines if perforated by corrosion, but this is likely to be a minimal
amount and will not occur until many years after the pipeline has been abandoned. There is
minimal oxygen present and this restricts the corrosion reactions.

The corrosion of interest to abandoned pipelines is external corrosion. Pipelines typically have a
corrosion resistant coating on the outside, and these coatings may degrade with service and time.
However, industry estimates are that the area of disbonded coatings is of the order of one percent
of the pipe surface. This means that only one percent of the external surface of the pipe is subject
to corrosion. This suggests the culvert models would be extremely conservative if used as life
prediction models for pipelines.

3.1.5 National Bureau of Standards Test Data

The (US) National Bureau of Standards (NBS) initiated an extensive series of tests in 1922 to
measure corrosion rates of various metals and alloys in a number of soil environments. The
results of the eighteen year study (1922-1940) were published by the NBS in 1957, and later by
the National Association of Corrosion Engineers (NACE) in 1989 [17].

The NBS program involved burying various metals and alloys in the soils for extended periods
of time. Multiple test samples were buried at each location. At pre-determined time intervals, one
sample was retrieved from each test site, with the remaining samples left in place. The test
samples were weighed to determine mass loss, and maximum penetration depths were measured.
The resulting data was tabulated for reference. The study is one of the largest and most
comprehensive programs ever performed to measure corrosion rates in soils.

The metals and alloys studied included several ferrous alloys, including wrought and cast irons,
plain carbon steels and low-alloy steels. The NBS report provides manufacturing process and
chemistry of each alloy.

The soils studied were the native soils in over 150 test sites from around the United States. The
soils were analyzed for chemistry. Measurements included pH, total acidity, and the
concentrations of sodium, potassium, calcium, magnesium, carbonate, bicarbonate, chloride and
sulfate ions. The resistivities of the soils were measured. The local climatic conditions were
recorded.
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The NBS report provided simple numerical analyses to quantify the corrosion rates. Linear
regression analyses were performed on data sets to confirm that data fit an equation in the
general form:

Equation 3: d=k-T"
where:
d depth of penetration of the deepest pit
k curve fit coefficient
T time
n curve fit coefficient

Several other researchers have also used this general form of equation in describing corrosion
rates [19-25].

The National Institute of Standards and Technology (NIST, formerly the NBS) performed more
rigorous statistical analyses more recently, in 2007 [18]. The analyses identified several trends
in the data, but the uncertainties associated with the calculations were significant. The analysts
concluded that an “estimation of corrosion damage distributions and rates can be developed from
these data, but these models will always have relatively large uncertainties that will limit their
utility.” Figure 5 is a selection of plots prepared during the statistical analysis of the NBS soils
corrosion data. Without going into detail on the different types of corrosion rate measurements,
the significant scatter evident in the data indicates the difficulty in developing accurate models.

3.2 Structural Integrity of Buried Pipelines

Predicting the structural integrity of an abandoned buried pipeline requires understanding of the
behavior of both the soil and the buried pipeline. Soil has several properties that are important to
the corrosion of the underlying steel pipe surface, as discussed above. Soil pH, water and oxygen
content, and salt content influence to corrosion rates. For the soil mechanics component of the
modelling, the soil density, cohesion, modulus and bedding factor become important. These
properties depend, in part, on the soil type, environment, and how the pipeline was installed
during construction. The pipeline also has properties that differ for the corrosion and structural
integrity modelling components. For the corrosion modelling, only the wall thickness is
considered. For the structural integrity modelling, the diameter and pipe material are important.
The pipe steel, and any coatings or liner on the pipe, must be considered.

The behaviour of soils subject to loads is described by soil mechanics. The properties are highly
dependent on the type of soil (sand, silt, clay, etc.), and the water content. The coarser and drier
soils, for example, desert sands, tend to have more fluid-like properties. The soils do not resist
mechanical loads in shear, and this allows the particles to move and the soil to flow. The finer

and wetter soils are more able to resist the shear and are more rigid. These properties will affect

TAOUS813COSC
PP079627

March 3, 2015 (Rev. 1) 11



DETNORSKEVERITAS™

Petroleum Technology Alliance of Canada
Understanding the Mechanisms of Corrosion and their Effects on
Abandoned Pipelines

how surface loads are transferred to a buried pipeline, and how the soils are able to move to
accommodate deformation of the pipeline.

The primary load acting on an onshore service pipeline is typically the internal service pressure.
The internal pressure results in significant tensile stress acting in the plane of the pipe wall.
Pipelines are designed to withstand this service pressure by use of appropriate steel grade and
wall thickness. The design requirements are well established, and used as the basis for various
industry standards. However, the stresses acting on an abandoned pipeline are not due to internal
service pressure.

The first load to consider acting on an abandoned pipeline is the weight of the soil above the
pipeline. The density and the water content of the soil are important, as is the depth of cover. The
higher the density of the soil and greater the depth of cover, then the greater the pressure acting
on the top of the pipe. The load will act directly downward on the pipe, and lead to ovalization of
the pipe.

Two other important factors can influence the pressure acting on the pipe; the height of the water
table, and how the pipeline was installed during original construction. If the water table is above
the pipe, then a buoyancy force acts on the pipe. This has the effect of reducing the effective load
over the pipe. If a pipe is jacked into place rather than using the conventional construction of
trenching and laying, this must also be considered. The undisturbed soil has the effect of self-
support and this decreases the load acting on the pipe.

The second type of load that must be considered is “live” load acting on the ground surface. Live
loads may refer to anything acting on the surface; people, vehicles, equipment, or animals. The
pressure experience by the pipe is not equivalent to the pressure acting at the ground surface. The
pressure at the ground surface is dissipated below the surface. The degree of dissipation depends
on soil properties, the depth below the ground surface, and the horizontal location. So, for
example, if we consider the weight of a truck on the ground surface , we must consider the depth
of cover of the abandoned pipeline below, and we must consider whether the truck is directly
“over” the pipeline, or “near” the pipeline. These subsurface pressures can be calculated using
established equations [26, 36].

The sub-surface pressures associated with surface loads are of particular interest to this program.
The effect of surface loads, are in general, much more significant than the pressures associated
with soil loads. The pressures due to vehicles traffic over the pipeline may be significant. In fact,
in some cases the soil loads can be neglected.

Pressure above the pipeline will lead to ovalization of the pipe. This may lead to either plastic
collapse or elastic collapse of the pipe. Plastic collapse occurs when the bending stress acting on
the pipe wall exceeds the yield strength of the pipe material. This form of collapse uses yielding
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strength (N/rf) of the pipe material as the critical point. The use of yield stress is conservative.
The effects of strain hardening, and stress distribution throughout the pipe wall on the vyield
strength are not considered in this analysis. When the yield strength of the pipe wall is exceeded,
the wall yields and the pipe can no longer support the loads acting on the top of the pipe. Plastic
collapse is explained in further detail in Section 5.3 of this report.

Elastic collapse, or “buckling”, occurs when the elastic energy (N m) in the pipe wall due to
loads acting from above exceed a critical value. The pipe reduces its internal elastic strain energy
by collapsing in on itself. The two failure modes must be considered during the development of
any structural integrity models. Elastic collapse is explained in further detail in Section 5.4 of
this report.

The ovalization of the pipe wall can be quantified by the deflection of the top of the pipe from its
original locations. Equations to describe the deflection were developed by Professor Spangler at
lowa University in the 1940’s, and are often referred to as the “Spangler Equation” or “lowa
Equation”. The equations calculate the vertical deflection of the pipe as a function of the applied
load, the pipe diameter, wall thickness and material, the modulus of soil reaction, the lag factor
and the bedding constant. The lag factor and bedding factors are empirically derived constants
that depend on how the trenching is performed during laying of the pipe. Several modifications
have been proposed over the years to account for the inherent assumptions in the original
equations [36, 40].

The critical buckling load can also be quantified by established equations [36]. Elastic collapse
is a function of the pipe diameter, wall thickness and material, the modulus of soil reaction, and
an empirical coefficient of elastic support. The empirical constant is a function of pipe diameter
and depth of cover.

The various equations that have been developed over the years that relate to structural integrity
will be discussed in further detail below. These equations are used as the basis of the structural
integrity models.
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40 CORROSION MODELLING

The objective of the corrosion modelling is to determine the extent of corrosion damage to the
pipeline as a function of soil environment and time. The literature review above identified two

possible options to provide the basis of a corrosion model; the California DOT based culvert life
prediction model, and the extensive NBS soils corrosion data. A primary difference in the two
models is that the California DOT model is primarily based on internal corrosion, and the NBS
corrosion data is based on external corrosion.

The California DOT culvert life prediction model was identified by the NEB gaps analysis [5].

It provides a “ready-made” model, which could, in principle, be applied to this pipeline
abandonment study. However, several issues should be considered, as discussed above. In
particular, the culvert model is tacitly based on internal corrosion, as opposed to the external
corrosion, which is a more likely threat to an abandoned pipeline. If a pipe becomes perforated
after many years of abandonment, the water may accumulate at the 6 o’clock orientation and the
culvert model may become applicable.

The environment on the external surface of the abandoned pipeline will be soil. Oxygen, water,
and carbon dioxide can be replenished to sustain the corrosion reactions, though not as quickly as
flow through a culvert. The properties of the soil and the local weather will determine the rates.
The NBS measurements provide more realistic conditions to calculate the corrosion rates on the
external surface of the pipeline. The NIST statistical analyses indicated there were unclear
correlations between corrosion rates and the various soil properties, and this must be considered
in the modelling.

The NBS study performed tests on over 150 test sites around the United States. Of these, forty-
seven test sites were selected for more detailed study. Their native soils were particle-size
analyzed and characterized using a classification system similar to that provided in Figure 2.

Data for these forty-seven soils are provided in Table 5 and Table 6 . Analysis of these data
allows a simple corrosion model to be developed in which the corrosion rate is estimated based
on the basic soil properties.

It is of interest to this study to consider how the corrosion rates measured during the NBS
program compare to the California DOT culvert model. In particular, it is of interest to compare
how the measured corrosion rates trend with both acidity (pH) and resistivity of the soil.

Figure 6 and Figure 7 are plots of the NBS data (from the forty-seven test sites of detailed study)
as a function of acidity and resistivity, respectively. In each plot, two sets of data are considered.
The first set of data is based on the mass loss measured during the NBS study. The mass loss was
used to estimate a depth of corrosion, assuming uniform corrosion. The second set of data is the
maximum penetration depth measured during the NBS study. The data shown here all

TAOUS813COSC
PP079627

March 3, 2015 (Rev. 1) 14



DETNORSKEVERITAS™

Petroleum Technology Alliance of Canada
Understanding the Mechanisms of Corrosion and their Effects on
Abandoned Pipelines

correspond to measurements on samples that were retrieved from their respective tests sites after
approximately twelve years of burial. The two figures indicate that there is no clear trend
between the corrosion rates and the acidity or the resistivity. There is a slight trend observed in
the resistivity, but not significant enough to use resistivity as the basis of an accurate corrosion
rate model. This is true for both the mass loss calculation and for the penetration depth
measurements.

Figure 8 is a plot of the NBS penetration depth data as a function of the predicted service life, as
predicted by the California DOT culvert model (Equation 1 and Equation 2). No adjustments
have been made to account for a given wall thickness. The figure is intended only to demonstrate
any trend in the data. The figure does indicate an inverse proportionality between penetration
depth and service life, as expected. While the trend in the data does show general agreement
between the NBS data and the culvert model, there is notable scatter in the data.

The NBS data were plotted in several ways during the course of the analysis, and it was
demonstrated that there is also a weak, but useable, correlation between the mass loss data and
the internal drainage of the soil. This is consistent with the relative corrosivity ranking shown

in Table 1. Soils with very poor drainage, such as peats and marshes, tended to have higher mass
loss rates. Soils with good drainage, such as sandy loams, tended to have lower mass loss rates.
This is consistent with the soil classification based on potential, as shown in Table 4. There was
one clear exception to the trend, with Soil #23 in Table 5, a soil with fair drainage had the
highest mass loss of all the soils tested. The reason for this is not clear. However, it was noted
that this soil was the only significantly alkaline soil (pH 9.4).

Figure 9 through Figure 12 are plots based on the mass loss data from the NBS study for
uncoated steel samples. In each case, the mass loss data were used to estimate a depth of
corrosion, assuming uniform corrosion, as described above. These calculated data were plotted
as a function of the time of sample exposure. A curve is included in each plot that provides a
“reasonable” upper bound to the data. Soil #23 is a clear exception to the curve shown

in Figure 11.

The curves shown in the figures were fit using engineering judgment, rather than any rigorous
mathematical techniques. The form of the equation used for the fits was Equation 3. In each case,
there was a reasonable upper bound fit to curves with an exponent of %2. Visual examination of
the curve indicates the assumption of %2 is realistic, and would provide conservative corrosion
depth estimates at long times. Other exponents and coefficients could be used in the modeling if
site specific data indicate that they would be more appropriate. For example, these corrosion data
were obtained from uncoated specimens and higher corrosion rate kinetics may be associated
with disbonded coatings on specimens.

TAOUS813COSC
PP079627

March 3, 2015 (Rev. 1) 15



DETNORSKEVERITAS™

Petroleum Technology Alliance of Canada
Understanding the Mechanisms of Corrosion and their Effects on
Abandoned Pipelines

A similar methodology was applied to the penetration depth data. However, the trend was not as
clear as with the mass loss data. The penetration depths from the four drainage categories were
less sensitive to drainage. Figure 13 through Figure 16 are plots of the penetration depth data as
a function of time. As with the mass loss data, upper bound curves are provided, with exponents
of %2, also based on engineering judgment. There is significantly more scatter in the penetration
data than for the mass loss data.

It is of interest to compare the mass loss data with the penetration rate data from the NBS
study. Figure 17 is a plot of the penetration depth data as a function of the corrosion depth based
on mass loss. There is a general trend that the penetration depth increases with mass loss, as
would be expected. The ratios of the depths of penetration to corrosion based on mass loss vary
between three and twenty-five. The majority of these penetration ratios are between five and ten.

Figure 18 is a plot of the penetration ratio as a function of corrosion depth based on mass loss.
Note that the mass loss data showed the clearer trend with drainage than did the penetration
depth data. In this case, there is an inverse trend between penetration ratio and mass loss. The
soils with lower mass loss tended to have a higher penetration ratio. These were the soils with
“good” internal drainage. The higher ratio indicates more localized corrosion damage, that is,
pitting. The soils with the higher mass loss tended to have a lower penetration ratio. These were
the soils with “poor” or “very poor” internal drainage. The lower ratio indicates more uniform
damage, which is more relevant to this project.

Table 7 list the coefficients and exponents used for the curves provided in Figure 9
through Figure 16. In each case, the curve is in the form of Equation 3. While these coefficients
and exponents were not derived through rigorous mathematical techniques, they do provide
simple and reasonable bounds to the data, and can be used for corrosion rate estimates. A
penetration ratio is also provided in the table.

In some cases, the use of an upper bound corrosion rate may be considered too conservative. A
less conservative approach would be to decrease the “k” coefficient. A value of one-half of the
coefficients given in Table 7 could be considered an “average” value, rather than an upper
bound. This approach should be considered with discretion. As described above, other exponents
and or coefficients could be used in the modeling if site-specific data indicate that they would be
more appropriate. For example, these corrosion data were obtained from uncoated specimens
and higher corrosion rate kinetics may be associated with disbonded coatings on specimens.

Pipeline wall thickness decreases as an abandoned pipeline corrodes. As the wall thickness
decreases there is a change in the load bearing capacity of the pipeline. This will be discussed in
detail in the following section. However, it is important to consider both the mass loss and
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penetration depth data to determine how to predict the effective corrosion damage to the pipeline
with time.

A simple approach to determining the corrosion damage to the pipeline is to use the mass loss
data, and predict the depth of corrosion as a function of time, assuming uniform corrosion.
However, this approach will be non-conservative in predicting the time to penetration of the wall
thickness. The other option would be to use the penetration depth data, but this would be overly
conservative in predicting the overall corrosion damage to the pipeline. A balance of these two
approaches is necessary.

Consider the penetration ratio and the effective area that is corroding. A soil with a higher
penetration ratio has a lower effective area that is corroding, but at the higher penetration rate
(rather than the lower mass loss rate). If a given soil has a penetration ratio of ten, for example,
then one could reasonably consider this as corrosion of &hly"(of the area, but at the
penetration rate. This is a simple geometric argument that balances the conservatism of the two,
more extreme, options.

Regardless of whether the mass loss or penetration rate approach is considered more suitable, the
thickness of the pipe wall can be estimated as a function of the initial or nominal wall thickness,
the time and the corrosion model coefficients. To estimate the remaining thickness of pipe:

Equation 4: t=ty—k-T"
where:

t remaining wall thickness of pipe

to initial or nominal wall thickness of pipe

This model applies to both mass loss and penetration. The mass loss is considered more
applicable to the structural integrity modelling, as it is indicative of overall damage. The
penetration is of interest in determining when water might first enter the pipeline.

For example, consider a pipe with a nominal wall thickness of 6.35 mm, buried in soil with
“poor” drainage for 50 years. For soil with poor drainage, and assuming uniform corrosion loss,
we will use the upper bounghik= 0.15 and n = 0.5.The remaining wall thickness is estimated as:

t = 6.35—0.15 X 50%° = 5.3 mm

Note that the corrosion is not uniform, and so this should be considered as an average remaining
wall thickness.
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It is also of interest to estimate the time to penetrate the pipe wall, or the time to corrode the pipe
to “zero” wall thickness:
)(1/n)

Equation 5: T, = (%0

where:
T, time (in years) to penetrate full wall thickness of pipe steel

Consider the same example pipe as described above. In this case, we will estimate the time to
penetrate the pipe wall, and use the upper boyrel KO and n = 0.5. The time to penetrate is
estimated as:

6.351(/05)
T, = <W) = 40 years

Note that because the corrosion is not uniform, the pipe wall may be penetrated while the
equivalent uniform mass loss is relatively low. The relation will be more extreme for the soils
with the higher penetration ratios, that is, the soils with good drainage.

Consider a pipe of wall thickness 9.5 mm, subject to varying corrosion rates. Consider an
“average” soil with good drainage ang k 0.025 mmyyr, an “upper bound” soil with fair

drainage and § = 0.10 mmiyr, and Soil #23 with k = 0.25 mmilyr. Figure 19 is a plot of

calculated wall thickness as a function of time. The curves are based on Equation 4. The plot
demonstrates that loss of pipe wall, based on uniform corrosion, takes several hundreds, or
thousands, of years for a relatively thick pipe for the assumed coefficients and exponent. Shorter
times to perforations would be calculated for larger assumed coefficients and exponent.

Perforation of the pipe wall will allow ground water and precipitation to seep into the pipeline,
and this will allow for internal corrosion. Water will likely drip in from holes at the top of the

pipe and accumulate at the 6 o’clock orientation. In this case, the culvert model may become
more applicable. Note, however, that rainwater dripping into the pipeline will be significantly

less than water flow through a culvert, the pipe wall is typically multiple times thicker than the
culvert material, and the basic culvert model does not account for the diminishing corrosion rates
observed in service. While these considerations support the idea that the culvert model is
conservative, the corrosion mechanism in the perforation scenario is likely different than that in
the culvert (i.e., flowing water) scenario.

It should be noted that these corrosion rates are only applicable to areas of disbonded coating on
the pipeline, which will increase with time. An intact coating excludes water from the pipe
surface and prevents all forms of corrosion. After many years, the disbonded areas will corrode
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through-wall. The result will be a pipeline with a “Swiss cheese” character. The coated areas will
remain intact, but there will be dispersed holes corroded through the pipe wall at the areas of
coating disbondment. In the analyses described in Section 5.5, disbonded areas of 1% and 10%
are considered. The former would represent a high quality coating such as fusion bonded epoxy
while the latter would represent a poorer quality coating such as asphalt. The quality of the
coating must be considered in the structural integrity modelling efforts.

5.0 STRUCTURAL INTEGRITY MODELLING

The objective of the structural integrity modelling is to determine the load bearing capacity of
the pipeline as a function of corrosion damage. As a pipeline corrodes, the wall thickness
decreases or the pipeline becomes perforated, and this changes the pipeline’s load bearing
capacity. The load bearing capacity will therefore change with time. It is possible to determine
the critical surface load necessary to cause collapse for a given pipe geometry and soil
conditions. In combination with the corrosion rate modelling, it is possible to determine the
critical surface load as a function of time, or the time to collapse due to soil weight alone.

The first step in the structural integrity modelling is to determine the loads acting on the pipe. As
the pipeline is abandoned, there is no internal service pressure. The load acting on the pipe is the
static vertical pressure due to the weight of soil above the pipe and the weight of any “live” loads
over the pipe. Live loads refer to vehicle traffic, equipment, people, or animals. The loads act
vertically downwards and lead to ovalization of the pipe. Figure 20 is a schematic of the
parameters used for the basic soil models developed below.

51 Soil Loads

The vertical load on the pipe due to the weight of soil above is referred to as the “prism load”.
The prism load depends on the density of the soil and the depth of cover [36]:

Equation 6: Psoir = Vs C

where:
Psoi  soil pressure acting on top of the pipe (Pa)
Vs dry density of soil (N/rf)
C height of soil above pipe (m)

Note that the density is a weight density, rather than a mass density. If metric units are used, and
the soil density is reported as mass density, such as gfcky/n?, the mass density must be
multiplied by the gravitational constant of 9.8 fn/sf imperial units are used, no correction is
required as the “pounds-per-square-inch” typically reported is a weight density. If an imperial
mass density is reported (ie. slugs) then a gravitational constant of’3@#sbe included.
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The above equation assumes the pipe is buried above the water table. If the pipe is buried below
the water table, a correction must be applied to the pressure calculation. The weight of water
above the pipe also provides downward pressure acting on the pipe. However, the water also
provides a buoyancy force that acts upward on the pipe. The net pressure acting on the pipe is
calculated by including the weight of the water above the pipe and a “water buoyancy factor”
into Equation 6 [36]:

Equation 7: Peoir = Vw " hy + Ry, Y5 - C

where:
vw  density of water (N/ff)
hy height of water table above pipe (m)
Rw water buoyancy factor

and
Equation 8: R,=1- z. (h—‘”)

The density of fresh water is taken as 1000 Rgiwhich corresponds to 9.8 x L0/m®. If
imperial units are used, the density of fresh water is 62.4 Ib/cf.

The above equations assume the pipe is buried in disturbed soil. A trench is excavated during
construction, the pipe is laid in the trench and the pipe is covered with back-fill. The pressure
acting on the pipe amounts to the full weight of the back-fill soil. However, in some situations
the pipe is installed into the soil by jacking. The undisturbed soil provides more support due to
soil cohesion and friction, and the load acting on the pipe is decreased. For a pipe in undisturbed
and unsaturated soil [32]:

Equation 9: Poy=7v-C—2-2- (%)
where:

A soil cohesion (Pa)

D outside diameter of pipe (m)

Soil cohesion ranges from 0 Pa for dry loose sands, to approximately 70 kPa for hard clays.

When pipe diameter is used in calculations, the original, un-corroded, outside diameter is used
regardless of degree of wall loss due to uniform corrosion.
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Inspection of Equation 9 indicates it is mathematically possible to have a negative load acting on
the pipe. In such circumstance, it should be taken that the soil fully supports the loads and the
pressure due to the soil be taken as zero.

5.2 Live Loads

The vertical load on the pipe due to the weight of traffic or equipment on the ground surface is
referred to as the “live load.” The live load acting on the top of the pipe depends on the
magnitude of the applied load on the ground surface, the depth of cover, and horizontal distance
between the applied load and the pipe centre line [26, 36]:

; . — 3'Plive'F’
Equation 10: Ppipe = 7

2-7T-C2-[1+(%)2]5 ’

where:
Poipe  pressure acting on top of pipe due to live point load (Pa)
Pive live point load at the ground surface (N)
F impact factor
h horizontal offset distance between applied point load and pipe centre line (m)

Note that the load acting on the top of pipe is calculated as a pressure in units of Pascals (Pa),
whereas the live load acting on the ground surface is a force in units of Newtons (N).

Because Equation 10 requires a live point load, the horizontal offset distance between applied
point load and pipe centre line must be determined based on an assumed “point” location for the
surface load. The location of the applied point load could vary depending on the type of surface
load.

The impact factor is included to account for irregularities in the ground surface. Table 8 is a
listing of impact factors that can be applied to truck traffic, railways and airports [36].

Equation 10 calculates the effective pressure acting on the top of a buried pipe due to a point
load force acting on the ground surface. When a distributed load acts on the ground surface,
Equation 11 can be used to calculate the effective pressure acting on the top of a buried pipe.
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. . p 1 2mnVm2+n2+1 m?+n?+2 _1 ( 2mnVm2+n2+1
Equation 11:  Fpyipe = q- [(m2+n2+m2n2+1> (m2+n2+1) + tan (m2+n2—m2n2+1>]
where:

q live load pressure acting on surface (Pa)
m (B/2)IC

n (L/2)/IC

L length of rectangular area load (m)

B width of rectangular area load (m)

Equation 11 is the integration of Equation 10, and can only be used in this form to calculate the
effective pressure acting on the pipe when the surface load is directly centered over the pipe.
This equation is useful when the surface loads are high, and the weight is distributed over a
larger area such as in the case of agricultural equipment.

Calculations have been performed by the civil engineering industry, using the above Equation
10, to determine the effective loads acting on the top of a pipe for various vehicles, including
highway trucks, rail, and aircraft [36]. Table 9 is a listing of effective loads transferred by the

various vehicles to buried pipe as a function of vehicle type and depth of cover. This allows for a
simple “look-up” table for effective pressures acting on a buried pipe due to vehicle traffic. This

table was recreated from Reference [36] and loads are reported in imperial units.

Table 10 is a copy of Table 9 with two differences. The first is that metric units are used. The
units used in Table 10 are metres (m) for the depth of cover, and kilopascals (kPa) for the
effective pressure acting on the top of the pipe. The second difference is that two columns have
been added. Column 5 provides an effective pressure acting on top of a pipe due to a personal
truck on the ground surface. Reference [36] provides data assuming a 20-ton commercial truck
driving along the highway. Table 10 Column 5 considers a 5-tonne personal truck driving across
a pipeline right-of-way. The data in the column is based on a simple ratio of truck weights. It was
not derived from first principles and so is subject to the assumptions of the original calculation
and the simplification that the truck weights scale directly. Column 6 provides an effective
pressure acting on top of the pipe due to a person standing on the ground surface. Table 10
Column 6 assumes a person of 100 kg mass standing directly over the pipeline. Equation 10 was
used to perform the calculations and no impact factor was used.

5.3 Plastic Collapse Model

Pressure acting on top of the pipe due to soil and live loads will lead to ovalization, illustrated
schematically in Figure 21. The degree of ovalization is a function of the loads acting on the top
of the pipe and the properties of both the pipe and soil. The vertical deflection of the top of the
pipe can be determined using the modified lowa equation [36]:
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A_y _ L'K'(PSOll'l'Pplpe)'RS
D (EI)gq+0.061-E"-R3

Equation 12:

where:
Ay vertical deflection of top of pipe (m)
L lag factor (~ 1.0 to 1.5)
K bedding constant (~ 0.1)
R radius of pipe (m)
(El)eq equivalent stiffness of pipe wall per unit length (Nm)
E’ modulus of soil reaction (Pa)

The lag factor is an empirical constant measured in the field. A lag factor of ~ 1.5 is considered
conservative. The bedding constant is a function of the bedding of soil below the pipe at the time
of construction. A bedding constant of ~0.1 is appropriate for a pipeline constructed by trenching
and back filling. The modulus of soil reaction is a function of the soil type and the compaction of

the soil. Table 11 and Table 12 are listings of appropriate design values for soil modulus, in
imperial units from Reference [29], and converted into metric units, respectively.

Note that in this form of the equation the loads usedpesssure loads, as defined above in
Equation 6 through Equation 10. Alternate forms of the equation are available in the literature
that useweight loads, and in these cases, the deflection calculated is an absolute deflection
(“Ay”), rather than the relative deflectionA§/D") provided above. The two forms of the
equation are both mathematically valid. The above form of the equation has been used as it
allows the relative deflection to be used directly in the bending stress calculation discussed
below, and it allows literature values for the loads associated with vehicular traffic to be more
easily included, also discussed below.

The equivalent stiffness of the pipe wall per unit length is a function of the components of the
pipe wall and their elastic properties and thicknesses. It is considered that any pipeline may have
an external coating and an internal liner. The external coating may be a corrosion resistant
coating or a concrete casing. The internal liner is typically a corrosion resistant coating. The
equivalent stiffness of the pipe wall per unit length is given b3]{36

Equation 13: (El)eq = (El)pipe + (El)coat + (El)line

where:
E modulus of pipe steel, coating or lining (Pa)
I second moment of area (per unit length}/(m)

1 This equation is provided as reported in Reference [36]. However, the equation includes simplifications and
should be used with caution if the pipeline has a coating or liner with significant stiffness or thickness.
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The subscripts represent the pipe wall, the coating and the liner, respectively. The second
moment of area per unit length is given by:

t3
Equation 14: [ =—
12
where:
t wall thickness of pipe steel, coating or lining (m)

In most cases of onshore pipelines, the coating and / or liner are thin and have a low elastic
modulus relative to the pipe steel. The coating and / or liner provide a negligible stiffness
contribution to the pipe wall. This contribution will be disregarded in the continuing
development of the model below. Only the stiffness of the pipe wall will be included.

The deflection in the pipeline due to vertical load incurs a bending stress in the pipe wall. The
maximum bending stress is given by [36]:

Equation 15: Obend = 4-F - (A_y) . (ﬁ)

D D
where:

obend Dending stress in the pipe wall (Pa)

Equation 12 and Equation 15 above are used to calculate the bending stress in the pipe wall as a
function of the pipeline dimensions and properties, and the loads acting on the pipeline due to
soil weight and live loads. If it is assumed that the pipe will plastically collapse when the stress

in the pipe wall exceeds the yield strength of the steel, it becomes possible to calculate the
critical live load at the ground surface:

. T-C2 i ED)py+0.06-E'-R3
Equation 16:  Pgy = 2mC? [(Uyleld) _ (Q) (EDeq _ Psoil]

3-F1 4E t L'K‘R3
where:
Peap load bearing capacity (N)
Oyield yield strength of pipe steel (Pa)

In effect, the load bearing capacity is the critical live load at the ground surface that is predicted
to cause plastic collapse of the pipe. If the critical load is zero, then the pipeline is predicted to
collapse under the weight of soil alone. The above equation includes a simplification that the
load is directly over the pipe. The use of yield strength is conservative. Another approach would
be to use the flow stresssfw).
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Examination of the above equations reveals a non-intuitive result. The relationship between the
critical collapse load and the wall thickness of the pipe is not a direct and simple one. Intuitively,
the critical load should decrease with decreasing wall thickness of pipe. If a pipe wall were to
corrode uniformly, one would expect the critical collapse load to decrease steadily. However,
this is not the case. As the pipe wall becomes thinner, the compliance of the pipe wall increases,
as shown in Equation 13 and Equation 14. For a given weight of soil and live load, the vertical
deflection increases, as shown in Equation 12. This equation also shows an increase in vertical
deflection with decreasing wall thickness. However, the decreasing wall thickness also leads to a
decreasing bending stress acting in the pipe wall, as shown in Equation 15. The result is that the
critical collapse load does not decrease steadily with decreasing wall thickness.

5.4  Elastic Collapse Model

An alternative approach to predicting the critical load necessary to cause collapse of the pipeline
is to consider elastic collapse, also referred to as buckling. Buckling is illustrated schematically
in Figure 22.

The critical buckling load is given b36]:

Equation 17: Pt = %\/32 ‘R, - B"- E’-%

where:
Peit  critical buckling load
FS factor of safety (2.5 if C/D 2, 3.0 if C/D < 2)
B’ empirical coefficient of elastic support
' 1

Equation 18: B' = rrrer 006 (D)

If it is assumed that the pipe will elastically collapse when the stress in the pipe wall exceeds this
critical value, it becomes possible to calculate the critical live load at the ground surface:

(EI)eq
D3

2-m-C? 1
3-F/ FS

Equation 19: P.q) = \/32 ‘Ry,"B"-E"- — Psoil

In effect, the load bearing capacity is the critical live load at the ground surface that is predicted
to cause elastic collapse of the pipe. If the critical load is zero, then the pipeline is predicted to
collapse under the weight of soil alone. The above equation includes a simplification that the
load is directly over the pipe.
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In the case of elastic collapse of the pipeline, the critical load does decrease steadily with
decreasing wall thickness in the pipe.

5.5 Combined Plastic and Elastic Collapse Models

Two simple structural models have been developed to predict the load bearing capacity of a
buried pipeline of given outside diameter, wall thickness and depth of cover. The two models are
based on (a) plastic collapse of the pipe due to the bending stress in the pipe wall exceeding the
yield strength of the pipe steel, and (b) elastic collapse, or “buckling” of the pipe wall. Both
models should be considered. The lower of the two critical load predictions will indicate the
more likely failure mechanism. For many scenarios, the critical load will be governed by plastic
collapse for the thicker walled pipe and elastic collapse as the pipe wall becomes thinner due to
corrosion.

Consider a pipe of diameter 610 mm, wall thickness 9.5 mm, and yield strength 240 MPa.
Assume a 1.2 m depth of cover, with soil density 1500 kgim soil modulus of 10 MPa. These
values represent a typical situation, and this will be considered as “base case” conditions to
demonstrate the model and sensitivity of the various parameters.

Figure 23 is a plot of the load bearing capacity of the pipeline as a function of wall thickness.
This represents the basic model. Note that the wall thickness on the X-axis is in reverse order.
This is done so that the model can be later combined with the corrosion model, and the
decreasing wall thickness is comparable to increasing corrosion time. The blue curve on the left
side of the plot represents the load bearing capacity of the pipe, as determined assuming plastic
collapse (yielding of pipe wall) and using Equation 16. The shape of the “U-curve” is the non-
intuitive result discussed above. The load bearing capacity of the pipe does not necessarily
decrease with decreasing wall thickness. The red curve on the right represents the load bearing
capacity of the pipe, as determined assuming elastic collapse (buckling) and using Equation 19.
In this case, the decrease in load bearing capacity with decreasing wall thickness does show an
intuitive relation. The dashed line in the figure at 4.7 mm represents the critical thickness at
which the likely failure mode transitions from plastic collapse to elastic collapse.

Figure 23 demonstrates that the load bearing capacity of the base case pipeline is nearly
60,000 kg. In principle, a 60-tonne weight, directly over the pipeline, would be necessary to
cause collapse. The calculation is based on a point load, which is an unlikely scenario. In most
realistic situations, any load over the pipe would be distributed over the ground surface, and this
provides conservatism to the model. The load bearing capacity changes and decreases to zero as
the wall thickness of the pipe decreases (moving right along the X-axis). However, the load
bearing capacity remains substantial even for thin walled pipe. For example, if the pipe wall
decreases to 2 mm, the load bearing capacity is still approximately 15-tonnes.
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Figure 24 is a plot of the load bearing capacity as a function of wall thickness, and demonstrating
the effect of varying diameter. The blue curve in the centre is equivalent to the combined critical
blue and red curves of Figure 23, and representing the critical load for base case conditions,
regardless of failure mechanism. The red and green curves represent the load bearing capacity of
a larger diameter pipe (914 mm) and a smaller diameter pipe (323 mm), respectively. On the
right side of the plot, the red curve representing the larger diameter pipe (914 mm) is lower than
the other two curves, indicating that the larger diameter pipe has a lower load bearing capacity as
the wall thickness decreases. This indicates that a larger diameter pipe is more likely to collapse
than a smaller diameter pipe, all else being equal.

Figure 25 is a plot of the load bearing capacity as a function of wall thickness, and demonstrating
the effect of varying depth of cover. Again, the blue curve in the centre represents the base case
conditions. The red and green curves represent the load bearing capacity of a shallower (0.6 m)
buried pipe and a deeper (1.8 m) buried pipe, respectively. The red curve representing the
shallower (0.6 m) buried pipe is lower than the other two curves, indicating the shallower buried
pipe has a lower load bearing capacity. This indicates that a shallower buried pipe is more likely
to collapse than a deeper buried pipe, all else being equal.

Figure 26 is a plot of the load bearing capacity as a function of wall thickness, and demonstrating
the effect of varying yield strength of the pipe. The blue curve represents base case conditions.
The red and green curves represent two higher strength line pipe steels, of Grade 290 MPa and
Grade 360 MPa, respectively. Grade 240 MPa was assumed the lowest likely grade of steel to be
encountered, so two higher grades were selected for comparison. Unlike the previous two
demonstrations, the yield strength of the pipe only affects the plastic collapse (left) side of the
curve. Examination of Equation 19 indicates no relation between yield strength and critical load
bearing capacity for elastic collapse. Therefore, the load bearing capacity of the pipe becomes
independent of yield strength as the pipe wall decreases.

Figure 27 is a plot of the load bearing capacity as a function of wall thickness, and demonstrating
the effect of varying soil modulus. The blue curve represents the base case. The red and green
curves represent lower soil modulus (5 MPa) and higher soil modulus (20 MPa), respectively. A
soil of modulus 5 MPa would likely be a finer grained soil with loose compaction. A soil of
modulus 20 MPa would likely be a coarser grained soil with high compaction. The red curve
representing the lower soil modulus (5 MPa) is lower than the other two curves, indicating the
pipe buried in the soil with lower modulus has a lower load bearing capacity. This indicates that
a pipe buried in lower modulus soil is more likely to collapse than a pipe buried in higher
modulus soil, all else being equal.

The plots demonstrate the effect of varying diameter, depth of cover, yield strength and soil
modulus. A larger diameter, shallower depth of cover, lower yield strength and low modulus all
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contribute to decreasing the load bearing capacity of the pipe. Consider the “extreme case” of all
these factors varied from the base case, that is, consider a pipe of 914 mm diameter, 0.6 m depth
of cover, 240 MPa yield strength and soil modulus 5 MPa. In addition, consider an initial wall
thickness of 6.35 mm. This represents a very conservative combination of factors.

Figure 28 is plot of the load bearing capacity as a function of wall thickness for the “extreme
case” conditions. Note that the load bearing capacity on the Y-axis has a range 10X less than the
previous plots. The blue curve represents the extreme case. For the extreme case, the elastic
collapse conditions are limiting for all wall thickness, so the left side of the curve does not show
the characteristic plastic collapse “U-curve” observed in the previous plots. However, the load
bearing capacity of the pipe remains substantial, even under these extreme conditions. This curve
demonstrates that abandoned pipelines under “typical” conditions are not subject to imminent
collapse.

It should also be noted that all of the above examples assume uniform wall loss. In effect, these
curves represent bare pipe, with no corrosion protection coating, and with corrosion occurring
over the entire surface of the pipe. This is very conservative but is not realistic.

Consider a pipeline with only 1% disbonded coating on the pipe surface. After several years of
corrosion the pipe becomes perforated, and takes on the “Swiss cheese” characteristics. The
pipeline becomes 99% nominal thickness pipe with 1% dispersed holes, areas of “zero”
thickness. The above assumption that wall loss degrades uniformly over time becomes extremely
conservative.

Consider the plastic collapse model. If 1% of the wall is lost due to corrosion, that is, the holes in
the Swiss cheese, then the load bearing capacity decreases by only 1%. This assumes the holes
are randomly dispersed around the circumference of the pipe. If the holes were clustered along
the 3 and 9 o’clock orientations, where the stresses are highest, then the load bearing capacity
would be further reduced. Consider if there were significant coating disbondment of 10%, the
load bearing capacity would be decreased by only 10%. This rationale demonstrates that the
approach used for the structural integrity modelling has significant inherent conservatism.

Figure 29 is a plot of load bearing capacity as a function of coating disbondment, for the base
case conditions. This plot assumes nominal wall thickness for the majority of the pipe, but with
corroded holes equal in area to the disbonded area. Note that the X-axis if plotted on a
logarithmic scale. The plot demonstrates that the load bearing capacity of the pipe remains
significant, if the disbonded area is up to ~10%. However, as the perforated area increases to
20% or 50% or more, this simple relationship likely breaks down, and it is not recommended that
it be considered for significantly degraded pipe.
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Consider the elastic collapse model. A simple correlation between perforated area and load
bearing capacity is not valid. Elastic collapse equation derivations are very sensitive to geometry.
It is not likely that the load bearing capacity scales linearly with perforated area. The calculations
necessary to demonstrate this are considered beyond the scope of this modelling. This situation
would only need to be considered if the assumption of bare pipe leads to problematic
conclusions.

6.0 COMBINED CORROSION RATE AND STRUCTURAL INTEGRITY
MODELLING

The above two sections describe the development of two models; a corrosion rate model and a
structural integrity model. The corrosion rate model calculates the depth of corrosion as a
function of time, or the remaining wall thickness as a function of time. The structural integrity
model calculates the load bearing capacity as a function of wall thickness. There have been a few
assumptions and modifications discussed during the development of the models to demonstrate
how the models can be used. The objective of this section is to describe how the two models can
be combined and used practically.

The corrosion rate model calculates the remaining wall thickness of pipe as a function of the
corrosion rate and time using a simple relationship, expressed as Equation 4. The relationship
between wall thickness and time is illustrated in Figure 19 for three different corrosion rates. The
structural integrity model calculates the load bearing capacity of the pipe as a function of wall
thickness, diameter, and material and soil properties. The relationships are expresses as Equation
16 and Equation 17 for plastic and elastic collapse respectively. The load bearing capacity is a
strong function of wall thickness, as illustrated in Figure 23 through Figure 28. By combining the
two models, it is possible to calculate the load bearing capacity as a function of time.

Figure 30 is a plot of the load bearing capacity as a function of time, for base case conditions
(610 mm diameter, 9.5 mm wall thickness, 240 MPa yield strength, bare steel), for three different
corrosion rates. The figure is essentially a combination of Figure 19 (wall thickness as a function
of time for three different corrosion rates) and Figure 23 (load bearing capacity as a function of
wall thickness). The plot demonstrates that, for the base case conditions, and under reasonable
corrosion rates, structural integrity of the pipe will remain significant for hundreds or thousands
of years. The shape of the curve is determined by the combination of the plastic and elastic
collapse models and wall thickness loss over time as shown in Figure 23. Initially, load bearing
capacity is limited by plastic collapse, but as the pipe wall corrodes, elastic collapse becomes the
limiting failure mode, and the load bearing capacity of the pipe diminishes quickly with time.
The spikes in each curve represent the change in failure mode.

TAOUS813COSC
PP079627

March 3, 2015 (Rev. 1) 29



DETNORSKEVERITAS™

Petroleum Technology Alliance of Canada
Understanding the Mechanisms of Corrosion and their Effects on
Abandoned Pipelines

Consider an example case in which a pipeline of 610 mm diameter, initial wall thickness of
9.5 mm and 240 MPa yield strength is abandoned in place and allow to freely corrode under
typical soil conditions. Assume the soil is of average soil modulus, and the pipeline is buried at
1.2 m depth. These are considered “average” conditions. The model predicts that the pipeline
will have sufficient structural integrity to support the weight of a personal truck (5,000 kg) for
approximately 9,000 years before collapse.

Figure 31 is a plot of the load bearing capacity as a function of time, for the extreme case
conditions, and assuming an upper bound corrosion rate (Soil #23). The figure is
essentially Figure 28, but with a corrosion rate calculation included.

Consider an example case in which a pipeline of 914 mm diameter, initial wall thickness of
6.35mm and 240 MPa yield strength is abandoned in place and allow to freely corrode under
extremely corrosive soil conditions. Assume the soil is of low soil modulus, and the pipeline is
buried at 0.6 m depth. These are considered “extreme” conditions. The model predicts that the
pipeline will have sufficient structural integrity to support the weight of a personal truck
(5,000 kg) for approximately 90 years before collapse.

Note that both of the above plots assume a bare pipe and uniform wall loss.

It is of interest to this program to have a series of steps to determine the load bearing capacity of
any pipeline at a given time:

1. Compilation of data. The calculations require the pipe diameter, wall thickness, material
yield strength and modulus, depth of cover, modulus of soil reaction, and soil drainage (or
estimate of relative corrosivity). The time used for calculations is also important. The time
can be either the present, in which case the age of the pipeline may be used, or a time in the
future.

2. Determination of corrosion conditions

a) If the pipe is uncoated, bare steel, then the soil drainage conditions should be
estimated and a corrosion rate coefficient selected Tralnte 7. The table provides
upper bounds for the soil types. A lower value can be selected at the modeler’s
discretion. The mass loss values are suggested for the structural integrity calculations,
as they are indicative of overall damage to the pipe. Note that the assumption of bare
steel is inherently conservative, and if results of the assessment are satisfactory, then
further consideration of coating degradation is unnecessary.

b) If the pipe is coated, then corrosion is only expected to occur at areas of disbonded
coating. A corrosion coefficient may be selected, as above, but it is simpler to assume
immediate through-wall penetration of the disbonded areas, and that the pipeline has
the “Swiss cheese” character.
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3. Determination of wall thickness at the time of interest

a) If the pipe is uncoated, bare steel, then the remaining wall thickness can be calculated
using Equation 4 and the corrosion coefficient selected above.

b) If the pipe is coated, it is deemed more suitable to assume nominal wall thickness for
the majority of the pipe, and corrosion holes with an area comparable to the
disbonded area.

4. Determination of soils loads acting on the pipeSoils loads can be estimated using
Equation 6 for basic conditions, Equation 7 for pipe below the water table, or Equation 9 for
jacked pipe.

5. Determination of critical loads. There are two possibilities to consider:

a) There are known live loads on the pipe, and the modeler is interested in determining
whether the pipe is subject to collapse or not. In this case, the live loads can be
calculated using Equation 10 for point loadsTable 10 for standard distributed
loads associated with vehicle traffic. The susceptibility to plastic collapse is
determined using Equation 12 and Equation 15, and the calculated stress compared to
the yield strength of the pipe material. The susceptibility to elastic collapse is
determined using Equation 17, and the calculated critical load compared to the live
loads acting on the pipe. Note that the remaining wall thickness is used for bare pipe
and the nominal wall thickness is used for coated pipe. If coated, the resulting loads
are scaled to account for the disbonded area.

b) There are no specific loads, and the modeler is interested in determining the load
bearing capacity of the pipe. In this case, the critical load bearing capacities are
determined directly from Equation 16 and Equation 19, for plastic and elastic
collapse, respectively. These equations were developed assuming an equivalent point
load directly above the pipe. Again, the remaining wall thickness or nominal wall
thickness of pipe is used for the calculation.

These steps provide a basic approach for determining the susceptibility of a pipeline to collapse
under various conditions. It is based on several simplifications and assumptions, and these
should be considered with the conclusion of the calculation.

Note that the methodology applied above could be used as the basis of a software program that
would do the calculations automatically. This would allow analysts to consider the effect of
various assumptions on the modelling results. Two examples are provided to demonstrate the use
of the model:

6.1 Example 1

Consider a pipe of diameter 610 mm with wall thickness 6.35 mm, buried with a 1.2 m depth of
cover, and bare steel grade 290 MPa. The soil is a coarse-grained soil with fines, with a 90%
compaction, and density of 1400 kg/m®. The soil has fair drainage. It is of interest to determine
the load bearing capacity of the pipe 75 yearsinto the future.
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The pipe is bare steel, and therefore the entire pipe surface is subject to corrosion. Table 7 is
consulted and§ = 0.10 mmiyr is selected as an appropriate upper bound corrasiefficient.
The remaining wall thickness is calculated using Equation 4:

t=ty—k-T"=6.35—-0.10 x 75°% = 5.5 mm

A basic soil load will be assumed (no water table considerations or jacking). The soil load is
calculated using Equation 6:

Psoir = ys-C =1400 X 9.8 x 1.2 = 16,464 Pa

Note that the density of soil was reported as a mass, so the gravitational constant is included to
convert to weight.

The load bearing capacity will be calculated considering both plastic and elastic collapse. For
plastic collapse, use Equation 16:

p 2T C [(Oyieiay (DY (EDeg+006-E-R®
cap = 3. F (4-E) t L-K-R3 - Tsoll

This equation will be broken down for simplicity. The factor to convert live point loads at the
surface to a distributed pressure on the top of the pipe is given by:
2-m-C? 2 xmx 12?
3-F 3-1

~

The term including the ratio of yield strength and modulus of steel is given by:

ayield _ 290 % 106 _ _3
FF)= (4 x 205 x 109) ~ 03> x 10

The equivalent stiffness of the pipe wall is given by:
(EDeq =E xt3/12 =205 x 10° x (5.5 x 1073)3/12 = 2842 Pa- m?

Table 12 is consulted and 6.9 MPa is selected as an appropriate modulus of soil reaction. A lag
factor of 1.5 and bedding constant of 0.1 will be assumed. The load bearing capacity against
plastic collapse of the pipe is given by:
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610) 2842 + 0.06 X 6.9 X 10° x 0.3053
X

P, =~ 3X
cap 5.5 1.5 x 0.10 x 0.3053

0.354 x 1073 x ( — 16,464

P.qp = 354,000 N — 36,100kg (equivalent)

The load bearing capacity of the pipe against plastic collapse is approximately 36-tonnes. For
elastic collapse, use Equation 19:

_ 2-m-C? 1 ’ ’ (El)eq
Pcap_W'E 32-Ry, "B -E"- D3 — Psoir

The water table is below the pipe, so the buoyancy factor is taken as unity. The empirical
coefficient of elastic support is given by Equation 18:

1
B' = = 0.22

1+ 4-exp [—0.065 : (%)]

The load bearing capacity of the pipe against elastic collapse is given by:

—16,464| =~ 730,500 N — 74,500 kg

1 . 2842
Pogp = 3 X 3 32x1x%x0.22%X6.9x10°x 0.610°

The load bearing capacity of the pipe against elastic collapse is approximately 74-tonnes.
The plastic collapse load of 36-tonnes is limiting.

6.2 Example 2

Consider a pipe of diameter 323 mm with wall thickness 9.5 mm, buried with a 0.9 m depth of
cover. Assume 95% intact coating and steel grade 360 MPa. The sail is a fine-grained soil with
100% compaction, and density of 1600 kg/m?®. The soil has very poor drainage. It is of interest to
determine the bending stress acting on the pipe wall if a 20-ton truck drives over the right of
way.

The pipe is 95% coated, and therefore only 5% is subject to corrosion. For simplicity, assume
that the disbonded area of the pipe has corroded through-wall, and the pipe has the Swiss cheese
character. The nominal wall thickness of 9.5 mm will be used for calculations, and then later
corrected for the disbonded area.
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A basic soil load will be assumed (no water table considerations or jacking). The soil load is
calculated using Equation 6:

Peoir = s+ C = 1600 x 9.8 x 0.9 = 14,112 Pa

The bending stress in the pipe wall is calculated from the deflection, which is calculated using
the modified lowa Equation 12:

Ay LK (Psou + Pyipe) - R®
D (EDeq+0.061-E"-R3

In this case, the live load acting on the pipe is due to vehicle traffic. Table 10 is consulted, and
29 kPa is selected as an appropriate effective load acting on the pipe due to a truck and 0.9 m of
cover.

The equivalent stiffness of the pipe wall is given by:

(EDeqg = E x t3/12 =205 x 10° x (9.5 x 107)%/12 = 14,646 Pa - m®
Table 12 is consulted and 10.4 MPa is selected as an appropriate modulus of soil reaction.
The vertical deflection in the pipe is given by:

Ay 1.5x0.10 X (14,112 + 29,000) x 0.1623

D 14,646 + 0.061 x 10.4 x 106 x 0.1623 ~0.0016
The bending stress is given by Equation 15:
=4-F <Ay> <t> =4 x 205 x 10° x 0.0016 X (9'5) 38 MP
Tbena = p) \p)~ ' 323) "~ ¢

This calculation assumes full wall thickness and no corrosion. The stress must be scaled to
account for the lost cross-sectional area of the pipe due to corrosion holes associated with
disbonded coating. For 95 % intact coating and 5 % disbonded coating, the effective bending
stress acting on the pipe wall is equal to (38 MPa / 95% intact =) 40 MPa.

7.0 SOIL COLLAPSE MODELLING

The above models have been developed to determine the times and loading conditions necessary
for pipeline collapse. The result of the pipeline collapse is expected to be ground subsidence, as
soil falls into the void of the empty pipe, and the local soil level lowers. It is of interest to the
study to estimate the depth of ground subsidence in the event that a pipeline does collapse.
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Consider the pipeline and soil geometry illustrated schematically in Figure 32. The pipeline is of
diameter “D” and with depth of cover “C”. Soil collapse typically occurs along 45° planes as the
shear stresses are highest along these planes and so the soil slips along these planes. The 45°
lines are projected from the centre of the pipeline to the ground surface to define a prism of soil
subject to subsidence if the pipeline collapses. The area of the prism at the ground surface can be
determined geometrically.

Assume the pipeline collapses and soil flows into the empty void of the pipeline. In order to
simplify the calculations, it will be assumed the soil flows efficiently and fills the empty void.
This is a conservative assumption. The volume of soil filling the pipeline can be calculated and
used to estimate the depth of subsidence at the ground surface. Figure 33 is a schematic of the
pipeline and soil geometry after pipeline collapse. The prism of soil subsides a depth “S”, and
this depth can be calculated geometrically.

The area of the pipeline filled by soil is given by:

A

Equation 20: Apipe = 7 D?
The area of the subsided soil above the pipeline is given by:
Equation 21: Aoy = (2:C+D)-S—5?

Note that areas of the pipeline and soil prism are used, but the actual geometry is a volume per
unit length. Assuming these two volumes are equal:

Equation 22: 52—(2-C+D)-5+§-DZ=0

This equation can be solved using the quadratic formula to yield:

__ (2:C+D)—+/(2:C+D)2—mD?
2

Equation 23: S

However, a simplification of the geometry provides a more convenient estimate of the solution:

. ] T D?
Equation 24: S = 2 GCiD)

This simplified solution is slightly (~10%) non-conservative for most pipe and soil geometries. It
is recommended for typical pipeline conditions. The solution is less conservative for larger
pipelines (> 1 m) with less depth of cover (< 1 m), and the solution provided by Equation 23 is
recommended. Note that the assumption the soil flows freely and fills the pipeline void is
inherently conservative.
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Consider collapse of a pipeline of diameter 610 mm (ie. 0.610 m) with 1.2 m depth of cover. The
depth of subsidence “S” is estimated as:

T 0.610%

S~ = —
4 (2x1.240.610)

=0.097 m=9.7cm

This represents a typical scenario.

Figure 34 is a simple plot of predict subsidence depth as a function of depth of cover and
pipeline diameter. The data is based on Equation 23. For these previous two examples, provided
in Section 6.0, the soil collapse model predicts depths of approximately 10 cm for the “average”
case and 40 cm for the “extreme” case.

8.0 FURTHER DEVELOPMENTS

The models presented above need further development and refinement. Several options can be
considered for further study. Field studies, laboratory studies, or further analyses could be
performed to develop more precise models.

Excavation and examination of previously abandoned pipelines would provide valuable
information that could be considered with respect to the assumptions made during the course of
this study. Observations may confirm the assumptions used, or may provide guidance on how the
current models should be modified for better predictions.

Laboratory experiments can also be considered. Bench top testing of soil with small-scale
pipelines (tubing), or soil with simulated voids may lead to better understanding of the
mechanical behavior of soil during pipeline deformation and soil collapse. Additional testing
could be performed to evaluate corrosion rates under disbonded coatings and coating degradation
rates in soils. Laboratory experiments have the advantage of providing accelerated testing,
relative to the field studies that are expected to provide limited information for hundreds of
years.

Further analyses, such as refined statistical modelling and finite element modelling, could
provide predictions that complement the current models. Ideally, further studies and refinements
to the models are complementary, and demonstrate self-consistent results that provide increased
confidence in the current models.

9.0 SUMMARY

A literature review was performed to identify corrosion and structural integrity studies relevant
to the development of predictive models to understand the degradation and collapse of
abandoned pipelines. Several industry studies have been performed by other researchers that are
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relevant to this program. The data generated and the models developed by these studies have
been reviewed.

Soils data generated by the NBS has been used to develop a corrosion rate model that is
considered suitable for the pipeline abandonment program. The model is based on a parabolic
rate law, and provides a reasonable upper bound estimate for corrosion rate calculations. The
model can be modified easily to account for average or lower bound corrosion rate conditions.
The methodology of the model has been discussed. Examples and plots have been provided to
demonstrate the use and sensitivity of the model.

Established structural integrity and soil mechanics equations, developed primarily by the civil

engineering industry and academia, have been combined to develop a structural model
considered suitable for the pipeline abandonment program. The model is based on the
assumption that soils loads and live loads acting above the pipe will lead to either plastic or
elastic collapse of the pipeline at a critical level. The critical load acting on the pipe to cause this
collapse is considered the load bearing capacity of the pipeline. The model can be modified to
account for dry or wet soils, jacked installation of the pipeline, and personnel or vehicle traffic.

As shown by the analytical results of this study, the predicted time to collapse will vary
depending on a number of variables, including (i) pipeline diameter, wall thickness and vyield
strength, (ii) soil type and soil properties, and (iii) pipeline depth of cover. Accordingly,
analytical predictions have to be made on a case-specific basis using applicable pipeline and soil
data.

The analysis suggests that a medium diameter pipeline situated in stable soil and at typical depth
would support a personal truck for approximately 9,000 years before collapse. On the other hand,
in a situation where a large diameter pipeline is buried at very shallow depth in extremely poor
soil conditions, the pipeline may collapse under the weight of a truck in the time of
approximately 100 years.

Note that the above examples assume the pipelines are not coated, and the bare steel surface is
free to corrode. Generally, this is an inherently conservative assumption because there is no
coating to retard the degradation of the pipe steel. If a coating were present, as is typically the
case, the model would predict a higher load bearing capacity and / or a longer time to collapse. In
some cases, corrosion rates can be faster at areas of coating disbondment than for a bare pipeline.

The corrosion rate and structural integrity models can be combined in a practical way to
determine the load bearing capacity of the pipeline as a function of time. Instructions and
examples have been provided in the use of the models. In addition, both bare steel pipelines and
pipelines with coating and partial disbondment have been considered and discussed.
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A simple geometric model has been developed to estimate the depth of soil subsidence in the
event that a pipeline does collapse. The predicted depth of subsidence is highly variable
depending on pipeline diameter, burial depth and soil type, but is generally expected to be less
than 10 cm. At the very extreme, the predicted depth of subsidence could be up to about 40 cm
for a large diameter pipeline buried at shallow depth in poor soil conditions. The area of
disturbance would be much wider than the pipeline diameter due to the behavior of soil above
the pipe.

The models developed within this study need further development and refinement.
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Table 1. Classification of corrosivity based on aeration / drairfage.
Aeration /
Soil Type Description of Sail Drainage Water Table
1. Sands or sandy loams
2. Light textured silt loams
| — Lightly Corrosive 3. Porous loams or clay loams Good Very low
thoroughly oxidized to great
depths
1. Sandy loams
Il — Moderately Corrosive | 2. Silt loams Fair Low
3. Clay loams
[l — Badly Corrosive 1. Clayloams Poor 2 ft to 3 ft below surface
2. Clays
1. Muck
. 2. Peat At surface, or extreme
IV — Unusually Corrosive 3 Tidal marsh Very Poor impermeability
4. Clays and inorganic soils

Table 2. Classification of corrosivity based on resistivity.
Resistivity Range
(Qcm) Corrosivity
0-1,000 Very severe
1,001 - 2,000 Severe
2,001 - 5,000 Moderate
5,001 - 10,000 Mild
10,000+ Very Mild

2 Reference —recreated from Reference [11]

3 Reference [41].
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Table 3. Typical resistivity values for soil and water
Soil Water
Classification Resistivity (  Qcm) Source ( Qcm)
Clay 750 — 2,000 Seawater 25
Loam 3,000 - 10,000 Brackish 2,000
Gravel 10,000 — 30,000 Drinking water 4,000+
Sand 30,000 - 50,000 Surface water 5,000+
Rock 50,000+ Distilled water (infinite)
Table 4. Classification of soil corrosivity based on oxidation-reduction potehtial.

Oxidation -Reduction Potential Degree of
(mV Normal Hydrogen Electrode) Corrosion
<100 Severe
100 - 200 Moderate
200 — 400 Slight
> 400 Non-corrosive

* Reference [9].
® Reference [7].
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Table 5. The forty-seven soil types used in the corrosion modellifigy |
Internal
Site Soil Name Location Type Drainage
1 Allis silt loam OH silt loam Poor
2 Bell clay TX clay Poor
3 Cecil clay loam GA clay loam Good
4 Chester loam PA loam Fair
5 Dublin clay adobe CA clay Poor
6 Everette gravelly sand loam WA sand loam Good
7 Maddox silt loam OH silt loam Fair
8 Fargo clay loam ND clay loam Poor
9 Genessee silt loam OH silt loam Poor
10 Gloucester sandy loam MA sand loam Fair
11 Hagerstown loam MD loam Good
12 Hanford fine sandy loam CA sand loam Fair
13 Hanford very fine sandy loam CA sand loam Fair
14 Hempsted silt loam MN silt loam Fair
15 Houston black clay TX clay Poor
16 Kalmia fine sandy loam AL sand loam Fair
17 Keyport loam VA loam Poor
18 Knox silt loam NE silt loam Good
19 Lindley silt loam 1A silt loam Good
20 Mahoning silt loam OH silt loam Poor
21 Marshall silt loam MO silt loam Fair
22 Memphis silt loam TN silt loam Good
23 Merced silt loam CA silt loam Fair
24 Merrimac gravelly sandy loam MA sand loam Good
25 Miami clay loam Wi clay loam Fair
26 Miami silt loam OH silt loam Good
27 Miller clay LA clay Poor
28 Montezuma clay adobe CA clay Poor
29 Muck LA muck Very poor
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Internal
Site Soil Name Location Type Drainage
30 Muscatine silt loam IA silt loam Poor
31 Norfolk fine sand FL sand loam Good
32 Ontario loam NY loam Good
33 Peat WI peat Very poor
34 Penn silt loam PA silt loam Fair
35 Romona loam CA loam Good
36 Ruston sandy loam MS sand loam Good
37 St. John's fine sand FL sand Poor
38 Sassafras gravelly sandy loam NJ sand loam Good
39 Sassafras silt loam DE silt loam Fair
40 Sharkey clay LA clay Poor
41 Summit silt loam MO silt loam Fair
42 Susquehanna clay MS clay Poor
43 Tidal marsh NJ marsh Very poor
44 Wabash silt loam NE silt loam Good
45 Unidentified alkali soil wy soil Poor
46 Unidentified sandy loam CcoO sand loam Good
47 Unidentified silt loam uT silt loam Poor
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Table 6. Properties of the forty-seven soil types used as the basis of the corrosion mdddlling[
g | Joul 2 24 2. : _ .
Resistivity Acidity Na+K as [Na+] [Ca™] [Mg“] [CO57] [HCO3] [CI [SO47]
Site | pH (Q-m) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg)
1 7.0 12.2 0.110 0.007 0.003 0.004 0.000 0.001 0.001 0.008
2 7.3 6.8 0.035 0.003 0.011 0.001 0.000 0.012 0.000 0.002
3 5.2 300 0.120
4 5.6 66.7 0.076
5 7.0 13.5 0.065 0.009 0.005 0.000 0.007 0.000 0.003
6 5.9 451 0.130 0.000
7 4.4 21.2 0.300 0.000
8 7.6 35 0.014 0.017 0.026 0.000 0.007 0.000 0.044
9 6.8 28.2 0.072
10 6.6 74.6 0.036
11 5.3 110 0.110 0.000 0.000
12 7.1 31.9 0.025 0.004 0.005 0.002 0.000 0.004 0.000 0.001
13 9.5 2.9 0.062 0.001 0.001 0.000 0.011 0.016 0.038
14 6.2 35.2 0.056
15 7.5 4.9 0.050 0.022 0.009 0.002 0.000 0.020 0.001 0.007
16 | 4.4 82.9 0.120
17 | 45 59.8 0.190
18 | 7.3 14.1 0.014 0.003 0.006 0.002 0.000 0.009 0.000 0.003
19 | 4.6 19.7 0.110 0.004 0.003 0.004 0.000 0.002 0.000 0.005

6 Note that resistivity is listed in units of (Q-m), whereas previous tables in the report listed in units of (Q-cm)
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Resistivity ° AT:?J% Na+K as [Na+] [Ca®™] Mg?"] [CO47] [HCO3] [CI] [SO47]
Site | pH (Q-m) (mol/kg) (mol/kg) (mol/kg) | (mol/kg) | (mol/kg) (mol/kg) (mol/kg) (mol/kg)
20 | 75 28.7 0.015 0.003 0.005 0.002 0.000 0.005 0.000 0.002
21 6.2 23.7 0.095
22 | 49 51.5 0.097
23 9.4 2.8 0.084 0.004 0.002 0.000 0.019 0.011 0.056
24 4.5 114 0.130
25 7.2 17.8 0.047 0.002 0.007 0.004 0.000 0.010 0.000 0.001
26 7.3 29.8 0.026 0.003 0.005 0.003 0.000 0.007 0.000 0.001
27 6.6 5.7 0.037 0.005 0.019 0.011 0.000 0.020 0.001 0.015
28 6.8 4.1 0.015 0.001 0.002 0.000 0.001 0.010 0.009
29 | 4.2 12.7 0.280 0.022 0.019 0.016 0.000 0.000 0.017 0.023
30 | 7.0 13 0.026 0.003 0.007 0.004 0.000 0.007 0.001 0.002
31 | 47 205 0.018
32 7.3 57 0.005 0.002 0.007 0.001 0.000 0.007 0.000 0.004
33 6.8 8 0.360 0.015 0.073 0.041 0.000 0.023 0.021
34 | 6.7 49 0.070
35 7.3 20.6 0.057 0.007 0.007 0.005 0.000 0.011 0.001 0.004
36 4.5 112 0.046
37 3.8 112 0.150
38 4.5 386 0.017
39 5.6 74.4 0.066
40 6.0 9.7 0.094 0.006 0.006 0.004 0.000 0.009 0.001 0.003
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Resistivity ° AT:?J% Na+K as [Na+] [Ca®™] Mg?"] [CO47] [HCO3] [CI] [SO47]
Site | pH (Q-m) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg)
41 55 13.2 0.110 0.003 0.005 0.004 0.000 0.008 0.000 0.005
42 4.7 137 0.280

43 3.1 0.6 0.370 0.450 0.052 0.095 0.000 0.000 0.430 0.370

44 5.8 10 0.088 0.011 0.011 0.007 0.000 0.020 0.008 0.004

45 7.4 2.6 0.082 0.037 0.007 0.000 0.002 0.002 0.120

46 7.0 15
47 7.6 17.7 0.030 0.007 0.007 0.004 0.000 0.009 0.001 0.005
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Table 7. Upper bound curve fit data for the NBS soils data.
Coefficient for Coefficient for
Mass Loss Data Penetration Data Exponents for
Soil Type (Kmi) (kp) All Data Penetration
(Internal Drainage) (mm/yr) (mm/yr) (n) Ratio
Good 0.05 0.75 0.5 15
Fair 0.10 1.0 0.5 10
Poor 0.15 1.0 0.5 6.7
Very Poor 0.20 1.0 0.5 5
All data 0.25 1.0 0.5 4
Table 8. Impact factors to be applied to live lodds.
Installation Surface Condition
Taxiways,

Height of Height of aprons,

Cover Cover hardstands,

(ft) (m) Highways | Railways |Runways run-up pads

0-1 0-0.3 1.50 1.75 1.00 1.50

1-2 0.3-0.6 1.35 1.50 1.00 1.35

2-3 0.6 - 0.9 1.15 1.50 1.00 1.35

Over 3 Over 0.9 1.00 1.35 1.00 1.15

" Table recreated from Reference [36] Table 4.1-2, with the second column appended.
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Table 9. Live loads transferred to pipe (p8i).
LIVE LOADS TRANSFERRED TO PIPE (psi)

Height of Cover _ 9 _ 10 _ 1
(ft) Highway H20 Railway E80 Airport
1 125 - -

2 5.56 26.39 13.14
3 4.17 23.61 12.28
4 2.78 18.4 11.27
5 1.74 16.67 10.09
6 1.39 15.63 8.79
7 1.22 12.15 7.85
8 0.69 11.11 6.93
10 - 7.64 6.09
12 - 5.56 4.76
14 - 4.17 3.06
16 - 3.47 2.29
18 - 2.78 1.91
20 - 2.08 1.53
22 - 1.91 1.14
24 - 1.74 1.05
26 - 1.39 -

28 - 1.04 -

30 - 0.69 -

35 - - -

40 - - -

8 Table recreated from Reference [36] Table 4.1-1.

9 Simulates a 20-ton truck traffic load, with impact.

10 Simulates an 80,000 Ib/ft railway load, with impact.

11 Simulates 180,000 Ib dual tandem gear assemble, 26-inch spacing between tires and 66 inch centre-to-centre
spacing between fore and aft tires under a rigid pavement 12 inches thick, with impact.
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Table 10. Live loads transferred to pipe (kP3).

LIVE LOADS TRANSFERRED TO PIPE (kPa) ADDENDUM
Height of
Cover Highway Railway Personal
(m) H20 *° Eso ™ Airport 15 Truck ° Person
0.3 86 - - 21.6 5.0
0.6 38 182 91 9.6 1.3
0.9 29 163 85 7.2 0.6
1.2 19 127 78 4.8 0.3
1.5 12 115 70 3.0 0.2
1.8 10 108 61 24 0.1
21 8 84 54 21 0.1
2.4 5 77 48 1.2 0.1
3.0 - 53 42 - -
3.7 - 38 33 - -
4.3 - 29 21 - -
4.9 - 24 16 - -
5.5 - 19 13 - -
6.1 - 14 11 - -
6.7 - 13 8 - -
7.3 - 12 7 — —
7.9 - 10 - - -
8.5 - 7 - — —
9.1 - 5 - — —
10.7 - - - — —
12.2 - - - - -

12 Table recreated from Table 9 above, and with unit conversion to metric and two right side columns appended.

13 Simulates a 20-tonne truck traffic load, with impact.

14 Simulates an 11 tonne / m railway load, with impact.

15 Simulates 82 tonne dual tandem gear assembly, 0.66 m spacing between tires and 1.68 m centre-to-centre
spacing between fore and aft tires under a rigid pavement 30 cm inches thick, with impact.

16 Simulates a 5 tonne personal truck load, with impact

17 Assumes 100 kg person, no impact
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Table 11.  Design values for soil modulus of reaction (g8i).

Depth of

Standard AASHTO Relative

Compaction

Cover
Type of Soil (ft) 85% 90% 95% 100%
0-5 500 700 1,000 1,500
Fine-grained soils with less than 25 % 5-10 600 100 1,400 2,000
sand content (CL,ML,CL-ML) 10-15 700 1,200 1,600 2,300
15-20 800 1,300 1,800 2,600
0-5 600 1,000 1,200 1,900
Coarse-grained soils with fines (SM, 5-10 900 1,400 1,800 2,700
SC) 10-15 100 | 1,500 | 2,100 | 3,200
15-20 1,100 1,600 2,400 3,700
0-5 700 1,000 1,600 2,500
Coarse-grained soils with little or no 5-10 1,000 1,500 2,200 3,300
fines (SP, SW, GP, GW) 10-15 1,050 | 1,600 | 2,400 | 3,600
15-20 1,100 1,700 2,500 3,800

18 Table recreated from [40, Table 2-3, 29].
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Table 12. Design values for soil modulus of reaction (MPh).

Standard AASHTO Relative
Depth of

Compaction
Cover
Type of Soil (m) 85% 90% 95% 100%
0-1.5 35 4.8 6.9 10.4
Fine-grained soils with less than 25 % sand 1.5-3.0 4.1 0.7 9.7 13.8
content (CL,ML,CL-ML) 3.0-4.5 4.8 8.3 11.0 | 15.9
4.5-6.0 5.5 9.0 12.4 18.0
0-1.5 4.1 6.9 8.3 13.1
1.5-3.0 6.2 9.7 12.4 18.6

Coarse-grained soils with fines (SM, SC)
3.0-4.5 0.7 10.4 14.5 22.1

4.5-6.0 7.6 11.0 16.6 255

0-1.5 4.8 6.9 11.0 17.3
Coarse-grained soils with little or no 1.5-3.0 6.9 10.4 15.2 22.8
fines (SP, SW, GP, GW) 3.0-4.5 7.2 11.0 | 166 | 24.9

4.5-6.0 7.6 11.7 17.3 26.2

19 Table recreated from Table 12 above and with unit conversion to metric.
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Precipitation

ATMOSPHERE l l

Buried Pipe

Figure 1. A schematic of a pipeline buried in soil and illustrating the local environment.
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Figure 2. A ternary diagram describing soils types by characteristic particle 4i&ps [
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Figure 3. A nomogram relating soil resistivity, pH and corrosion rate for steel pipe ir8$oil [
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Figure 4. The California DOT method for determining service life for steel pipelib&p [
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Figure 5. A selection of plots prepared during the statistical analysis of NBS soils corrosion
data [L8].
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Figure 6. Plot of NBS corrosion depth data after ~12 years exposure as a function of
acidity.
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Figure 7. Plot of NBS corrosion depth data after ~12 years exposure as a function of
resistivity.
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Figure 8. Plot of NBS penetration depth data at ~12 years as a function of the California
DOT model prediction.
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Figure 9. Plot of corrosion depth based on mass loss as a function of time for the soils with
VERY POOR internal drainage.

Figure 10.  Plot of corrosion depth based on mass loss data as a function of time for the soils
with POOR internal drainage.
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Figure 11.  Plot of corrosion depth based on mass loss data as a function of time for the soils
with FAIR internal drainage.

Figure 12.  Plot of corrosion depth based on mass loss data as a function of time for the soils
with GOOD internal drainage.
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Figure 13.  Plot of penetration depth data as a function of time for the soils with VERY
POOR internal drainage.

Figure 14.  Plot of penetration depth data as a function of time for the soils with POOR
internal drainage.
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Figure 15.  Plot of penetration depth data as a function of time for the soils with FAIR
internal drainage.

Figure 16. Plot of penetration depth data as a function of time for the soils with GOOD
internal drainage.
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Figure 17.  Plot of penetration depth as a function of corrosion depth based on mass loss, for
the NBS corrosion data. All data from ~12-year retrieval time.

Figure 18. Plot of penetration-to-mass-loss ratio for the NBS corrosion data. All data from
~12-year retrieval time.
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Figure 19.  Plot of wall thickness as a function of time, demonstrating the effect of varying
(mass loss) corrosion rates.
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Figure 20.  Schematic of the parameters used for the basic soil forces model (C is depth of
cover, d is distance,his water table height, P is pressure).
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Figure 21. lllustration of the ovalization for the plastic collapse model (D is diamaters
vertical deflection).
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Figure 22. lllustration of buckling for the elastic collapse model.
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Figure 23.  Plot of load bearing capacity as a function of pipe wall thickness, using the “base
case” conditions.
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Figure 24.  Plot of load bearing capacity as a function of pipe wall thickness, demonstrating
the effect of varying diameter.
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Figure 25.  Plot of load bearing capacity as a function of pipe wall thickness, demonstrating

the effect of varying depth of cover.
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Figure 26.  Plot of load bearing capacity as a function of pipe wall thickness, demonstrating
the effect of varying yield strength.
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Figure 27.  Plot of load bearing capacity as a function of pipe wall thickness, demonstrating
the effect of varying soil modulus.
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Figure 28.  Plot of load bearing capacity as a function of pipe wall thickness, using “extreme
case” conditions.
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Figure 29.  Plot of load bearing capacity as a function of coating disbondment, for the “base
case” conditions.
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Figure 30.  Plot of load bearing capacity as a function of time for the base case conditions,
demonstrating the effect of varying corrosion rates.
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Figure 31.  Plot of load bearing capacity as a function of time for the extreme case conditions,

and assuming an upper bound corrosion rate from Soil #23.
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2x(C+D/I2

Figure 32.  Schematic of geometry and soil conditions prior to pipeline collapse.
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2x(C+D/I2

Figure 33.  Schematic of geometry and soil conditions after pipeline collapse.
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Figure 34.  Plot of predicted soil subsidence depth as a function of depth of cover and
pipeline diameter.
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