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Abstract

Pipelines are considered the most practical way to transport oil and gas. However, some factors, such as
corrosion and third-party damage, can lead to severe incidents. Appropriate risk assessment can help reduce
the risk of pipeline systems. Prioritizing repairs, scheduling physical integrity assessments, and developing
emergency plans cannot be adequately done without implementing an appropriate risk assessment method.
Risk consists of the probability of failure (PoF) and consequence of failure (CoF) and, in many cases, is
obtained from the failure statistics published by the pipeline operators. In an endeavor to apply more
engineering concepts to the highly statistics-dominated idea of risk assessment, the PoF can be calculated using
finite element and Monte Carlo methods. This paper is specifically concerned with finding the PoF caused by
excavations neighboring a buried pipeline, a form of failure rarely considered as most studies about third-party
damages are concerned with the direct hit as a failure cause. Hence, a Python script was written that modeled
the excavations using Abaqus. The soil was modeled using the Mohr-Coulomb plasticity approach, while the
pipe was modeled as a shell. The excavation adjacent to the pipe would cause the pipe to deflect due to gravity.
The stress caused by this deflection was compared to the yield stress to determine whether or not it would fail.
To determine the probability of failure, this iterative process was carried out for excavations of different sizes
using a Monte Carlo method. Additionally, a methodology was implemented to address the issue of
computationally expensive models. The method proposed in this paper was compared and weighted against
other standard procedures to determine whether the advantages of risk assessment based on finite element
analysis (FEA) could justify its complexity.
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1. Introduction

1.1. Pipelines and risk assessment

Pipelines have strategic importance to countries because of their crucial role in any country’s energy
policies, and their safe operation can be a national concern. Pipelines are defined as pipes and valves
through which oil and gas industry fluids are conveyed, excluding any pumping and compression
stations or facilities. They are described as pipes and accessories from fence to fence (Mora, 2016).
Pipelines are the most economical method for transporting fluids over long distances, but their
environmental effect is a serious concern that must be considered. For instance, oil spills have caused
vast ecological pollution in the Niger Delta and affected the inhabitants of the Delta negatively (Umar,
2021). To study the effects of pipeline spills on the environment, Bonvicini et al. (2015) suggested an
environmental risk assessment (ERA) model for estimating the risk of pollution. In pipelines, even a
minor failure can lead to catastrophic outcomes (Khakzad, 2017), and accidents caused by third-party
interference often lead to disastrous consequences (Aulia, 2021). Therefore, special attention must be
paid to the integrity and reliability of pipelines. The integrity of a pipeline is defined as its ability to
transport fluid safely and is managed by the pipeline integrity management system (PIMS). PIMS
comprises the integrity management program (IMP) and management system (MS). IMP’s primary goal
is to reduce integrity risks (both in likelihood and severity), and MS focuses on achieving objectives
and maintaining continuous improvement while considering all policies and commitments. The pipeline
integrity management system is obtained by integrating these two concepts. PIMS will enable all
participants in the pipeline system to continuously promote effectiveness and safety throughout the
pipeline (Mora, 2016). Figure 1 shows risk assessment as part of the integrity management plan process.
The five elements of PIMS, according to ASME B31.8S (2020), are shown in Figure 2.

Risk assessment is the study of the consequences and the probability of pipeline failure. It is
implemented to prioritize the physical integrity assessment methods (i.e., line inspection and pressure
testing). The number of publications on the topic has recently increased due to the growing attention
paid worldwide to risk and safety issues. Peron (2023) provided an up-to-date and thorough overview
of 559 articles, categorized risk assessment methodologies into five different clusters, and stated that
the literature was moving toward advanced and dynamic methods such as the Bayesian network (BN).
The Bayesian network is especially effective for modeling engineering systems and structures where
input data uncertainty is present (Khakzad, 2011). Moreover, it can update the prior probabilities when
new information becomes available (Khakzad, 2022). Ruiz (2022) researched the ability of BN to
estimate the potential impact of implementing new policies on a system. Park (2018) established a limit
state function for each source of failure and determined the probability of failure through Monte Carlo
simulations by assigning probabilistic distributions to the pipeline variables. Yuaubo (2022) and Shan
(2018) proposed a model to calculate failure probability based on historical data. The model employed
modification factors to adjust the statistical failure data.

This work minimizes the reliance on statistical methods and instead utilizes engineering-based
approaches. Our research aligns with Park’s work in that it is based on engineering principles rather
than statistics. However, a distinguishing feature of this study is that it employs finite element analysis
to assess acceptability rather than limit state functions as used in Park’s research.

ASME B31.8S presents four alternative approaches for risk assessment:

1. Subject matter experts (SMEs);
2. Relative assessment models;
3. Scenario-based models;
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4. Probabilistic models.

ASME B31. 8 states these approaches are listed in a hierarchy of increasing complexity, sophistication,
and data requirements.

Some of the used models are heavily dependent on industry statistics, and others are only used to rank
risk relatively. The model discussed in this paper will assess the risk of third-party interference by
employing engineering methods such as finite element analysis (FEA) and Monte Carlo simulation.
Third-party damage severely threatens subsea pipelines (Okodi et al., 2021); according to the European
Gas Pipeline Incident Data Group, third-party interference accounts for 35% of accidents (Horalek,
2015). It is also a common cause of failure in the US and Western Europe (Mather, 2001). Although
accidental third-party damage to pipelines during excavations is a common problem for operators
around the world (Steiner, 2010), Cui (2020) stated that third-party incidents were mainly neglected
during the pipeline risk assessment stage.
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(section 3)
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p——————~| and integrating data
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Figure 1
The integrity management plan process flow diagram (ASME B31.8S, 2020)
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1.2. Different risk assessment methods

1.2.1. Subject matter expert (nonquantitative/qualitative/nonquantitative risk assessments (QRA)

This method is the easiest risk assessment method approved by the ASME standard. In addition to the
simplicity and the minimal need for software, it has the advantage of using the knowledge of highly
experienced staff (Mohitpour, 2010). The method works such that the expert is asked to provide an
opinion on the likelihood and consequences of failure. Their opinion can be qualitative or in scores.
Then, it will be presented by combining the scores using weighting factors or in a risk matrix. A
disadvantage of this method is its subjectivity of results. The results of this method are highly subjective
so that a different SME team can have different opinions on the same section. The other significant
disadvantage of the technique is that the risk of all threats, such as excavation and corrosion, must be
combined into one final score. The final score is obtained by assigning a specific weight factor to each
threat. Defining these weight factors is critical in the final result, and there is no actual “right” way to
describe them, which increases the subjectivity of the method even more.

1.2.2. Nonquantitative indexing methods

In this method, PoF and CoF are presented as the weighted mean of indices that are functions of the
conditions of the segment (Mohitpour, 2010). Such methods usually define the index of a threat by a
type of equation or table, which can reduce subjectivity. Once these equations/tables are approved,
results will be insensitive to the assessor conducting the method. The weighting factor problem,
explained in the previous method, also exists in the indexing method. The popular Kent Muhlbauer’s
indexing method, for instance, belongs to this category. In these methods, the scores and values
calculated for PoF and CoF are only meaningfully related, contrary to the definitive techniques
introduced in this paper, in which results are presented as probabilistic and monetary values.

1.2.3. Statistical quantitative methods

The operator must report any failure, and these reports are published periodically. Usually, the statistics
of multiple operators are combined to be reported. Some of these publications include the European
Gas Pipeline Incident Data Group (EGIG), the UK Onshore Pipeline Operators’ Association (UKOPA),
the Pipeline and Hazardous Material Safety Administration (PHMSA) in the US, and the National
Energy Board (NEB) of Canada.

These reports and statistics are crucial for risk assessment and monitoring the effectiveness of the risk
management program. No matter the risk assessment method, these reports are essential to collect.
However, is it justifiable to use them to assess risk? This method’s most significant advantage over the
previously explained methods is its definitive results. The results of this method are reported as failures
per kilometer per year or as dollars per kilometer per year. Such results can be used directly in integrity
management and financial analysis of a pipeline, contrary to the results of the qualitative or semi-
quantitative risk assessment methods, which have no actual meaning and are used only for prioritization.
Furthermore, statistical methods are generally more accurate than the previous methods. However, the
most crucial drawback of this method is that it presents the risk as a whole, and it is impossible to have
the risk of a particular segment of the pipeline (Muhlbauer, 2015). In a single pipeline, each segment (a
segment can be as short as 1 cm and as long as kilometers) has unique conditions and can experience
highly different risks compared to its neighboring segments. Hence, its inability to distinguish between
the risks of these segments is a severe drawback of this method.
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1.3. Defining a problem

An example problem will be presented in this part, and later, it will be assessed using the risk assessment
method proposed in this research. An assessor is to investigate the risk of three different pipeline routes,
as shown in Figure 3.

Figure 3

The hypothetical pipeline routes

1.3.1. Soil and pipe data

Assuming that the soil properties are the same for the whole area, as shown in Table 1, the steel pipeline
with an internal pressure of 6 MPa, a radius of 203.2 mm, a thickness of 10.31 mm, and an ultimate
strength of 480 MPa is buried at a depth of 1.5 m; a safety factor of 3 is also used. The mechanical
properties of the steel are presented in Table 2.

Table 1
Soil properties
Parameter The value used in Abaqus
Mass density, p (kg/m3) 1800
Young’s modulus, £ (MPa) 25
Poisson’s ratio, v 0.3
Friction angle, ¢ (°) 25
Dilation angle, ¥ (°) 2
Cobhesion, ¢ (kPa) 25
Table 2
Steel properties
Steel properties The value used in Abaqus
Young’s modulus 200 MPa
Poisson’s ratio 0.33

Density 8050 kg/m®
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1.3.2. Excavation data

The map is divided into three exposure regions. Regions A, B, and C have the exposures of 0.52, 0.076,
excavations

and 0.02 (. Tmxyear ) respectively. The distribution of the dimensions of the excavations is presented
in Table 3.
Table 3
Distribution of the excavation dimensions
Parameter Type of distribution

d Uniform Min = 0.6 m Max =10 m

H Normal Mean= 10 m Standard deviation = 0.75 m

L Normal Mean=19m Standard deviation =2 m

B Normal Mean =4.5 m Standard deviation = 1 m
1.3.3. Routing data

Pipeline I is 100 km long, 40 km of which is in region A, 40 km in region B, and 20 km in region C.
Pipeline II is 160 km long, 110 km of which is in region B and 50 km in region C. Pipeline III has 60
km in region B and 240 km in region C.

What would the probability of failure for each pipeline be?

2. Theory

2.1. Mohr-Coulomb

The Mohr-Coulomb model is a simple linear elastic-perfectly plastic model that is widely used in finite
element analysis, both in research and industry practices (Robert, 2017). According to the Abaqus
Theory Guide (2016), this model provides adequate accuracy for monotonic loadings. By conducting a
couple of triaxial tests and plotting Mohr’s circles for their stress in the state of failure, it is possible to
obtain the failure envelope curve (see Figure 5). For most rocks, it is possible to simplify the model by
linearizing this curve (Zoback, 2007). In this case, the Mohr-Coulomb model will define the failure
envelope by two parameters: ¢ (friction angle) and ¢ (cohesion).

<—O03

Figure 4
The triaxial test (Zoback, 2007)
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The linearized Mohr envelope (Abaqus Theory Guide, 2016)

The soil obeys Hooke’s law until yielding, determined by the line shown in Figure 6 (Robert, 2017).
The criterion can be expanded to the three-dimensional stress space; the shape of the failure surface in

the deviatoric plane is shown in Figure 7.

Figure 7

Mohr-Coulomb

S,

Drucker-Prager (Mises)

The Mohr-Coulomb failure envelope in the deviatoric plane (Abaqus Theory Guide, 2016)

2.2. Friction coefficient

The interaction between soil and pipe is a determining factor in the buried pipeline analysis. At the
interface, when the soil becomes unstable due to yielding, it transfers the load to the pipe; this
phenomenon is called soil arching (Terzaghi, 1943). To model this interaction, a friction model can be
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used, and the friction coefficient (i) between the soil and the pipe can be obtained by applying the
ASCE ALA Guidelines for Design of Buried Steel Pipe, Section B.1. The friction coefficients can be
found using Equation (1).

u=tan (f X @) (1)

where fis an adjusting factor that depends on the coating and corrosion condition of the pipeline. In this
study, f'was 0.8 (Walsh, 2020). Hence we obtain u = tan(0.8 X 25°) = 0.36

2.3. Monte Carlo simulation

The Monte Carlo method evaluates risks caused by random internal/external factors or uncertainties in
measurements and parameters. This tool can be helpful in different stages of the engineering process,
whether design, maintenance, or risk assessment. However, this powerful tool has some downsides. It
may require high computational power, especially when combined with a computationally demanding
method such as finite element analysis. Two methods were employed to overcome this problem and
reduce the run time: parametric study and input sorting. Parametric studies aim to identify the
determining factors of the problem. Not necessarily to derive an equation for the parameter of interest;
even a simple statement such as “deeper excavation results in a higher stress” would be considered an
acceptable parametric study. However, how would such a simple statement help run a Monte Carlo
analysis faster? This will be illustrated with an example. As stated in Crofts (1977), stress increases if

o o . 1
excavation is more profound or if it was dug closer to the pipe; hence Stress « H « <

If a case in which the depth (H) is 5 m and the distance (d) is 1 m was simulated, it turned out that stress
is acceptable. There is no need to submit the simulation for a case where H =4 m and d = 2 m since
both parameters change in the direction where stress will be lower. The example explained the problem
assuming only two parameters, but it is valid for any parameters. Over 60 simulations were submitted,
and the behavior of the stress was investigated for different excavation dimensions; the details of the
parametric study are not explained in this paper; however, the Python script was coded by its results.
The script will compare each model to the submitted models that precede it to determine whether
running it is necessary.

In addition to the parametric study, another measure is required to reduce the running time. Since the
parametric research works based on machine learning (ML), sorting the randomly created inputs
(dimensions) in an optimal order is possible. This would prevent submitting unnecessary models; this
optimization was done by applying a simple scoring method on those inputs (dimensions). Input sorting
and parametric study drastically reduced the required run-time so that out of the 10,000 simulations,
only 300 were submitted. This allowed the study to be done on a standard personal computer with 4 GB
RAM and 2 CPUs.

3. Methodology

3.1. Proposed approach

Unlike statistical methods, this research intends to develop a technique with a definitive result but can
assign a risk value to each section. The proposed analysis approach is that the pipe—soil model should
be modeled using finite element analysis software. Then, by randomly varying the model parameters,
the probability of failure is found (Monte Carlo simulation). The overall procedure is explained below.



76 Iranian Journal of Oil & Gas Science and Technology, Vol. 11 (2022), No. 4

3.1.1. Modeling pipe and soil using Abaqus

An excavation having a length of L, a width of B, and a depth of excavation of H is modeled as shown
in Figure 8. The size of the soil block is critical to both experimental and finite element analyses. To
ensure that the boundary condition does not affect the model, it must have an infinite amount of soil
around the pipe (Brachman, 2000). Since this is practically impossible, an adequate soil block size
should be used so that these effects would disappear. Therefore, the length, width, and height of the soil
block must be increased so that the stress of the pipeline converges under a specific excavation,
indicating that the boundary condition effect is minimized. Performing this study for each dimension
(separately) determines the minimum size required for the block, and the result is shown in Figure 9.

Figure 8

The isometric view of the model

Figure 9

The soil block size required to eliminate the effects of boundary condition
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-

Figure 10

The front and top views of the model

3.1.2. Defining the random parameters

While parameters like burial depth, pipe radius, and thickness are kept constant throughout the analysis,
the below parameters are taken as random variables.

e d: the distance of the pipe centerline to the excavation;
e H: the depth of excavation;

e  [: the length of the trench;

e  B: the width of the trench.

The distribution of these parameters differs; d is evenly distributed, while H, L, and B have customarily
distributed numbers. The mean and standard deviation of these parameters are tabulated in Table 3.

3.1.3. Finding the probability of failure for a single excavation (conditional probability)

After simulating 10,000 times, the probability of failure caused by a single excavation can be
determined by dividing the number of failed simulations by the total number of iterations.

3.1.4. Finding the PoF in a specific section of the pipeline

The number of excavations is unevenly distributed along the pipeline; some sections are exposed more
than others. Hence, the probability found in the previous step must be adjusted to determine the
likelihood of failure at a specific segment. As an easy and highly unrealistic example, the number of
excavations per year around each one-kilometer-long section is shown in Figure 11. Assuming that all
of the shown sections have the same properties of soil, depth, and pipe radius, the probability obtained
by the Monte Carlo simulation will be the same along the entire pipeline. However, what is the
likelihood of failure in each section? What is the probability of having at least one failure along the
pipeline?

Figure 11
The hypothetical excavation exposure

The actual probability at the ith section is calculated using Equation (2).
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Pactual,i =1- (1 - PMC,i)N 2)

where Py ¢ ; is the probability obtained by the Monte Carlo simulation at the ith segment, and N denotes
the expected number of excavations per year at that particular section, defined as follows:

exc.

N = Exposure ( ) X Segment Length(km) 3

km.year

Equation (2) is the probability of having at least one failure at a particular segment. The probability of
having at least one failure along the entire pipeline can be calculated by:

Protar =1 — l_[(l - Pactual,i) 4

Solving for the pipeline in Figure 11, the probability of a single failure along the entire pipeline would
be 26.03%. The probability of failure in any segment can be obtained using Equation (2).

3.2. Abaqus model

The soil block is defined and cut in half because of symmetry to reduce the time required for the
calculation. The material properties used for the soil block are Mohr-Coulomb plasticity alongside an
elasticity model; the properties are summarized in Table 1. The elements used for the block are hex and
linear elements (C3DS), and the pipeline is modeled as a shell and meshed by (S4) elements. The
surface-to-surface interaction option is used to model the pipe—soil interaction. Tangential and normal
behavior will be defined as penalty and hard contact, respectively. The sliding formulation is small,
and the over-closure option is activated to solve convergence problems. The soil is the master surface,
and the pipe section is chosen to be the slave surface. Contact control must be employed to prevent
convergence difficulties. A factor of 0.05 is enough to avoid non-convergence while keeping the
stabilization energy low. For this study, two steps are defined: one for applying the gravity load and the
other for the pressure in the pipe. Nigeom is required to consider geometric nonlinearity, and dissipated
energy fraction stabilization is used in both steps; a value of 0.0002 is used for the automatic
stabilization factor and 0.001 for the maximum ratio of stabilization to strain energy.

4. Results and discussion

We first examine the different approaches taken by each method to address this problem. The scoring
method assigns a score to each area, with higher exposure areas receiving a lower score and less active
regions receiving the highest score. For example, according to the Kent method, they receive scores of
0, 8, and 15 if sections A, B, and C are classified as high-, medium-, and low-activity areas. The
pipelines are then assigned an average score for prioritization, where the safest pipeline will receive the
highest score as follows:

4OXO+4OX8+ZOX15—62

Pipe —I: 100

Pipe — II: 0X0+110X8+SOXI5=10.18 (5)
160

Pipe — III: O><O+6O><8+240><15:13.6

300
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The statistical approach can be applied by utilizing historical failure statistics, such as EGIG reports,
and adjusting them accordingly using modification factors; a more comprehensive description of this
method can be found elsewhere (Shan, 2018).

Another possible assessment method could involve using Kent’s definitive approach (Muhlbauer,
2015), using the exposure value given in the problem, and calculating the expected annual excavation
for each pipeline.

Pipe — I: 40 x 0.52 +40 x 0.076 + 20 x 0.02 = 24.24 exc./year
Pipe — II: 0x0.52+ 110 x 0.076 + 50 x 0.02 = 9.36 exc./year (6)
Pipe — 1II: 0x0.52 460 % 0.076 + 240 X 0.02 =9.36  exc./year

Kent suggests that not all exposures fail, as mitigation plans and others by the pipe resistance can
prevent some. Preventing up to 90% of these exposures from developing into failures is possible. Thus,
it can be inferred that mitigation plans and pipe resistance play a significant role in preventing failures.
By assuming that only 10% of these exposures will fail, we obtain the following:

Pipe — I: 244 x0.1 =244  Failure/year
Pipe — II: 9.36 X 0.1 =0.936 Failure/year @)
Pipe — III: 9.36 x0.1 =0936 Failure/year

Subjectivity can significantly influence the outcomes in all three methods mentioned. The assigned
scores in scoring methods and the adjusting factors in the statistical method will directly impact the
final result of the assessment. Similarly, in the definitive Kent method, determining the effectiveness of
the mitigation plan and pipe resistance involves a high degree of subjectivity.

We can determine what proportion of the excavations fails by utilizing the finite element analysis
suggested in this study. The proposed method significantly reduces the subjectivity of the assessment
by estimating the dimensional distribution of the excavation, which is mainly predictable and
measurable. It is worth noting that the soil properties are constant along the entire line and for all three
pipelines. This assumption is employed only for simplicity, but in more realistic examples, different
properties can be used along the pipeline. After running the code, it was found that out of the 10,000
iterations, only 43 failed, which means that Pyc = 0.43% for the entire pipeline. This value is the
probability of failure if the excavation is performed, called a conditional probability. The process of
obtaining the actual probability was explained, and the corresponding equations were derived before.
This section uses these equations to evaluate the risks in these three routes.

According to Equation (2), the actual probability of a section situated in regions A, B, and C is given
by:

0.43 0.52

Pactual,A =1- (1 - m) = 0.224%
043 0.076

Poctuars =1 — (1 - m) = 0.033% ®)
043 0.02

Pactual,C =1- (1 - m) = 0.008%

To find the probability of having at least one failure in the pipeline, Equation (4) is used:
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p . (1 0.224)40 ( 0.033)40 (1 0.008)20 9,929
=1—-(1-———+) X|(1=——+) X{1l=——%] =0.
tot! 100 100 100 0
p ) (1 0.224)0 (1 0.033)110 8 (1 0.008)50 3,950 ©)
=1- —_—] X _ _— = 3.
tot11 100 100 100 0
p . (1 0.224)0 (1 0.033)60 (1 0.008)240 2,829
=1—-(1-———) X(1=———+) X(1——— = 3.
tot, 111 100 100 100 0

This shows that Pipeline III has the least probability of failure.

Scores obtained using scoring methods have no meaning for a pipeline with variable soil properties,
burial depth, and excavation exposure along its route. Factors like soil type and burial depth complicate
the final result, whereas the indexing method limits them to a single score and a weight factor. This
cannot be an acceptable representation of them, especially when more than one threat is to be assessed
simultaneously. The method proposed in this work recommends calculating the effect of each factor by
engineering equations and methods like FEA so that the risk assessment is carried out according to
underlying engineering concepts and not meaningless relative scores. Despite the complication, this
method allows the assessor to include all the threats in the risk assessment; for instance, one can easily
include the corrosion by modeling the pipeline with a thinner shell. Another parameter that can be added
to this study is the strain cumulation caused by the induced deformations, which is a significant factor,
as stated in Malinowska (2022). Adding more threats to the study will lead to better risk assessment
results. This is the most crucial advantage the method has: it can consider all the reports, integrity
assessments, and in-line inspections. This ability works as a “card counting” strategy for a pipeline
system. What gives the card counting technique the ability to “beat the house” in some Casino games
is that it focuses on the cards that are dealt to this moment to predict the rest of the game with better
accuracy. In pipeline systems, every reported excavation, every in-line inspection, and every defect is
a card played. A suitable risk assessment method should count all those cards to predict the maintenance
expenses and schedule the physical integrity assessment measures. This differentiates a “physic-based”
method from other methods through its ability to integrate the results and the data of all threats and
inspection reports into a single study.

5. Conclusions

This paper quantified the risk caused by an excavation carried out near a buried pipeline. For this
purpose, a Python script modeled the excavation in Abaqus, found the resulting maximum stress, and
determined whether the pipeline failed. The script repeated this process for 10,000 randomly sized
excavations to determine the probability of failure. The code was run successfully, and employing
parametric study and input sorting reduced the running time enormously. It was found that of the 10,000
models, only 43 failed. The corresponding probabilities were calculated to compare the risks of the
three hypothetical pipelines. The main conclusions drawn are as follows:

e This work proposed a quantitative risk assessment method concerning the excavation carried
out near a buried pipeline, a form of failure rarely considered because most studies conducted
about third-party damages are concerned with the direct hit as a failure cause. The proposed
method filled a gap in current research and provided a more comprehensive understanding of
the risks associated with excavations near buried pipelines.

e FEA methods are computationally expensive, and to address this issue, we developed and
implemented a technique that significantly reduced the amount of runtime required.
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e The application of engineering and finite element analysis methods to risk assessment could
significantly reduce its subjectivity, as discussed above.

e Another advantage of the proposed method over the standard scoring methods was that it
presented risk results as a percentage value rather than a meaningless score.

Nomenclature
B Width of the trench.
c Cohesion
CoF Consequence of failure
d Distance of the pipe centerline to the excavation
E Young’s modulus
exc. Excavation
f Adjusting factor for friction
FEA Finite element analysis
H Depth of excavation
L Length of the trench
N Expected number of excavations per year in a particular section
Poctuari Probability of failure at the ith section
PIMS Pipeline integrity management system
Pyci Probability of failure obtained by the Monte Carlo simulation at the ith segment
PoF Probability of failure
Piotar Probability of a single failure along the entire pipeline
B the angle at which the fault develops in triaxial strength test
u Friction coefficient
p Mass density
01 Maximum compressive stress in triaxial strength test
03 Effective confining pressure in triaxial strength test
On Normal stress in triaxial strength test
T Shear stress in triaxial strength test
v Poisson’s ratio
@ Friction angle
P Dilation angle
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