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EDITORIAL

Dear readers,

With this 3rd edition of the ptj in 2020 we are publishing 10 more articles
from the 15th Pipeline Technology Conference that had to be restructured
into a virtual event on short notice earlier this year.

The global pandemic is pushing us all to speed up digital transformation.
For this reason, you could now see different Rinds of online events and
webinars popping up in your mailbox on a daily basis. But we all Rnow that
these online events will never achieve what can be created with a face-to-
face meeting during a real conference and exhibition.

Dennis Fandrich
Director Conferences

Nevertheless, several essential physical event benefits could already

be implemented into online concepts. In addition to the pure transfer of
Rnowledge via Reynote speeches, panel discussions and technical pres-
entations, the free networking between all participants and the compara-
tive competition of a multitude of solutions on the market are of particular
importance.

The figures from the first ever Virtual Pipeline Summit (VPS) on “Digital Transformation in the Pipeline Industry”
demonstrate that this comprehensive approach is attracting great interest. More than 600 participants from 69
different countries joined the event. Almost 30% of the participants came from pipeline operators. The 2nd VPS on
“Leak Detection and Third-Party Impact Prevention” will takRe place on 7 October 2020.

The comprehensive pool of experience that can be gained from these new formats will also be incorporated into
the planning of the 16th Pipeline Technology Conference from 15-18 March 2021. In addition to the face-to-face
event in Berlin, there will also be a strong online part, which will lead further interested pipeline professionals into
the ptc community not only in these challenging times but also in the future.

| looR forward to seeing you again in person at ptc 2021 in Berlin and to having a virtual chat during one the upcoming
VPS events.

Sincerely yours

Dennis Fandrich, Director Conferences, EITEP Institute
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NEW TRANSIT PIPELINE TO BE BUILT IN TURKEY

Botas, TurRey’s state-owned crude oil and natural gas pipelines and
trading company, has opened a tender for the construction of a jet-

ty, measuring station and transit pipeline for a new Floating Storage
Regasification Unit (FSRU) LNG import terminal on the Gulf of Saros in
northwest Turkey.

As reported in the tender documents, the worR involves the construc-
tion of a 320-meter jetty, together with an onshore gas measuring
station and 17Rm of high pressure pipeline that will connect with the
TurRey-Greece interconnector pipeline. TurkRey has two onshore LNG
import terminals and one other FSRU

Read more at:
https://WWW.Di
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INTRODUCTION

Pipeline operators must balance Rey concerns while running
a business (Figure 1). Protecting people, the environment,
and the reputation of the industry remain the highest priority,
whilst maximizing the ongoing returns to shareholders from
major investments is always a focus.

Cost-
Efficient
Compliance

Maximize
Throughp ut

Figure 1: Key Drivers for pipeline owner/operator

These concerns become an even greater challenge in
tough economic times with budgets continually under
pressure. Many operators are choosing to collect a full, or
enhanced inspection dataset but put priority focus and
advanced analysis on targeted and problematic regions

of interest. Such areas may be of high consequence or
other regions identified from historic inspections or risk
assessment. Whether operators are focusing on targeted
areas or conducting a detailed assessment on the entire
pipeline section, the accuracy of the data used, in this case
in-line inspection (ILI) data, has a significant impact on the
outcomes of these assessment [ref 6].

Magnetic Flux Leakage (MFL) is the most widely used

ILI technology in the world today. This is largely due to

its ability to deliver in a wide range of pipeline operating
environments whilst maintaining high levels of accuracy.
Accuracy for MFL inspection is generally measured in terms
of Probability of detection (POD), Probability of Identification
(POI) and Probability of Sizing (POS).

The first commercial On-Line Inspection Centre (OLIC) MFL
inspections tooR place in the 1980s (first British Gas MFL
inspection tooR place in 1977). Over the four decades since,
there have been significant advances in MFL inspection
technologies and their resulting capabilities. Whilst often
the focus of these advancements is the inspection vehicle
itself, the end-product of an inline inspection service is
reliable and accurate data. This end-product is influenced
by various technological factors which include: recognition
& detection algorithms; complex sizing models; robust and
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rigorous processes and; highly trained and sRilled data
analysts.

This paper will first highlight how MFL ILI ‘accuracy’ has
changed and improved over time and then focus on the
following factors which all contribute to the reliable and
accurate inspection service. The factors covered will be:

ACCURACY

MFL inspection accuracy is typically stated in terms of
detection, identification and sizing. Each one of these is
measured in terms of confidence levels, typically at 80 or
90%:

Detection or POD really means will ‘it’ be seen?
Commonly defined in industry by API 1163 (American
Pipeline Institute) as “"The probability of a feature
being detected by an ILI tool” or by POF (Pipeline
Operators Forum) as “The probability that a feature
with a size will be detected by the ILI tool.”

Identification or POI really means what is ‘it'?
Commonly defined in industry by API 1163 as “The
probability that the type of anomaly or other feature,
once detected, will be correctly classified (e.g. as
metal loss, dent, etc.)” or by POF as “The probability
that a feature is correctly identified by the ILI tool.”

Sizing or POS really means what size is ‘it'?
Commonly defined in industry by API 1163 as “The
accuracy with which an anomaly dimension or char-
acteristic is reported” or by POF as “Sizing accuracy
is given by the interval with which a fixed percent-
age of features will be sized. This fixed percentage is
stated as the certainty level.”

Detection and sizing specifications are typically a Rey
element of an ILI contract. In some of the early inspec-
tion contracts from the 1980s, the accuracy levels were
not stated or ‘silent’ largely because the specifications
were unproven or did not even exist. Some reports would
merely provide a distance and Asterix*, which effectively
said ‘there might be something here’. Although defects
identified were effectively being reported on a reasonable
endeavors basis, there was enough confidence in these
results for MFL inspection to be of significant value in
pipeline integrity management. This value contributed to
improvements over the coming years and decades.
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In the later 1980s and into the 1990s, detection and sizing
specifications became the norm in ILI contracts. Figure 2
shows an example of a MagneScan contract specification.
Specifications were provided for pits and general metal
loss, with the minimum detection for pits @ 50% WT and
for general metal loss @ 30% WT. This specification was
commonly Rnown at the time as '30/50 spec’. The sizing
accuracy was +/- 20% or +/- 15% WT depending on the
defect type.

In the 15-20 years that followed, the specifications im-
proved and evolved to cover a greater range of defect,
sizes, types (typically quoted according to POF feature
category) and improved levels of accuracy. Table 1 below
provides the inspection accuracy from the Baker Hughes
fleet: This is the MagneScan fleet’s, industry leading ‘Super
High Resolution Plus’ (SHRP) specification. Today the
minimum detection and sizing level is from 4% and +/-8%
of local wall thickness, compared to 30% and +/-15% from
20 years earlier.

This comparison shows how much the accuracy of an MFL
inspection has changed over the past 20+ years.

Table I: MagneScan SHRP detection & sizing accuracy

Figure 2: Extract from a MagneScan ILI contract from the 1990s



FACTOR 1: THE INSPECTION VEHICLE

An |ILI service starts with a successful run of the inspection
vehicle. The design and performance of the vehicle is critical
to successful navigation through the pipeline, but perhaps
more importantly delivers the ability to detect (POD) defects
along the pipeline with enough information to allow the data
analysis process to confidently identify (POIl) and size (POS)
these detected defects.

In 2008 Baker Hughes introduced a new MFL technology
system to the industry: the latest generation of MagneS-

can inspection vehicle. The 6" system launched at the time
(Figure F1.1) made use of industry leading electronics and
sensing technology to enable step change improvements in
sensor spacing, scan pitch and operating parameters. These
advancements, and recent others have contributed to the
successful roll out of the latest generation MagneScan vehi-
cle to its current capabilities covering 6 — 42" diameter range.

Figure F1.I: Baker Hughes latest generation MagneScan

Previous Baker Hughes reports and publications [ref 1, 2,
3] explain in detail how these vehicle attributes contribute
to achieving specifications being delivered today (Table 1).
Notably, studies identified that the vehicle alone can only
take specification improvements so far.

Specifically, it was found that there is a non-linear rela-
tionship between sensor density and signal sizing perfor-
mance. There is an optimal sensor density above which
detection and subsequent sizing performance will not
improve significantly, even if the vehicle were to have an
‘infinite’ number of ‘infinitely small’ sensors.

In other words, the inherent physics in the amplitude
responses and signal-to-noise thresholds of any real
system do not provide a beneficial improvement of the
signal detection or signal characterization with radically
improved sensor spacing.

The physics of MFL signal spatial distributions, the local
magnetization levels and signal interpretation, ultimately
within the cross-analysis/synthesis process steps, were
Rey considerations resulting as an overall system to
maximize feature (e.g. pinholes, slots, pits, etc) detection
and sizing entitlement.
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FACTOR 2: SOFTWARE & FEATURE RECOGNITION

Specialised software and algorithms are essential to the
analysis of pipeline inspection data; they support the
analysis process by enabling manual analysis to focus
decision makRing on the regions and features which are
most critical and where manual expertise adds the most
value (Figure F2.1).

# {imr) mRRERA

T
ARy REd vl

LALS Y OI! §OD OSH 00 EEX O+
T pAR O T =

Oy f s I

Figure F2.1 The caliper decision support workflow user interface

The signal data collected during an ILI run can be rep-
resented as a grid that covers the whole pipeline wall
surface and, by analogy, can be thought of as an image of
the pipe. For a I0OORm pipeline section, this image may be
1000 pixels high and 50 million pixels wide (number of
sensors X number of data scans), and the task of ILI data
analysis is to identify, classify and quantify the size and
severity of any injurious features in this massive data set.
The number of individual corrosion pits in a pipeline this
size may run into millions, and although all of these are
visually inspected, algorithms are required to locate and
pre-assess this volume of features.

For features meeting the system POD specification to be
reported the ILI analysis process must be able to correctly
identify and classify them (POI). Achieving a high POI has
two components: reliably detecting and labelling areas of
data as a region of interest, and then accurately classifying
the cause of the signal detected for each area (Figures F2.2
and F2.3).

As MFL technologies do not provide a direct measure of
defect depth, Baker Hughes feature detection algorithms
ensure that all features meeting the POD specification

are detected, from the largest area of general corrosion
down to 5mm diameter pinholes. Advanced pre-processing
is used on the raw ILI data to normalise, improve sig-
nal-to-noise, and ensure consistent detection across all
wall thicknesses and pipe types. POD and POl detection
specifications are verified for every ILI system by including
features into pull tests which are at and below the expect-
ed detection thresholds.
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Figure F2.2: ILI signal data showing an area of corrosion above and a seam weld below. On the right we can see potential features detected on both areas by the
‘boxing’ algorithm.
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Figure F2.3 After classification the seam weld and non-corrosion areas have
been removed

The nature of an accurate MFL inspection system is such Development does not stop once the algorithm is being
that it can be very sensitive to variations that are often used live in production. Performance metrics built in to
seen in different pipelines, even if they are considered the the analysis software continue to be gathered with each
‘'same’ (WT, steel grade, corrosion levels etc) on paper. This  inspection to measure performance and capture unusual

‘pipe-to-pipe’ variation is one of the biggest challenges line conditions that are used to update and improve the

to accurate classification. To overcome this, and meet the algorithm over time. The example on figure F2.4 shows the
accuracy and reliability needed, the latest generation of area above the blue line is reducing. A reduction in area
Baker Hughes classification algorithms are trained and above the line represents an increase in accuracy through
tested on a data set consisting of hundreds of individual algorithm refinement.

pipelines which total around 40,000 Km, contain over 250
million detected metal loss features, and have 100 Tera-
bytes of recorded ILI data.

True Positive Rate
True Positive Rate

Falu Persitive Rt False Positive Rate

Figure F2.4 Example of iterative performance improvements during algorithm development Each circle

represents features from individual pipeline sections with varying attributes.
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FACTOR 3: ALGORITHMS & SIZING MODELS

It is not enough to detect an area of corrosion and report

it as such, an ILI inspection also needs to report the depth
and extent of that corrosion accurately. The level of sizing
accuracy that can be achieved (POS) is usually stated as a
tolerance +/- a given percentage of the pipe wall thickness,
and calculated to an 80% or 90% confidence level, meaning
80% or 90% of all corrosion features will be expected to
meet the given tolerance.

The task of predicting the depth profile of an area of
corrosion is not straightforward. The relationship between
the recorded magnetic flux leaRage and defect depth is
complex and highly nonlinear; even for simple isolated pits
sources of variation include the ILI vehicle build, magnet
strength, wall thickness, pipe material, vehicle speed, and
of course, the shape of the pit itself.

The Baker Hughes process of sizing consists of two as-
pects; first characterising an area of corrosion using sever-
al descriptors, and then using those descriptors to predict
the corrosion dimensions using a statistical method called
a ‘sizing model’.

Sizing models start with a carefully chosen population of
artificial defects machined to replicate real corrosion. ‘Pull
Through’ tests are carried with every ILI vehicle on these
defects to give comprehensive coverage over all defect
shapes, wall thicknesses and speeds; the sizing model is
built using this data.

Figure F3.1 Pull tl pipe spools with machined defects

The introduction of the latest generation MagneScan

fleet in 2008 saw a step change in the defect population
size and variation, resulting in an improved POS across

all defect morphologies. Sizing models are now typically
derived on an extensive range and number of individual
defect signals, and crucially incorporate the expertise and
Rnowledge accumulated across decades of experience in
ILl inspection to create a model that is robust and accurate
across the whole population.

Although they share the same form, each sizing model is
uniquely tailored to an ILI system configuration to ensure
the best performance. This means that Baker Hughes has
created over 500 models to date.

The POS performance is measured across all defect shape
categories in the pull through data set, and due to the
variation and extreme defects in this population it is often
found that the model performance in operational data,
where the natural corrosion is more typical, will exceed the
stated POS.

FACTOR 4: DATA ANALYSTS &
DATA ANALYSIS PROCESS

Data analysis is where the bulR of the ‘time’ is spent during
any pipeline ILI service. Although there is no direct correla-
tion between the time spent analyzing the data and the
typical contractual reporting timescales, it is still a good
indication of the levels of ‘effort’ required. A typical MFL
inspection report timescale is 60 days from receipt of the
data to deliver of the report (this time will increase for lon-
ger pipelines e.g. 100 days for pipelines >I50Rm). Although
there are sophisticated feature recognition algorithms and
software techniques applied to the ILI data before detailed
analysis starts, every inch of the ILI data is reviewed by a
data analyst. As this stage is so critical to report quality
and resulting end-product accuracy (Figure F4.1) Baker
Hughes invests in ensuring the right people are selected
and governed by robust processes.

Figure F4.1. Holistic view of factors influencing ILI report quality

Data analysis essentially consists of spending many hours
a day, often for weeks at a time, looRing at a busy comput-
er screen of lines and colours for patterns and ‘stand out’
features. It's often a case of makRing sure the software got
it right — and it doesn’t always! This challenging work takes
a certain type of individual, hence, Baker Hughes strive to



recruit and retain engineering degree level candidates that
go through ‘psychometric’ screening to ensure they have
the right ‘minds’ for the job. This screening is designed

to make sure the candidates have both the necessary
attention to detail and the ability to commit to the role for
a number of years. The latter is clearly important when you
consider the time it takes (Figures F4.2, F4.3) to gain the
experience and qualifications necessary to comply with
the internationally recognized standards ANSI/ANST ILI-
PQ-2017. The full details of how Baker Hughes complies
with ILI-PQ-2017 are documented in formal document
reference Global-E-MOO3.

The data analysis teams worR to, and are governed by, a
range of processes and procedures. These are controlled
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within the ISO 29001 Quality Management Certification
system which exists at every one of the Baker Hughes
operational sites. Notable elements contributing to robust
processes and procedures include:

* Onthe job training (OJT)

*  Report Audits

+  Continuous Improvement & Feedback system
+ Data analysis quality metrics

These, and other elements, are covered in more detail in
recent publications (reference 4), but it is worth exploring
report audits in more detail.

Figure F4.2: BakRer Hughes Analysis Training & Certification Structure

Level Experience (Months) | Training (Hours) Educational (Formal)
Level | 6 80 =
Level Il 18 160 *
Level lll 36 500 =
Notes:
¥ High School graduate or equivalent
o Completion with a passing grade of at least 2 years of engineering or science study ata

university, college or technical school.

Figure F4.3: ILI-PQ-2017 magnetic technology qualification & certification requirements



16 PIPELINE TECHNOLOGY JOURNAL

RESEARCH /7 DEVELOPMENT / TECHNOLOGY

Internal post-delivery report audits are an important best
practice. These provide a means of making sure analysis
and reporting standards continue to meet the stringent
high-quality requirements expected by customers and
that significantly impact report accuracy. All audits
should be planned, documented and scored to provide
the foundation for generating ongoing analysis quality
metrics. This proactive approach should seek out po-
tential errors and highlight any process issues that have
the potential to introduce future error. Should an error
be found, it is documented, which initiates a formal Root
Cause Analysis (RCA) and corrective action is taken.

FACTOR 5: PERFORMANCE VALIDATION,
VERIFICATION & IMPROVEMENT

The first part of the ‘proof of performance of an MFL
inspection system is validation using ‘pull-through’ data.
This compares the recorded, analyzed and sized signals
vs the Rnown actual defect dimensions in the pull through
spools. Each new MFL vehicle design in the Baker Hughes
fleet goes through this validation prior to its release into
operations. As mentioned earlier in this paper the first of
the latest generation MagneScan fleet was the 6" vehicle -
its performance validation can be seen in figure F5.1. In this
case the results proved that the vehicle exceeded the depth
sizing accuracy target of +/-10% WT with 90% certainty.

&7 SHR Depth Performance

Pradicted Defect Degth (8]

Figure F5.1 Validation of the 6” MagneScan system

Following the system validation and operational release,

it is then critical to operator confidence that this can be
followed up in the field. Below, figure F5.2 shows how sizing
performance of the MagneScan system was verified from
multiple sets of dig data provided by operators in Asia,
Europe and North America. The system is consistently per-
forming at greater than 90% certainty.

As the volume of ‘truth data’ grows, confidence in the
accuracy of the system does also. In parallel, opportunities
for improvement are also presented. In the case of the
MagneScan system, a significant improvement opportunity
arose to expand the range of features that could be detect-
ed, identified and sized accurately. This improvement is
covered in detail in an earlier publication (reference 3) but
it led to the release of the MagneScan Super High Resolu-
tion Plus (SHRP) specification which added detection and
sizing accuracy for pinholes and slots. Figure F5.3 shows
the performance of the MagneScan SHRP with respect to
pinholes within areas of general corrosion.

Since laser scanners have become the norm when verify-
ing ILI performance, the Baker Hughes dig verification data
base has grown exponentially from a few thousand defects
prior to 2015 to hundreds of thousands today, across all 7
POF categories. Matching of laser scan excavation data is
carried out using the DigCom software introduced in 2013,
this software allows matching of each individual pit even in
complex corrosion (Figure F5.4).

Figure F5.2 MagneScan dig verification data unity plot

Figure F5.3 MagneScan pinhole verification



The significant growth in truth data has led to Baker
Hughes introducing regular accuracy performance reviews.
Held quarterly within our organization and annually with
many Rey customers, these reviews allow us to consider
results in detail with the aim of continually improving our
accuracy and overall offering to operators. The current
truth database for the latest generation of the MagneScan
fleet contains in excess of 60,000 features reported at the
most accurate (SHR/SHRP) specifications. Actual perfor-
mance is proven to significantly exceed stated specifica-
tions of POD, POI & POS @ 90%.

Since the introduction of these regular reviews, trends and
early indicators are being used to drive multiple improve-
ment and enhancement initiatives such as (but not limited
to):

+  Defect outlier elimination

»  Girth weld cracR detection & sizing (reference 5)
+  Automatic prediction enhancement

*  Training and processes

CONCLUSIONS

As noted in the introduction (and discussed in greater
detail by BlucR, Sutherland, Dawson [ref 6]) ILI accuracy
plays a significant role in achieving critical assessments of
pipelines. This accuracy has a direct influence on both:

. material cost saving of reduced digs; and
. improved pipeline safety.

This paper has identified the main protagonists that con-
tribute to the delivery of reliable & accurate data supplied
by an MFL, or indeed any ILI, inspection service.

Whilst the ILI vehicle often takes center stage it is sup-
ported in equal measure by several other factors. It has
been shown that as far as the vehicle is concerned ‘more’
doesn’t necessarily mean ‘better’ or specifically ‘better
accuracy’.
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At BaRer Hughes there is a belief that, based on current in-
dustry hardware, accuracy improvements that can directly
influence critical assessments of pipelines are just as likely
to come from what we do with the data we have today as
they are from improvements on the vehicle itself.
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Surge protection for insulating joints -
suitable sparkR gaps and evaluation of the installation

Manfred Kienlein > DEHN SE + Co KG

Abstract

Insulating joints are used for the electrical separation of pipeline systems or for dividing pipelines that are affected
by high voltages into sections. The electrical isolation of cathodically protected systems is maintained until the
dielectric strength/ flashover strength of the insulating joint is reached. Overvoltages which occur as a result of
lightning striRing exposed parts of a pipeline system can exceed the dielectric strength of insulating joints. This can
result in open sparks or destruction of the insulating joint.

Ex isolating spark gaps (ExFS) with suitable connection technology have the task of protecting the insulating
joint (insulation) against lightning-induced overvoltages and discharging the lightning energy without sparRing
when dealing with dangerous explosive atmospheres (d.e.A.) at the same time. During normal operation and after
the discharge process, the ExFS should disconnect safely electrically. In addition to checRing ExFS, GW 24 [1] also
provides information on the selection of ExFS including the suitable connection technology, which is described in
more detail below.




1. SCOPE OF APPLICATION OF GW 24 [1]

This document deals with measures to avoid ignition
hazards on insulating joints and to ensure cathodic cor-
rosion protection in potentially explosive atmospheres.
The recommendation is applicable to stations of natural
gas pipeline systems and - under consideration of the
respectively valid national regulations (e.g. TRbF, TRGS,
TRBS, BetrSichV) - analogously also for other product
pipelines.

Insulating joints of these systems can be realised as
insulating couplings or as insulating flanges.

In the area of ports or waterways, other protective measures
may also be applied during the transport or handling of
hazardous liquids.

Protective measures against other hazards such as the
discharge of coupled technical alternating currents or
protective measures against electric shocR are described
in recommendations GW 22 [2] and AfK Recommendation
No. 6 [3].

2. NEED TO USE EXFS

In potentially explosive atmospheres, the primary protection
objective is to avoid sources of ignition (e.g. uncontrolled
open sparRovers) at insulating joints.

Outside hazardous areas (e.g. with buried insulating joints)
there is no need to use ExFS for explosion protection
reasons, but defective insulating joints usually impair the
cathodic corrosion protection. In the case of pipelines
affected by external voltage, it is also possible that the
contact protection criterion is no longer met. This maRes it
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necessity to replace defective insulating joints which, be-
sides entailing high repair costs, has a strong influence on
plant availability. For these reasons it may also be advanta-
geous to install EXFS with suitable connection technology
in areas which are not classified as hazardous.

3. SELECTION, ASSEMBLY AND TESTING OF EXFS

The selection of suitable ExFS incl. connection technology
must depend on

. the determined lightning protection level (LPL) or a
partial lightning current calculation

. the dielectric strength of the insulating joint,

. the distance between connection points (cable length),

+ the technical data of the ExFS

. the installation location (Ex-zone) and

. the insulation coordination (insulating joint to connected
ExFS).

3.1. DETERMINATION OF THE LIGHT-
NING PROTECTION LEVEL (LPL)

The hazard level (LPL) is determined with a risk assess-
ment according to DIN EN 62305-2 [4]. On the basis of this
parameter, the maximum lightning current (lightning current
distribution according to DIN EN 62305-1 [4]) is determined
by the ExFS through various impact scenarios (S1 - S4). For
example, in the case of pipelines located above ground (see
Figure 1), the maximum lightning current (LPL 1) through the
ExFS would be 100 RA (10/350 ps) in the event of an S3
strikRe to the pipeline.

:

lightning strike

cathodic (Toemes $3 current earth fault/ =
protection | distribution .| short-circuit current glegiomzqpetc
rectifier i —E= 50:50 interference
—1 1 f —ltn:l—-.(\ e
o l S insulating flange N it Nwmp : ) “
s ﬂTH_ reference electrode l o " controlcurrents TS a
Gl caused by electric railways I—EE—I
pipeline insulating flange

tﬂ.: /E'/

Figure 1 Lightning current distribution at impact S3
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Table 2 of GW 24 [1] describes the maximum parameters
of the first flash depending on the LPL for the ExFS with
connection technology. The maximum values for the
negative subsequent flash have not been considered.

It is possible to deviate from these maximum values if
a detailed consideration according to DIN EN 62305-1,
appendix E [4] or comparable is carried out.

3.2. DIELECTRIC STRENGTH OF THE INSULATING JOINT

The insulating joints used in each case are tested after
production with a test alternating voltage UPW of 50 Hz
corresponding to the classification. There are two test
classes:

Class I: UPW > 5 RVrms
Class 2: UPW > 2.5 RVrms

The test classes for the insulating joints can be obtained
from the respective manufacturer. Higher test voltages (e.g.
10 RV) can also be tested on customer request.

3.3. DISTANCE BETWEEN THE CONNECTION
POINTS (LENGTH OF THE CONNECTION CABLE)

Depending on the max. current steepness of the partial
lightning current determined under point 3.1 and the length
of the connecting cable, the dielectric strength of the
insulating joint may be exceeded on account of the voltage
drop (during the discharge process) via the connecting
cable.

This can be the case with cable length from just 300 mm
upwards (based on a class | insulating joint and lightning
protection class |). If the length of the connection system
(SL+ 2*H according to Figure 2) can be limited to <400 mm
(length EXFS + cable length, with a Class | insulating joint),
no further hazard assessment (coordination EXFS with
insulating joint) is required.

spark gap
L2 : T L1

insulation

S

Figure 2 Length of the connection system

In addition, the entire connection technology must be:

. capable of carrying lightning current,

+  spark-free (in case of simultaneous occurrence of a
potentially explosive atmosphere),

. arranged directly parallel and close to the insulating
joint,

+ connected by the shortest route,

+ secured against accidental bridging (e.g. by tools).

Suitable connection points on pipelines are

+ welded on lugs, bolts
« Tapped holes in the flanges to accommodate bolts.

Note: Connection by means of a clamp is only permissible
if tests have shown that there are no sparks in case of
lightning currents. All screw connections must be secured
against self-loosening. Protection against self-loosening
can be ensured, for example, by inserting a spring washer.
Toothed lock washers have not proven effective in such
applications (sparkRing with lightning currents)

3.4. MINIMUM REQUIREMENTS FOR EXFS

Suitable ExFS should have the following technical data and
approvals:

+ Tested according to IEC/EN 62561-3 [6].

+ Lightning current carrying capacity class: H or N

+ DC sparkRover voltage: > 600 V 1)

+ 100 % lightning impulse sparkRover voltage (1.2/50 ps):
<1.25RV

*  Nominal discharge current (8/20 pus): 100 RA

+ Lightning impulse current limp (10/350 ps): 100 RA
(H), 50 RA (N)

* Rated withstand voltage (50 Hz): 250 V 1)

* Rated alternating discharge current (50 Hz): 500 A /
0.2s 2)

+  ATEX certification according to directive 2014/34 EU
[8] according to the Ex-zone at the place of use
1) Normally > U at the installation location
2) Max. discharge current with external voltage inter-
ference at installation site

3.5. COORDINATION EXFS WITH INSULATING JOINT

Coordination between the insulating section of the
insulating joint and the spark gap bridging this section
should ensure that the equalisation process following a
lightning discharge is carried out via the ExFS and not via
the insulating section of the insulating joint. The ExFS
thus represents a ” preset flashover point” which prevents
the occurrence of a discharge process with uncontrolled
sparRing. At the same time the ignition of an explosive
atmosphere is avoided.
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Coordination under the conditions of lightning discharge
is basically given if the voltage across the insulation of
the insulating joint caused by the discharge process does
not reach the value of the dielectric strength or flashover
strength.

insulating joint
Vs = Uy + Uz + Uge

Lo (10350 psh

i i) —=
spark over 1 discharge™~—

ExFS ! ExFS

Figure 3 Schematic voltage curve at the insulating joint under lightning

influence

As can be seen in Figure 3, during coordination, first of all
the sparkRover performance of the ExFS and, after spark-
over, the voltage drop across the connecting cable must
be compared with the insulation strength of the insulating
joint.

3.5.1. SPARKOVER OF THE EXFS

The impulse sparkover voltage Uas (1.2 / 50 ps) of an ExFS
must be 50 % lower than the rms value of the test AC
voltage UPW of the insulating joint (determined according
to GW24).

Condition: Uas <= UPW / 2

e.g. Class 2 insulation joint: UPW = 2.5 RV

Impulse sparRover voltage of the spark gap: Uas < 1.25 RV.
Note: When using EXFS with Uas < 1.25 RV, all (class 1 and
2) insulating joints can be protected by the sparkover.

3.5.2. DISCHARGE OF THE EXFS

The electrical voltage stress of an insulating joint is not
only determined by the impulse sparkRover voltage of a
spark gap connected in parallel to the insulating joint.
After ignition of the spark gap, an impulse current flows,
which causes a voltage drop across the entire connection
system. The voltage drop is significantly influenced by the
impedance of the connection technology. This voltage drop
can reach values which can exceed the electrical flashover
resistance of the insulating joint (greater than the spark-
over voltage Uas).

The maximum voltage drop across the entire connection
system (Umax) of a spark gap arrangement at maximum
current steepness must be smaller than the peak value of
the test voltage of the insulating joint UPW (practical com-
parison according to GW24).

Condition: Umax < UPW

z. B. Class 1 insulating joint: UPW =5 RV

Peak value of UPW: UPW = UPW * V2 =5 RV * V2 => UPW =
7 RV.

The maximum voltage drop Umax can be determined with
the following formula:

Umax = Ubo + limp *RL + L * di / dt
Ubo: arc voltage of the ExFS, depending on type

Determination based on data sheets [5] specific to the
manufacturer is also possible.

3.5.3. CASE STUDY

What should be evaluated here is a spark gap installation
via an insulating joint buried in the ground (according to
Fig. 4) with the objective of "protecting the insulating joint”
in all phases of the lightning-induced discharge process.
To facilitate regular inspection, the ExFS should be con-

1=2.0m

1=23m

50 kA (10/350 pis)
di/dt = 5 kA/ps

insulating iointlirnsulati% flange
class| = Upy=5kV=0=7kV

Figure 4: Round conductor connection above ground




nected underground but installed above ground:
Connection cable length (outgoing and return line) of the
ExFS: 4.30 m Distance between the connection points S:
03 m

ExFS: Ubo = 30 V; Uas <= 1.25 RV

Connection cable: 25 mm?, Cu, round;

p=0.0178 Qmm?/ m

RL=0.712mQ/m

L=TpH/m

Insulating joint: Class | (UPW >=5 RV; UPW = 7 RV)

Makx. lightning current limp : 50 RA (10/350 ps) according
to estimation of the max. partial lightning current according
to DIN EN 62305-1

=> max. steepness: 5 RA/pus

Distance between
terminals s [mm]

Connecting cable length | [m]

15 | 20 | 30 40

300 66 91 116 166 | 217 | 267

e 500 76 101 126 176 227 207
age drop

el 1000 100 126 151 202 3252 302

1500 i2en s Eiven 2 i R

2000 154|176 | 02 252 [0z | 353

Table I: Voltage drops of round conductors 25 mm? calculated according to
CGW2411]

Evaluation of the round conductor connection technology
according to GW24:

a) SparkRover

Condition: Uas <= UPW / 2;

=>125RV<=5RV /2

1.25 RV <= 2.5 RV (condition fulfilled)

b) Discharge

Condition: Umax < UPW

Umax = 21.7 RV (value according to Table 1)

21.7 RV > 7 RV (condition according to GW24 not fulfilled !)

Further measures are necessary because the goal of “pro-
tecting the insulation” cannot be fulfilled in all phases of
the discharge process.

Other possible measures would be:

«  Parallel connection of a further ExFS (type test recom-
mended)

. Increase the dielectric strength of the insulating joint
(e.g. 20 RVrms tested)

+  Reduction of the inductance L of the connecting cable,
e.g. using coaxial connection solutions (see Figure 5)

Figure: 5 Coaxial connection technology of ExFS [6]
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3.5.4 CASE STUDY WITH COAX BOX SN

The round conductor connection technology of the spark
gap installation is now replaced by lightning-current-tested
coaxial connection technology (Figures 5 and 6):

50 kA (10/350 ps)
di/dt = 5 kA/ps

hﬂiﬂwpﬂmflnﬂﬂmw
class | = Upy = 5kV — u?W

Figure 6: Coaxial connection technology

Length of the coaxial cable L: 2 m

Distance between the connection points s: 0.30 m
ExFS: Ubo =30 V; Uas <=1.25 RV

Connection cable type N2XSY 01X35/16 6/10 RV RT
Inner conductor: 35 mm?, copper, round;

Outer conductor: 16 mm? Cu, braiding

Insulating joint: Class | (UPW >=5 RV; UPW = 7 RV)

Max. lightning current limp: 50 RA (10/350 ps) based on
estimation of the max. partial lightning current according to
DIN EN 62305-1.

=> max. steepness: 5 RA/pus

Distance between
terminals s [mm]

Connecting cable length | [m]

ey 500 60 66 71 81 102 109

age drop

kY o5 1000 89 97 105 115 132 141
1500 it i T s B s
2000 173 176 186 203 205 206

Table 2: Extract from the DEHN installation instructions for determining the

voltage drop of the coaxial connection box

Evaluation of the coaxial connection technology according
to GW24:

a) SparkRover

Condition: Uas <= UPW / 2;

=>125RV<=5RV /2

1.25 RV <= 2.5 RV (condition fulfilled)

=> same result as for round conductor connection because
the same EXFS type was used.
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b) Discharge
Condition: Umax < UPW
Umax = 4.9 RV (value according to table 2)

4.9 RV <7 RV (condition according to GW24 fulfilled !)

RESULT:

The specially tested new connection technology of the
coaxial connection box with ExXFS spark gap presents a
technically simple method of positioning the ExFS above
ground for testing.

3.6. EXFS INSPECTION

If the EXFS are used in hazardous areas, they must be
tested according to DIN EN 60079-17 [7] after three years
at the latest. An inspection of the ExFS with connection
technology always consists of a visual inspection and a
metrological test. The visual inspection includes checRing
the ExFS with connection technology for the following:

. Damage to the enclosure of the ExFS

. Correct mounting position according to installation
instructions of the manufacturer

. Insulation of the connecting cables

* Any loosening of the connecting cable

+  Contact stability

+  corrosion of the ExFS installation

+  Suitability for installation in hazardous areas

+ Length of connecting cable > 300 mm ->Proof of coor-
dination ExFS with insulating joint

+  For further test criteria see 3.3

A metrological test of the ExFS to check the short circuiting
and adequate insulation capacity must be carried out in
accordance with the respective manufacturer’s specifications
and test instructions. Electrical tests must be carried out

in the dismantled state and outside hazardous areas. If an
electrical test in the Ex-area is necessary, this may only be
carried out in close cooperation with the operator.

4. SUMMARY

With the new GW 24 [1], it is possible to evaluate the instal-
lation of ExFS in such a way that the goal of “protecting
the insulating joint” can be guaranteed in all phases of the
lightning-related discharge process in a way that is univer-
sally comprehensible. The user has a variety of possible
technical measures at his disposal (spark-free or coaxial
connection technology), which can be applied to suit the
installation environment.

ABBREVIATIONS:

TRbF: technical regulation for flammable liquids, german
standard

TRGS: technical regulation for hazaradous substances,
german standard

TRBS: technical regulation for operational safety, german
standard

GefStoffV: ordinance on hazardous substances
BetrSichV: Ordinance on Industrial Safety, german stan-
dard

FORMULAIC CHARACTER

UPW: AC test voltage 50 Hz rms

U PW: AC test voltage 50 Hz peak value

Umax : maximum voltage drop

limp : impulse lightning current (wave shape 10/350 ps)
RL : ohmic resistance of the connection cable

L : inductance of the connection cable

di / dt: average steepness of impuse lightning current limp
Ubo: arc voltage of the ExFS, depending on type

Uas: impulse sparkRover voltage (see data sheet of the
manufacturer)
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Abstract

Distributed fiber optic sensing has been gaining significant momentum in pipeline industry adoption. The primary
application of this technology has been in preventative leak detection, but intelligent new applications such as
pipeline flow rate monitoring are now emerging and promise to deliver extra value to the pipeline operators.

We present a high fidelity dynamic sensing system (HDS), which is capable of sensing acoustics, temperature,
strain, and vibration over long distances in, on, or near a pipeline. We will discuss the practical considerations
and challenges of deploying this technology in the field, including long distance fiber jetting, on and off the pipe
placement, deployment in existing conduits, placement underneath riverbeds and roads, internal deployment, and

micro-trenching. An overview of conduit sizing and thickness design tradeoffs and their impact on sensitivity will
also be provided.

Case studies will be provided to showcase the value of using artificial intelligence and machine learning to explore
new frontiers in pipeline monitoring. A variety of “value added” applications such as flow anomaly detection, flow

rate, pressure, and density estimation will be discussed in detail. Other applications such as pig, vehicle, and train
detection and tracking will also be presented.

A discussion of the critical design criteria for the creation of scalable client notification and data delivery plat-
forms will also be provided. Design considerations include the diversity of customer personas and the associated
requirement of interface customizability, the need for scalability to accommodate the always-growing volume of

data, future-proof design to permit on-the-fly addition of new events and data streams with minimal core platform
modifications, and intuitive user interface design requirements.




1. INTRODUCTION

Pipeline safety is a top concern for the general public,
governments, and energy companies. LeaRs can be caused
by integrity failures due to sudden ruptures, accumulated
strain, ground movement, etc. Pipeline companies rely on

a number of technologies such as mass balance systems,
aerial surveillance, and inline inspection tools to monitor
the integrity of their pipelines on a regular basis.

Fiber optic pipeline monitoring has the advantage of
continuous monitoring in both time and space. Deploying
the fiber optic cable on, near, or inside the pipe effectively
transforms it into a powerful suite of distributed sensors.
Hifi Engineering’s HDS technology utilizes the power of
high fidelity fiber optic dynamic sensing to detect small
changes in the optical path length between two adjacent
fiber bragg gratings (FBGs), which are used as low angle
wavelength reflectors. These perturbations are represen-
tative of the strain, vibration, acoustic, and thermal energy
which is applied to the fiber optic sensor.

A variety of independent event identification algorithms
are applied to the data acquired from the fiber optic sen-
sors to detect the occurrence of pipeline integrity related
events such a leaRs, flow anomalies, or excessive strain.
Further algorithms are also used to track pigs in the pipe-
line, estimate flow rate and pressure, etc.

2. DEPLOYMENT CONSIDER-
ATIONS AND CHALLENGES

Fiber optic deployment methods may be divided into three
categories of on the pipe external placement, off the pipe
external placement, and internal placement. On the pipe
placement (see Figure 1) is ideal for new constructions

as it maximizes acoustic and strain sensitivity, though in
some cases the client may prefer to place the fiber a short
distance away from the pipe due to deployment consider-
ations, or in an effort to monitor multiple parallel pipes. It
is best practice to Reep the fiber optic cable no more than
one meter away from the pipe.

Due to the fragile nature of fiber optics, it is imperative that
the sensors be deployed inside a protective housing such
as stainless steel tubing or HDPE conduits. From a prac-
tical perspective, deploying in multi-duct HPDE conduits
provides the greatest level of flexibility during the deploy-
ment while allowing the operator to deploy extra fiber
optics, control cables, etc. in the future if needed.

Conduit based deployments generally involve the place-
ment of an empty or pre-loaded conduit on or near the
pipe during construction, and using splice enclosures to
connect the conduit segments. Depending on the specific
deployment, the splice enclosure can be anywhere from
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a few hundred meters to a few Rilometers apart. For on
the pipe placement, pipeline tape, special clamps, pipe-
line grade adhesives, or sandbags can be used to secure
the conduit to the pipe prior to backfilling the trench. A
placement in the 11 o’clock to 1 o’clock range is optimal as
it provides high sensitivity while reducing the chances of
the conduit getting crushed by the pipe during the back-
fill process. Sufficient slack allowances must be made to
prevent excessive strain on the conduit in case of thermal
expansion of the pipe.

Figure 1 - On the pipe fiber installation

Burying pre-loaded conduit during the construction phase
is a possibility. In some cases the operator may prefer to
simply deploy an empty conduit during the construction
phase and use specialized fiber injection equipment (see
Figure 2) to jet the fiber into the conduit after the comple-
tion of this phase and the backfilling of the trench. This
option has the added advantage of minimizing the number
of required fiber splices.

Figure 2 - Fiber injection at into buried conduit at a hand-hole site
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In some deployment cases such as placement underneath
riverbeds and roads, sections of the pipe must be placed
using horizontal directional drilling (HDD). Using redundant
conduits minimizes the chances of all conduits being dam-
aged throughout the drilling and pull bacR process. In such
cases, multiple conduits (see Figure 3) can be attached

to the pipe near the pull-head and then pulled alongside
the pipe in the bore (see Figure 4). It is recommended that
the conduit not be taped to the pipe to allow it to rotate
and move around freely while being pulled inside the bore,
otherwise the conduit may experience excessive strain and
be damaged during the process of boring.

Figure 4 - HDD pull

Practical considerations regarding conduit sizing include
crush rating, the number of fiber optic strands to be fitted
inside, and the transportability of the conduit spool. Of
great importance is the thickness of the conduit as it
directly bears on crush rating and preventing compro-
mising the conduit (see Figure 5), however the increased
thickness also results in higher levels of acoustic signal
attenuation. Mechanical models have been developed

to calculate the optimal inner and outer diameters of the
conduit to strikRe the proper balance between sensitivity
and robustness.

F - A compromised conduit

Figures 6 and 7 below show the relationship between con-
duit thickness and crush rating and acoustic attenuation.

Existing pipelines pose a challenge to the deployment of
fiber optic sensors. Generally, two approaches are pos-
sible. The first involves micro-trenching near the pipe to
allow the conduit placement. This approach works in some
cases, but can pose a safety risk to the pipeline. In some
cases, hydro-vacuuming may be used to expose short
pipe segments in order to deploy the fiber optic sensor. In
some cases of existing pipelines such as river crossings,
internal deployment may be the most suitable choice.

Internal deployment is often accomplished by inserting the
fiber optic conduit into the pipe at a valve or other ingress
location (see Figure 8) and using a tow pig (see Figure

9) to pull the fiber along with the flow inside the pipe. A
dislodgement mechanism such as using mechanical sheer
force will need to be used to separate the fiber from the
pig once the cable is laid inside the pipe. It's also possible
to use degradable pigs that dissolve over time with the
pipeline flow.
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__ Failure region for conduits with ID = 10mm

6000 =
2-way conduit, 12.7/9 mm
5000 -~ 2-way conduit, 14/10 mm
-+ 2-way conduit, 16/10 mm
= 4000 == 2-way conduit, 18/10 mm
-]
% + 3-way conduit, 27/20 mm
o 3000
B ~+ 3-way conduit, 22/16 mm
'S
2000 4-way conduit, 12.7/10 mm
- 4-way conduit, 16/13 mm
1000 - 4-way conduit, 18/14 mm
N ‘l,n a—
i . -= 4-way conduit, 22/16 mm
0 : - v
0 20 40 60 80 100

Deformation(%)
Conduits with an ID of 10mm fail an integrity test in the shaded region

Figure 6 - Conduit sizing impact on crush rating
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Figure 8 - Internal deployment schematics Figure 9 - Fiber optic cable attached to tow pig for internal deployment
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3. DATA PROCESSING AND EVENT IDENTIFICATION

Machine Learning and Artificial Intelligence are rapidly
gaining prominence as the preferred methods of choice for
event detection. Supervised learning approaches such as
classification algorithms are powerful tools that can utilize
a large database of Rnown events, for instance simulated
leaRs, to train a monitoring system to detect events such
as pipeline leaRs, pig runs, and flow anomalies. Decision
Tree and Support Vector classifiers are particularly useful
for event detection, however the classification outcomes
may be impacted if adequate data conditioning, feature
extraction, and labeling is not performed. The risk of
overtraining the data must be taken seriously and appro-
priately mitigated by dividing the data into training, test,
and validation datasets. It's also good practice to train and
test the event detection algorithms using data from various
different deployments to ensure robustness and avoid
overtraining.

nsupervised learning methods such as cluster analysis are
useful in cases where sufficient training data for the event
of interest is unavailable, or the available training data, e.g.
simulated leaRs, is not relevant to the specific deployment
environment. Algorithms can be trained to analyze the data
to ‘learn’ baseline activity such as the ambient acoustics or
frequent events, e.g. train crossings. The extracted features
are divided into various clusters of previously observed
events, without a need for the clusters to be labeled. If the
features of a future event fall outside these Rnown clusters,
they will be flagged as anomalies which need to be further
processed.

Among the value added applications of pipeline fiber optic
monitoring are pig tracRing and flow, pressure, and density
estimation. Pig tracking enables pipeline companies to
Rnow the exact location of the pig, along with its speed
and arrival time at the next pig catching station.
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Figure 10 - Pig tracking data




Strain and acoustic data collected from previous pig runs
(see Figure 10) can be used to train classification algo-
rithms. Imposing post-classification selection criteria such
as acceptable direction and speed bounds can be used to
reject events such as cars traveling on roads parallel to the
pipeline right of way.

The flow of fluids in pipelines creates an acoustic signa-
ture which varies with changes in operational parameters
such as flow rate, pressure, and density. The estimation of
these operational parameters may be accomplished using
regression analysis. Independently measured operational
parameters (for example data recorded from flow and pres-
sure meters), can be correlated to the acoustic data collect-
ed using fiber optic sensors (see Figure 11). The regression
equation can subsequently be used to predict future opera-
tional parameters from the acquired acoustic data.

Flow

actual 3
estimate [V

Flo

I |

Time

Figure 11 - Flow estimation using fiber optic data

4. USER INTERFACE

A well designed and intuitive user interface is an important
component of all critical asset monitoring systems. As the
majority of pipeline control room operators are precondi-
tioned to SCADA-based alarm interfaces, it's imperative
that the fiber optic monitoring system’s user interface be
designed in such a way that feels intuitive and familiar

to the users. While there are many benefits to making a
feature rich Ul, it’s best to create layered designs with
different features targeted to the different client personas.
For instance, Ul features targeted to control room oper-
ators must minimize the usage of bright colors unless
they’re used to indicate alarms. Similarly, due to the fast
paced nature of control room operations, informational and
non-actionable notifications must be suppressed.
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For non-control room operators such as integrity manag-
ers, the Ul design can incorporate more long term infor-
mation that may be of a preventative nature. For example,
an integrity dashboard summarizing the number of events
(real or simulated) detected to date, the calibration status
of the system, etc. can be an effective way to provide in-
sights into the readiness of the monitoring system.
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Abstract

A new wave of digitalization is made possible by the combination of exhaustive internet access, computing power
and storage capacity, artificial intelligence, big data, algorithmic autonomous decision maRing and robotics. This
ever accelerating digitalization is changing our life and the way we maRe business more than any other (r)evolution
before. As such, it requires a change of mindset rather than just deploying new technologies.

Digitalization and the subsequent processing of the data obtained has the potential to reduce downtimes and
operation costs, increase efficiency, and to create new ways of worRing as well as new business models. However,
digitalization projects also pose some specific challenges and risks.

Digitalization projects shall be implemented following an overall strategy, which needs to be reviewed, adopted and
improved regularly to account for a rapidly changing environment. In order to successfully implement a digitalization
project, sufficient Rnowledge about the new technologies, business models, as well as safety and cyber security issues
related to extended data communication and the “digital twin” are required, to name just a few.

Once the objectives of the digitalization project are defined, for each individual project the required (additional)
data, computing and networRing resources, required service providers and contracts, organizational changes
and processes have to be adapted as well as their potential impact on operation, safety and security need to be
identified. These changes shall be implemented following a proven change management process for all internal
processes of the company, once they have successfully passed the cost benefit analysis.

The very different aspects of developing and implementing digitalization projects and a possible methodology are
subject of this paper and the respective presentation.




1. INTRODUCTION

Digitalization is nothing new for the oil and gas industry.
However, in recent years we saw a number of develop-
ments / trends that impact the O&G sector:

. Rapid advances in technology

. Climate change and changing customer needs and
expectations

. Shorter product life cycle and aging workforce

. Increasing concerns for cyber security

. Changing communication patterns

RAPID ADVANCES IN TECHNOLOGY

Especially the ever increasing computing power (from
wearables to data centers), combined with the capability
to collect and store huge amounts of data which are then
processed using advanced algorithms as well as new
networRing technologies provide the basis for further
digitalization, automation and business process improve-
ments. Latest developments liRe retrofit sets that add
machine learning capabilities to the installed base and
new machine learning techniques that enable systems to
learn from a few examples makRe these new technologies
even more attractive for the O&G industry with its large
amount of legacy systems.

NetworRing technologies likRe Industrial Ethernet (Ethernet
as a “Field Bus”), TSN, MPLS-TP and 5G provide the potential
for implementing consistent data networking technologies
meeting modern requirements for higher data rates, low
latencies and high reliability from the field level up to the
enterprise level while ensuring data consistency.

Virtual and augmented reality technologies provide the basis
for redesigning and enhancing worR flows. Robotics will
change the way works will be done in harsh and challenging
environments.

CLIMATE CHANGE AND CHANGING CUS-
TOMER NEEDS AND EXPECTATIONS

The climate change forces our society to act. Renewable
energies and consequently a changing mix of energy
sources, energy storage, green chemistry, advanced oil
and gas exploration and recovery technologies as well as
customers engaging in a sharing economy will all impact
the demand and supply of oil and gas.

Especially in segments closer to retail / consumer related
businesses we may even see new business models
emerging and new players entering marRets.
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SHORTER PRODUCT LIFE CY-
CLE (AND AGING WORKFORCE)

Manufacturers have long since moved away from pure /
simple hardware products. More and more functionality
is implemented in software and increasingly will be only
available if the devices are inter- connected. Today man-
ufacturers provide end- to- end (loT) solutions, which aim
at providing business insight based on advanced data
analytics.

The implementation of features in software provides on
one hand for short innovation cycles and a high degree
of flexibility. On the other hand this leads to a number of
new challenges for operators like the need for continuous
training for their employees and for continuous patching
and introduces new dependencies on manufacturers and
service provides.

Features that are only available when the device or system
is connected to other devices or cloud services, provide
added value that otherwise would be impossible while at
the same time raising questions about ownership of data /
information and the responsibility for any advices given by
Al our automated responses initiated. Not only for opera-
tors rated as “critical infrastructure” the consequences of
a certain functionality not being available may also call for
an “analogue” bacRup or the possibility for manual inter-
vention in case the network connectivity is lost.

Especially the short innovation cycles and emerging new
technologies require a more agile approach to digitaliza-
tion projects compared to what was used for traditional
projects.

INCREASING CONCERNS FOR CYBER SECURITY

While in the past availability was considered the most
important characteristic of OT systems, today the integ-
rity of hardware, firmware, software, device configuration,
data and communication links shall be considered as the
prerequisite for the availability and proper functioning of
control and safety systems. This recently again became
apparent in the Triton / Trisis case, where the firmware /
operating system of a safety controller was attacked by a
special malware and a backdoor was implemented.

Integrity is a prerequisite for a trustworthy cooperation
with suppliers, partners, service providers and customers
along the entire value chain.
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CHANGING COMMUNICATION PATTERNS

Technologies like interconnected devices, digital twins,
autonomous vehicles etc. will also lead to an increase in
machine- to- machine communication bypassing traditional
hierarchies and rendering traditional business and deci-
sion- making processes ineffective. As a consequence work
procedures will need to be adapted and responsibilities
may need to be shifted to field staff.

2. DIGITIZATION, DIGITALIZATION AND
DIGITAL TRANSFORMATION

Digitization means the conversion of data from analogue
to digital for automating processes that have so far been
done manually and maRe the digitized data easily accessi-
ble to downstream applications. It is a prerequisite for the
digitalization.

Gartner defines digitalization as “the use of digital
technologies to change a business model and provide
new revenue and value- producing opportunities; it is the
process of moving to a digital business” (Gartner, 2020).

Digitalization allows us to do things that are impossible
without the data and the capability to enhance our under-
standing of the reality using advanced analytical algorithms,
simulation and augmented / virtual reality, to name a few. An
example is a safety relay of Phoenix Contact, that feeds sen-
sor data about the performed switching operations and the
environmental conditions into its digital twin. A sophisticated
simulation allows then to assess the current status and the
remaining life time of the relay — something no sensor could
measure, enabling predictive maintenance.

This type of new capabilities and features and their impact
on business processes and organizational structures is
what the digital transformation is all about and what will
change the way we worR.

3. DIGITALIZATION PROJECTS

DIGITALIZATION AS PART OF THE OVER-
ALL BUSINESS STRATEGY

Rapid advances in technology, accompanied by fast
changing communication patterns and new cyber threats,
require a more agile and flat organization. This seems to
be at odds with a culture that is focused on safety and
reliability.

Companies shall evaluate at least the following questions:

*  Why to change / transform?
*  What to change / transform? And what not?

*  What are the targets?
. How to get there?
. How to measure success?

and shall integrate digitalization into their overall business
strategy.

SO, WHY CHANGE?

Reasons for change include the changing oil and gas
consumption, the replacement of legacy technologies with
new, networkRed ones, the increased number of commu-
nication partners, regulatory requirements, or simply the
need to reduce cost / increase efficiency, to name just a
few.

WHAT TO CHANGE? AND WHAT NOT?

Digitalization can be seen as the next round in (business)
process optimization based on the improved understand-
ing of plants, their condition and performance, which in
turn is fueled by additional digital data and the subse-
quent processing.

As there is no point in digitalizing poorly designed and
inefficient processes, companies shall evaluate the current
processes and performance for pain points and improvement
potentials.

Process control and dispatching are only a small part of

the activities an operator performs as indicated in figure 1.
Increasingly the efficiency of these core processes depends
on automated asset and maintenance management sys-
tems, GIS systems, and electronic document management
systems, to name a few.

For example, an integration of a work permit system with
the access control system and the (host- based) intrusion
detection system could help to quicRly verify that the works
a person is performing are scheduled for the systems in
question.

Such a project would require cooperation across several
units, potentially breaRing with traditional organizational
silos. Some organizations assign the tasks related to the
coordination and prioritization of such a project to a Chief
Digitalization Officer.

WHERE TO START?

In a first step it shall be ensured that all required data /
information is (or can be made) available either in digi-
tized or native digital form and in the right format. The
transparent integration of field devices into higher level of
the automation pyramid is the foundation of many digi-
talization projects. In order to ensure interoperability with
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Figure 1: Typical O&G Application Landscape for Digitalization

Field Devices and Sensors

downstream applications that will process and analyze the
data and visualize the information, standardized and open
communication protocols and data formats are a must.

While these requirements can be taken into consideration
when (re-) designing a plant, brownfield installation typical-
ly do not have the required communication system archi-
tecture and do not provide a consistent way for integrating
field devices into any higher level system.

Consequently, for digitalization projects with a focus on
asset inventory, data collection for predictive maintenance,
augmented reality for maintenance support etc. in a first
step the capabilities of the field devices and other data
sources need to be evaluated, a suitable communication
system architecture needs to be developed and standard
interfaces to downstream applications needs to be defined.
Once these new systems have successfully passed the
tests, they shall be deployed in a way that does not impact
the existing process control and safety systems. The
NAMUR Open Architecture provides a model for the inte-
gration of such innovative systems into new and existing
plants.

Digitalization projects utilizing autonomous logistics sys-
tems, drones, robots, and providing lone worker detection,
equipment tracking, mobile alarm and hazard warning

systems require a complete coverage of the plant area by
wireless technologies for connection to the respective high
availability networRks with the necessary prioritization of
communication and security zoning.

LoRa and 5G networks may provide the required coverage,
bandwidth, response time / latency and machine- to- ma-
chine communication capabilities.

WHAT ARE THE TARGETS?
Typical targets for operators include:

Support workers with Rey information when, where
and how they need it;

Predict unexpected outages / plant shut downs;
Integrate information from field into business process-
es for enhanced decision

makRing; and

Improved supply chain reliability.

HOW TO GET THERE?

Due to the ever shorter innovation cycles, emerging new

products and new business models digitalization is more
liRe a journey than a one- time project. It requires an agile
project approach (like Scrum) that allows for the develop-
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ment of new solutions in fast(er) iterations with regular
verifications of the outcome and adjustments as required.

Using some of the new technologies either requires the
cooperation with new partners (e.g. cloud services providers)
or developing the required sRills and processes inhouse and
may even require implementing / using business models
that are referred to as “coopetition” — entering in selected
fields of activities into cooperation or even strategic alliances
with competitors to be able to leverage the potential of the
new technologies.

WHAT ARE THE MAJOR CHALLENGES?

Many companies focus merely on technical challenges like
implementing and securing new technologies and network
topologies, and granting the required access rights to
employees, partners and contractors. However, experience
shows that there are three aspects that are easily over-
looRed: people, organizations and legal aspects.

Many (if not most) people fear fast and radical changes. At
best they may simply not use the new technologies. Worst
case they actively resist change, potentially rendering all
the digitalization efforts in the long run useless. As a con-
sequence it is of utmost importance to listen to employees,
partners and customers and address their concerns.

The introduction of new technologies requires corre-
sponding adjustments of organizational structures as well
as inter- and intra- company processes and procedures.
Production and administration will be much more closely
interlinked. IT and OT are converging.

Legal aspects also play an important role in many dig-
italization projects. Legislation differs from country to
country, services may be provided under the legislation
of one country, but be used in another one. Furthermore
legislation does often not Reep pace with fast evolving
technology.

4. ILF APPROACH

The following figure shows a high- level view of the major
steps in an digitalization project and the aspects to be
considered.

IDENTIFY POTENTIAL PROJECTS

Once the targets have been defined and business drivers
have been identified, potential projects to address pain
points, improvement potentials and new opportunities
shall be evaluated.

Typical pain points include manual and error- prone
processes, missing or inconsistent data preventing from

further (business) process automation, inefficient business
processes and organizational structures as well as the
fulfillment of regulatory requirements.

At the other end of the spectrum new opportunities, e.g.
for increased safety, may be identified. Increased plant
coverage with wireless technologies may provide for better
detection of lone worRers and provisioning of real- time
data to field personnel.

EVALUATE PROJECT IDEAS

In a first step requirements regarding functionality, perfor-
mance, scalability, interfaces, safety & security as well as
regulatory requirements shall be compiled. Based on these
requirements the necessary sRills, resources, partners, and
suitable technologies shall be identified and legal aspects
be evaluated.

VALIDATE THE BUSINESS CASE

In this step a Cost- Benefit Analysis and a risk assessment
shall be performed, covering also aspects like increased
system complexity, dependencies on external partners and
service providers, cyber security, etc. to assign a budget
and agree on a time line.

SET UP AND EXECUTE THE PROJECT

An interdisciplinary team representing all potential
stakReholders and users shall be assigned to the project.
Suitable solutions shall be developed and tested in a lab
environment. Special attention shall be paid to O&M pro-
cesses and procedures, training and documentation.

DEPLOY TESTED SOLUTION

Once the solution has successfully passed all tests, it
shall be deployed in a way that ensures the integrity of the
entire process control and safety systems including field
devices and communication channels. This may include
the use of data diodes for extracting data / information for
process control and safety systems in a secure way, and
the avoidance of wireless communication systems and
technologies in safety loops.

5. CONCLUSIONS

The ongoing digitalization provides new possibilities to
improve operation and safety, but also creates a need to
closely monitor marRet and technology trends. To reap

the benefits of the new technologies, companies need to
build up new sRills, use a more agile approach than in the
past for the process control and safety systems, and adapt
processes and even the organizational structure.
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Figure 2: ILF Approach to Digitalization Projects
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Design of tanRks’ foundation and onshore pipeline
against earthquaRerelated geohazards in a
coastal area in Northern Greece
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Abstract

The design of coastal oil and gasoline tanks along with interconnected onshore and offshore pipeline in an

area that is characterized by very loose to loose granular and very soft to soft clayey soils, high water table and
moderate or high seismicity will be much more demanding and challenging, since various issues are directly

or indirectly associated to (a) settlements over time and (b) a potential earthquake. The current paper aims to
illustrate the following main topics: (a) estimation-calculation of settlements and their consolidation time and (b)
earthquaRe-related geohazard and soilstructure interaction that have to be coped with for the proper design of
tanRs’ foundation as well as pipelines in a coastal area at Northern Greece. As a consequence, the main earth-
quake-related geohazards that are present in the study area are briefly presented, such as seismic wave loading,
active-fault rupture, and soil liquefaction phenomena. Emphasis is also given to the numerical simulation of the
static and dynamic interaction between the pipeline and the surrounding soil as well as the foundation type and
the soil underneath. Since foundation soil will lose its shear strength during an earthquakRe, specific mitigation
measures are proposed. These measures may also be adopted in the case of excessive pipeline distress.




1. INTRODUCTION

The soil improvement of soft clayey soils with preloading is
a very efficient method in order to reduce settlements and
to safely transfer loads from various projects to foundation
soil. On the other hand, in the case of a moderate to strong
earthquake in areas where the water table is very close to
the ground surface and the subsoil consists of very loose
granular soil, earthquake-triggered liquefaction phenome-
na potentially could occur.

At the present paper a methodology is developed taking
into consideration the previously adverse geotechnical
conditions that were encountered at an oil and gas storage
site in a coastal area at Northern Greece. The site consists
of several tanRs and onshore pipelines as well as a part

of an offshore pipeline, and it was decided to upgrade the
site, by constructing two additional tanks with diameter D
=34.50m and D = 26.50m respectively and upgrading the
truck loading and the onshore part of the pipeline (Figures
1and 2).

Figure 1: Satellite image of the study area

2. GEOMORPHOLOQGY, TECTON-
ICS AND SEISMICITY

The broader study area presents very low to low inclination
and is a part of a big plain terrain. As a consequence many
rivers are crossing the area, while at the vicinity of the site
there is a river delta, while there are many lagoons which
denote recent sedimentation activity (Figure 1).

At the wider area and during Neocene, the basins of An-
themounta, Axios and Mygdonia have been formed, due to
tensile stresses that were prevailing in that time. Therefore,
many faults have been formed during geological ages with
E-W and NW-SE direction (Figure 3). Some of them are
characterized as seismic active, such as Anthemounta and
Pylaia faults etc. Close to the study area a normal fault with
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ESE-WNW direction, B1100 strike and transition to the SSE
has been recognized through geophysical investigations
(Figure 3).

Although this fault can’t be documented through satellite
images, its length is estimated at six Rilometers. It is re-
garded as active since (a) it is oriented to the contemporary
stress field and (b) it is affecting Quaternary sediments.
Moreover, Zervopoulou (2010) estimated through empir-
ical equations that a potential fault rupture could lead to
earthquake with magnitude of 6R, while its mean vertical
displacement could be 28cm and the mean displacement
could be 21 cm.

Geophysical-cross-
sectiont]

Sampling-boreholesy]

ZEPEONCTADY ANNA, Bt

Figure 3: Satellite map of the wider area (red lines represent active faults,
dashed lines represent probable fault extension)
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Regarding seismicity Zervopoulou (2010) refers that there
are three main periods with earthquake events during 20th
century (Figure 4).:

The first period from 1902 to 1905 started with an earth-
quake with magnitude of 6.6R in 1902 at Assiros and ended
at 1905 with an earthquake of 7.5R at Athos peninsula. The
second period from 1931 to 1933 started with an earthquake
with magnitude of 6.6R in 1931 at Northern Macedonia and
ended at 1933 with an earthquake of 7.0R at lerissos.

42°0

41" 12 1! ¥ o 4 T Ll : 41712
g e - -

40748

40" 24 40" 24

40" 0! . - 5
22'43 23'12 23°36 24°0

22'0 22°24

| 4070
24"24 2448 2512

Figure 4: Epicenters for main earthquakes for the three periods of seismicity

(close to study area).

The last period at 1978 had an earthquake with magnitude
of 6.5R and epicenter at Stivos village and close to Lagada
and Volvi laRes (Figure 4).

Finally Figure 5 presents the earthquakes with various
magnitudes recorded from ancient time to now days.

3. GEOTECHNICAL AND GEOPHYSICAL DATA

Sampling boreholes with 40m depth were executed under-
neath the foundation level of the tanks, while geophysical
investigation was also executed in order to identify the
geotechnical conditions in a wider area. The main geotech-
nical units are presenting hereinafter, while Figure 6 pres-
ents the typical geotechnical profile and Figure 7 presents
the results from geophysical investigation.

Geotechnical Unit I: BacRfill materials consisting of sand
and gravels, with low plasticity.

Geotechnical Unit Il: Light brown to greyish sand, poorly
graded, with sub-angular

gravel and silt, loose to medium dense (SP-SM)
Geotechnical Unit lll: Light brown to greyish clay of low to
high plasticity, very soft to

soft (CL, CH)

Geotechnical Unit IV: Light brown to greyish sand with
gravel and locally shells (5C)

Geotechnical Unit V: Light brown to greyish to bluish clay
of high plasticity, stiff to very

stiff with low portion of sand and gravel.
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Figure 5: Epicenters of earthquakes recorded from ancient time to now days (data derived from Geophysical Laboratory of Aristotle University of Thessalonikii).
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Figure 6: Typical geotechnical profile

At Figure 7 the warm colors represent soil formations with
high values of soil resistivity while cold colors represent
soil formations with low values. The depth of geophysical
investigation was ended at ten meters depth and in gen-
eral is in good agreement with the findings from sampling
boreholes.

According to EN1998-1 the foundation soil is characterized
as soil category “"D”: Deposits of loose-to-medium cohe-
sionless soil (with or without some soft cohesive layers), or
of predominantly soft-to-firm cohesive soil”.

4. STATIC AND EARTHQUAKE-RELATED GEOHAZ-
ARD AND THEIR IMPACT TO FOUNDATION SOIL

TaRing into consideration the results from Figure 6 and
that the site is located to an area which presents medium
seismicity, specific studies should be executed for the
structures in order to withstand (a) excessive settlements
that will occur after the loading of the tanks and (b) the
devastating consequences of an earthquake. The earth-
quaRe-related geohazards that could affect the site are
fault rupture propagation path and soil liquefaction.

(a) Excessive settlements

The estimated stresses from the tanks at the founda-
tion level were estimated to almost 150RPa (operational
phase), while the stresses from the initial loading (hy-
draulic phase) were estimated to almost 170RPa. The
foundation soil consists of very loose sandy and clayey
formations, thus calculations for raft foundation led to
settlements equal to 0.90m. The application of deep
foundation could lead to reduced settlements, but their
depth should be more than 35m and this foundation type
might not respond appropriately during earthquake, as
will be seen to the next paragraph. The use of preloading
with stress equal to 170RPa is the optimum option in order
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Figure 7: 3D geophysical profile for the distribution of soil resistivity

to reduce settlements, but preloading doesn’t affect the
completion timing of settlements. This could be achieved
by using vertical drains or even better stone columns.
Moreover the imposing stress of 170 RPa could led to soil
failure.

(b) Fault rupture propagation path and soil liquefaction.
Although a seismic potential active fault exists at the
wider area of the site, as mentioned at the previous para-
graphs, this was not found inside sampling boreholes,
thus it was decided that the fault doesn't affect the site.
During a seismic event two variables are necessary in
order to evaluate the potential for liquefaction:

a. thelevel of cyclic stress induced by the earthquake on
a sediment layer, expressed in terms of cyclic stress
ratio (CSR), and

b. the capacity of a sediment layer to resist liquefaction,
expressed in terms of cyclic resistance ratio (CRR).

Then the potential for liquefaction is easily evaluated by
comparing the earthquake loading (CSR) with the lique-
faction resistance (CRR) in terms of factor of safety (FS)
against liquefaction. Values of FS (= CRR/CSR) greater
than unit indicate that the liquefaction resistance exceeds
the earthquake loading, and therefore, that liquefaction
would not be expected. Seed & Idriss (1971) formulated the
following equation for calculating CSR:

_ Tav Amax) (o
CSR ==~ 0.65 (T] (E) 2
where
Omax . peak horizontal acceleration at the surface of the sediment deposit, i.e
0.16 in our case
g - gravitational acceleration,
g,gand o'y - total and effective overburden stress, respectively;
a . stress reduction factor (Seed et al, 2001).

M



Evaluation of the cyclic resistance ratio (CRR) has been
developed either using methods based on the results of
laboratory tests, or methods based on in situ tests and
field observations of liquefaction behavior in past earth-
quakRes. In order to define the soil liquefaction potential,
Figure 8 was used. TakRing into consideration the geo-
technical properties, as well as the shear strength param-
eters, it was concluded that the foundation soil presented
liguefaction potential.

As a final result and taRing into consideration the con-
clusions and remarks of two previous paragraphs, it was
decided to use preloading along with stone columns for
tanks’ foundation, while for the onshore part of pipeline,
the soil improvement by using stone columns along rout-
ing was selected. The diameter of stone columns were D =
0.80m, while their spacing was 1.50m in equilateral square
pattern.

At the improved soil new calculations were executed and
there was adequate safety factor against soil failure (Figure
9), while settlements of the improved soil were in the order
of 0.40m. Finally the estimated time for the completion

of settlements due to preloading was 5 months, while the
remaining to their completion settlements was in the order
of 0.07m.

5. PIPELINE VERIFICATIONS
The pipeline behavior should be analyzed as a typical

soil-structure interaction (SSI) problem. The finite element
method should be used to model the effects of ground-
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induced actions on a buried pipeline. Typically, the soil
compliance around the pipeline is usually represented by
four translational bilinear soil springs at all directions (see
Figures 10 and 11).
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Figure 8: Chart for soil liquefaction potential.
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Figure 9: Overall stability of improved foundation soil (seismic conditions).
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Soil spring forces F and the corresponding mobilizing

soil displacements 6 can be calculated according to ALA
(2002) for the four soil springs. It is evident that during an
earthquake some of these springs present forces F almost
equal to zero, in case of soil liquefaction, thus the results
of the analyses should met the limit states of the pipeline
that refer to two (2) main failure modes and specified in EN
1998-4 standard, namely:

1. Pipe wall fracture due to excessive tensile strain (both
base material and weld material in butt-welded joints)

2. Pipe wall local buckling due to excessive compressive
strain Those failure modes are quantified in EN 1998-4
standard in terms of axial strain (i.e. strain in the longi-
tudinal direction of the pipe).

6. CONCLUSIONS

Undoubtedly, southeastern Europe and especially Greece

is located in a complex geological environment. As a result
many geohazards under static and seismic conditions are
present. In this paper, we present a case study for tanks’
foundation in Northern Greece. The study area is located in
deltaic formations and the water table was found only Im
below ground surface. Additionally, the wider area presents
low to medium seismicity as a result of seismic fault action.
A geotechnical along with geophysical investigation was
executed which reveal that the foundation soil consists of
very loose granular to very soft clayey material. The bedrock
(i.e. marly Neogene formations) was encountered at least 35
m below ground surface. Since the main geohazards were:
(a) excessive settlements — almost 0.90m - under operation
loading and (b) potential liquefaction for almost 15 m depth
below ground surface, it was decided to increase the shear
strength of foundation soil, by using stone columns along
with preloading. The diameter of stone columns were D =
0.80m, while their spacing was 1.50m in equilateral square
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pattern. The improved soil is expected to present less set-
tlements, almost 0.40m, while their completion is expected
in less than 5 months.

Figure 10: The four springs around the pipeline representing the soil compli-
ance

|
Figure 11: Idealized representation of the bi-linear soil springs
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Multidisciplinary landslide assessment — a systematic
4 and practicable approach for pipeline projects
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Abstract

Ground movements, with the clear majority being landslides, have caused several pipeline incidents worldwide in
recent years. This, and experiences obtained from major engineering projects, shows that a systematic approach for
the assessment of landslides is essential. A best-practice multidisciplinary workRflow, based on detailed terrain anal-
yses, has been applied in recent projects, each comprising a large variety of landslide assessments. The suggested
approach is based on detailed landslide inventory databases and maps, susceptibility analyses, as well as landslide
hazard assessments and risR classifications. The outcome of this workflow is a project-specific landslide priority
register, which provides a sound basis for decision-maRing, for planning hazard management and for assessing the
potential costs and losses caused by landslide-related pipeline damages.




1. INTRODUCTION

Due to their large spatial extents, pipeline corridors
often cross areas characterised by adverse geotechni-
cal conditions and by a variety of natural hazards. The
assessment and management of geological hazards,
such as earthquakes (ground shaking, fault ruptures and
secondary phenomena such as liquefaction, subsidence
and landslides) as well as gravitational hazards (land-
slides) are thus of major importance for the successful
design, construction, operation and maintenance of pipe-
line systems (see Sweeney 2005, Baum et al. 2008, and
references therein).

According to the 10th Report of the European Gas Pipeline
Incident Data Group, different types of ground movements
have been responsible for approximately 15% of pipeline
incidents observed during the last 10 years. Among these,
the clear majority of incidents were related to landslides
(depending on the period considered, approximately 65-
90% of ground movement incidents related to landslides,
EGIG 2018). Pipeline exposures, ruptures and shutdowns
resulting from landslide events are global phenomenona
since they occur in different geological settings (see e.g.
Geertsema et al. 2009, Hahlen 2010, Lee et al. 2016, and
references therein).

The term “landslide” may be briefly defined as “a move-
ment of a mass of rocR, earth or debris down a slope”
(Cruden 1991) but comprises a large variety of different
gravitational slope processes characterized by different
types of materials, movements, geometries and status of
activities. In view of this complexity, several internation-
al publications and guidelines for landslide hazard/risk
assessment and management have been established (see
Section 7 References). However, putting clear numbers
to landslide hazard and risRs still remains challenging
because of the heterogeneity of site-specific geological
settings, often poorly Rnown to unkRnown geotechnical
and hydrogeological landslide parameters (such as slope
deformation activities, residual shear strength and pore
pressures) and behaviour under varying external condi-
tions (e.q. site-specific groundwater conditions and seis-
mic events) as well as often poor information concerning
potential first-time slope failures.

This and experiences obtained from major engineering proj-
ects show that multidisciplinary approaches are essential
for successful landslide assessments and for the design of
appropriate mitigation measures. A best-practice workflow
to deal with landslides along pipeline corridors, which has
been applied in recent projects (each comprising a large
quantity and variety of landslide assessments), is present-
ed here. The suggested workflow is based on systematic
terrain analyses comprising of i) compilations of landslide
inventories, ii) susceptibility analyses of terrain units, and
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iii) landslide hazard assessments and risR classifications.
The outcome is a project-specific landslide priority register,
which provides a sound basis for decision-maRing when
defining hazard management, monitoring and maintenance
plans.

2. LANDSLIDE INVENTORIES

2.1. GENERAL

Landslide inventory databases and maps document the
landslide features and different descriptive landslide
parameters in a project region. A comprehensive inventory
dataset is a fundamental input for route optimisations (for
example to avoid landslides to best possible extent) and
for further landslide investigations (susceptibility, hazard
and risk analyses). Most commonly, qualitative (heuristic)
approaches are used for landslide analyses, since quan-
titative (probabilistic) approaches require an increased
amount and higher quality of input data (e.g. multi-temporal
assessments and monitoring of landslide features, as well
as hydrogeological and hydrological parameters). Empirical
heuristic inventory maps depict the actual status of existing
landslides, and thus enable identification of critical pipeline
sections where further steps such as rerouting (to avoid
certain landslide features), technical measures (removal
and/or stabilisation of instable materials) or acceptance/
monitoring may be required. However, these inventories

do not provide information on future landslide activities or
potential first-time failures (triggered e.g. by earthquakes,
rainstorms or construction worRs). In this regard, suscep-
tibility maps based on weighted statistical parameters are
helpful indicators for landslide-prone pipeline sections (see
Section 3).

For a comprehensive landslide inventory (and subsequent
hazard/risk analyses), the following characteristics (attri-
butes), at least, should be documented systematically:

+  Location (from pipeline KP - to KP, and location relative
to the pipeline e.g. above, below, left/right lateral or
atop centreline);

*  Morphological setting (e.g. ridge geometries, longitudi-
nal or side slopes, gully features, etc.);

«  Types of landslide features (scarps, tension and shear
cracRs, gully head instabilities, toe bulges, source, tran-
sit and/or accumulation areas, etc.); important differen-
tiation shall be made between displaced materials with
potential for reactivations and “stable” features (e.q.
ancient debris fans, rock fall deposits);

«  Engineering geological classifications of materials
(soils, rocRs, rock masses incl. major discontinuities)
according to international standards;
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+  Type of movements (fall, topple, slide, flow, spread, or
complex), classification according to terminology by
Cruden & Varnes 1996 and Hungr et al. 2012;

. Landslide depth (shallow, medium, deep seated; using
different categories of depth classifications provided
in literature), based on subsurface investigation/mon-
itoring data and/or subjective ratings based on field
observations;

. Status of activity (active, inactive, reactivated, stabi-
lised, etc.) according to terminology given in Turner
& Schuster 1996, based on monitoring data and/or
subjective ratings based on field observations; plus
information on whether first-time failures or reactivated
features, date/time of historic events, and whether con-
stantly (e.g. creeping some mm/cm per year) or episod-
ically active with increased displacements (e.g. some
cm/dm per months, accelerated/triggered for example
by snowmelt, intense rainfall and/or earthquakRes);

. Hydrogeological setting (qualitative and/or quanti-
tative information concerning groundwater observed
and/or inferred, seepage, sinks, etc.);

+ Distance/proximity of landslide features to pipeline
centreline, including information on whether features
(cracRs, displaced ground) are observed atop and/or
behind pipelines (i.e. potentially retrogressing land-
slides which may affect pipe integrity);

«  Pipeline depth of cover (relevant regarding depth/thick-
ness of landslide materials, potential failures of loose
fill materials, etc.);

. Information on geotechnical surveys and tests (trial
pits, boreholes, field and laboratory tests, landslide
monitoring points etc.).

Further information for example volume estimations and
potential triggering factors (rainfalls, earthquakes, man-
made etc.) should be considered at least for the construction
worRs, operation and maintenance (as part of a multi-tem-
poral landslide inventory, i.e. living database covering the
considered project lifetime). In order to provide an improved
inventory mapping and classification, for regions character-
ised by complex landslides or landslide clusters it is often
not reasonable to map “simple” boundaries of the overall
landslide bodies (i.e. the enveloped area representing a spa-
tially “homogeneous” hazard class polygon), but rather to dif-
ferentiate between individual sub-features characterised by
spatially and/or temporally variable deformation behaviour
and individual hazard potentials (see e.g. Zangerl et al. 2019).

Comprehensive and high-quality landslide inventories may
be obtained from various sources and by using different
methods (e.g. Baum et al. 2008, Highland & BobrowsRy
2008, AGS 2007, Guzzetti et al. 2012, and others), mainly
from analyses of various archive data and from geological
field mapping campaigns (see below).

2.2. DESK STUDIES AND DATA ANALYSES

Comprehensive compilations and analyses of available
archive data (desR studies) are essential for high-quality
landslide inventories. Alongside existing engineering geo-
logical and landslide maps, visual geomorphological anal-
yses of various remote sensing data are a major source

of information for identifying and mapping landslides.
Especially in early project stages, aerial photographs and
ortho-corrected optical satellite imagery are fundamental
for landslide inventories. However, quality of the outcome
of such desk studies strongly depends on image and ter-
rain characteristics, such as spatial resolution, illumination,
clear ground view, whether open land or covered by ice,
snow and/or vegetation. In advanced project stages and
for photogrammetric monitoring purposes, high-quality im-
agery, acquired specifically for the project, is required. Mul-
tispectral imagery (e.g. Landsat data) can further contribute
to the mapping and classification of terrain units including
landslide features, but are often not available in adequate
high spatial resolution.

More detailed information on terrain morphology and
landslide features can be obtained from high-resolution
topographic LiDAR (light detection and ranging, synonym
laser-scanning) survey campaigns. For linear pipeline proj-
ects, airborne laser-scanning (ALS) is an ideal and powerful
tool to survey larger areas. Similar to aerial photographs,
ALS surveys can be performed using manned aircraft or un-
manned aircraft vehicles (UAV). In contrast, ground-based
terrestrial laser-scanning (TLS) is limited to surveying and
monitoring selected critical sites. Laserscan technology
permits a detailed, area-wide and three-dimensional survey
of terrain surfaces.

LiDAR 3D point cloud data and processed derivatives such
as digital elevation models (DEMSs), contour lines, hillshade
images and classified slope inclination maps provide
crucial information on terrain characteristics. In contrast to
optical imagery, where terrain features may be shielded by
vegetation, vegetation features can be extracted from the
LiDAR point cloud data, enabling critical features (such as
landslides, erosion, sinkRholes, etc.) to be clearly identified
and mapped.

Multi-temporal differential LIDAR data provide evidence

of whether landslide features have been pre-existing, or
related to specific events (like earthquakes, rainstorms, etc.)
or construction worRs, and also enable the quantification of
landslide mass wastes and accumulation (Figure 1) as well
as of construction-related earth works (determination of
cut and fill volumes). In addition, multi-temporal point cloud
data can provide information on 3D displacement vectors
(to as resolution of some dm), meaning that 3D survey can
be performed and monitoring data be gathered without
direct site access being required (Fey et al. 2015, Pfeiffer et
al. 2019).
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Figure 1: Differential ALS hillshade image depicting quantified landslide mass
wastes and accumulations. Magenta: source areas with negative vertical
displacements (terrain subsidence -0.5 to -2 m). Yellow: positive vertical dis-
placements (uplift +O.5 to +2 m) due to mass accumulations.

Further information on terrain (in-)stability can be derived
from satellite-borne interferometric synthetic aperture radar
(INSAR) data (e.g. Rott & Nagler 2006). Multi-temporal radar
images cover large areas (up to hundreds of Rm2) and can
provide information on locations and amounts of ground
deformations (landslide and earthquake displacement
maps; see Figure 2).

Major advantages of INSAR analyses are i) the high
resolution of data, which enables detection of very slow
landslides with displacements of some mm-cm/year, and
ii) the amount of archive data, which now cover several

years of earth observation and thus enable retrospective
monitoring of large project areas and critical sites (Prager
et al. 20009, Intrieri et al. 2018). However, limitations for
INSAR techniques are given by topographic settings (slope
aspect and steepness, as well as shading effects, etc.) and
by snow, ice and/or high vegetation cover.

In addition to analyses of remote sensing data, various
other archive data sources including geodetic surface mon-
itoring data, geotechnical subsurface monitoring data, his-
toric chronicles of events, personal information from local
residents and others such as radiometric age dating data
can contribute to landslide inventories. Age dating data
can provide crucial information for differentiating between
landslide and non-landslide deposits (e.g. between earth-
flow or rocR avalanche deposits and glacial till) and may
form a basis for the establishment of landslide chronolo-
gies and time-series for hazard assessments (concerning
recurrence intervals, frequencies, and failure probabilities).

2.3. GEOLOCGICAL FIELD INVESTIGATIONS

Geological field investigations comprise the assessment of
lithological, structural, geotechnical and hydrogeological
characteristics of landslide areas. The respective informa-
tion can be obtained from field mapping campaigns, field
measurements and subsurface investigations (trial pits,
boreholes including in-situ tests and monitoring). Detailed
lithological mapping of landslide source and accumula-
tion areas can enable a correlation of geological units and
materials, and thus provide crucial input for process anal-
yses (e.g. of landslide mechanics and deformation/runout
behaviour, if single or multiple landslide events, etc.) (e.q.
Prager et al. 2009, Dufresne et al. 2016).

Figure 2: Landslide-prone badland terrain captured as an optical satellite image (left) and INSAR displacement map (right, calculated by Enveo Ltd. from ALOS Pal-
SAR L-band 23cm, dates 2007-2008) showing stable and/or insignificant terrain units (green) and displaced ground (orange to red, i.e. erosion features and active
landslides; red circles indicate major displacements of up to 6 cm/year).




Findings from field mapping campaigns should be digitally
recorded e.g. by using tablet-borne software applications.
This enables offline navigation and waypoint mapping
(including relevant site-specific information) using various
Rinds of project-specific information and maps (such as
topographic maps, optical and LiDAR imagery, pre-as-
sessed landslide features, pipeline centrelines, KPs, etc.).

In order to assess structural and geotechnical field param-
eters for landslide analyses and planning of mitigation
measures, geological and geotechnical field measurements
(spot measurements) are to be performed at representative
outcrops in accordance with international standards and
guidelines. This comprises measurements of the spatial
orientations of exposed main discontinuities (stratification
or bedding planes, major fractures, etc.), the assessment
of engineering geological rock mass parameters, and
performing geotechnical field measurements in soils and
weaR rocRs.

Based on the findings from geological field surveys, de-
tailed geotechnical subsurface investigations (trial pits,
rotary core drillings including in-situ tests, and geotech-
nical lab analyses) may be required at selected landslide
locations. The geological profiles obtained therefrom can
provide evidence of displaced materials e.g. varying de-
grees of weathering/disintegration and/or sheared soils/
rocks. Equipped with groundwater standpipes or inclinom-
eter, borehole locations can also yield essential monitoring
data concerning time-dependent landslide behaviour and
for hazard assessments.

3. LANDSLIDE SUSCEPTIBILITY ANALYSES

Landslide susceptibility analyses (LSA) based on weight-
ed statistical parameters represent a powerful tool for
assessing sections of landslide-prone terrain (potential
first-time failures) and for subsequent hazard evaluations.
The required input data comprise a variety of field informa-
tion (lithological, geotechnical and geomorphologic terrain
units/maps, landslide inventory, man-made deposits, etc.)
as well as different high-resolution remote sensing data.
The main relevant geo-information includes data derived
from digital elevation models (e.g. slope inclination and
aspect, altitude or terrain curvature, topographic position
index TPI, watersheds and stream networRs, etc.), and
multispectral imagery (such as land use classifications,
normalized density vegetation index NDVI) (van Westen et
al. 2008, Corominas et al. 2014, and references therein).

LSA can be performed using qualitative and/or quantita-
tive approaches (Chae et al. 2017). Qualitative or Rnowl-
edge-driven (empirical) methods are based on weighting of
predisposing factors by experts, and therefore may involve
a considerable degree of bias (due to the subjectivity of ex-
perts’ ratings). In contrast, quantitative methods are based
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on physical process analyses or data-driven analyses (sta-
tistical relationships between predisposition factors and
landslide occurrences). Physically-based approaches (e.g.
infinite slope models, 3D runout analyses) are generally
complex and computationally intensive, and thus prefer-
entially applied to individual slopes or rather small areas.
Data-driven approaches, on the other hand, can be used to
cover large regional extents (pipeline ROWs) and provide
a sufficient statistical robustness for the large amount of
input datasets. Besides, several data-driven models can be
easily implemented in a Geographic Information System
for further data processing.

In view of this, data-driven bivariate statistics are com-
monly applied for large-extent pipeline corridors. Using
bivariate methods, statistical relationships between kRnown
landslide locations and various terrain factors that poten-
tially contribute to landslides can be analysed (e.g. slope
geometries, soil/rock properties, drainage patterns, fault
vicinity, man-made cuts or fills, etc.). Thus, a practicable
workflow using a combination of two methodologies,
namely Frequency Ratio (FR) and Weight of Evidence
(WoE), has been established, which provides a satisfactory
compromise between computational effort and predictive
power of results.

For both approaches (FR and WoE), each input factor

is categorised into a set of classes (based on literature
reviews and expert Rnowledge) and tested for its spatial
relationship with the landslide inventory. Both approaches
allow the calculation of the probability of landslide occur-
rence, i.e. landslide susceptibility index (LSI) as a measure
for identifying landslide-prone locations (see Figure 3)
(Bonham-Carter 1994, Bonham-Carter et al. 1989, Lee &
Choi 2004). For reasons of comparability, the predictive
power of results is verified by computing the receiver op-
erating characteristic (ROC) curves and the area under the
curve (AUC) values (Chung & Fabbri 2003). The full model
workflow can be implemented in ArcGIS 10.6 by using the
spatial analyst extension and the ArcSDM toolbox for WoE.

4. LANDSLIDE HAZARD ASSESSMENTS

Natural hazards may be defined as “the probability of
occurrence within a specified period of time and within a
given area of a potentially damaging phenomenon” (Var-
nes & IAEG 1984). Landslide hazards may be defined as the
probability of slope failure, which can be statistically as-
sessed based on geotechnical parameters and/or empiri-
cally based on expert judgements (Turner & Schuster 1996).
This implies the magnitude of landslide events (destructive
power) within a given area (geographic locations of land-
slide occurrences) and given period (temporal frequency of
occurrence and recurrence) (Guzzetti 2006, AGU 2007).
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Figure 3: Exemplary landslide susceptibility maps depicting a normalised landslide susceptibility index LS| calculated using the FR (figure lower left) and WoE

approaches (figure lower right). Both computed models based on selected input parameters (smaller figures above, e.g. slope characteristics, TP, buffer distances to
road cuts and faults, expert judgements of soil/rock characteristics).




In general, for landslide hazard assessments different
approaches may be required: i) site-specific geotechnical
slope stability analyses, ii) comprehensive regional (ROW)
analyses and iii) runout studies for rapid landslides (on in-
dividual local and/or regional scale). The locations, stability
conditions and expected magnitudes of landslides can be
obtained from detailed inventory data (including geotech-
nical and geodetic surface and subsurface information)
and susceptibility analyses (see above).

Area-wide hazard maps related to the failure (release)

of landslides can be assessed using probabilistic and
deterministic approaches. Probabilistic landslide hazard
maps show the spatio-temporal probabilities of landslide
occurrence (in the range O-1). Deterministic landslide haz-
ard maps delineate between hazard areas and non-hazard
areas (showing a factor of safety or landslide depth), and
are directly related to trigger events of a defined magnitude
or frequency (such as intense rainfalls or earthquakes).

In principle, both types of landslide hazard maps can be
established using several methodological approaches (see
Chapter 7 References):

. Physically-based hazard maps may be based on mod-
elling e.q. rainfall infiltration, pore pressure or seismic
accelerations, and deriving a factor of safety. Since
specific geotechnical parameters are required, this
approach has been preferentially applied to selected
critical regions. However, by varying the input parame-
ters also probabilistic slope scenarios can be calculat-
ed (sensitivity analyses);

+  Statistical methods: the spatial probability of land-
slides may be derived by relating the landslide invento-
ry to a set of susceptibility layers (e.g. slope inclination,
lithology, land cover) by using various approaches. If
the inventory implies temporal information, probabilis-
tic hazard maps can be derived. Statistical approaches
may also be applied to assess triggering thresholds (or
probabilities) of defined rainfall or earthquake scenari-
os by relating the landslide inventory to meteorological
or seismic records (assessment of worst-case land-
slide scenarios or scenarios with a certain probability
of exceedance for defined triggering events, etc.).

+  Rule-based methods: a number of well-documented
landslide areas are selected to develop a rule-based
approach by means of statistical analyses, physical-
ly-based modelling and/or morphometric analyses,
in combination with expert Rnowledge. These rules
obtained from selected well-documented landslide
regions may be transferred to other less documented
areas.

The best applicable approach depends on the quality

and quantity of the available input data. Physical-based
approaches require a certain amount of geotechnical data
and may preferentially be applied to some selected areas.
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Statistical approaches, on the other hand, are applicable
for regions with a high-quality landslide inventory. If the
quality of the landslide inventory is insufficient, rule-based
approaches may be applied (however, this may lead to
results which do not represent hazard maps but rather
susceptibility or hazard indication maps).

In addition to slope stability and failure assessments, also
landslide hazard maps related to the transit and accumu-
lation paths of landslides may be required. Such runout
studies can be performed by using specific modelling
software (see for example Dorren et al. 2006, Hungr &
McDougall 2009, Gruber & Mergili 2013, Hergarten & Robl
2015). On the one hand, landslides with runouts initiating
from the ROW can affect third parties below. On the other
hand, long-runout landslides such as major rock avalanch-
es and debris flows may have sources far beyond ROWs
(see e.g. Geertsema et al. 2009, Dufresne et al. 2016),

and therefore sometimes affect pipeline corridors rather
unexpectedly if not been considered by extensive regional
studies. Therefore, the hazard classification of identified
landslides should be based on expert judgments of the
observed terrain features. It is also important that differen-
tiation is made between landslides with active movements
and/or potential for renewed movements along pre-exist-
ing sliding zones (i.e. rockR/soil slides and/or flows) and
landslide deposits which represent rather “stable” accumu-
lation features (e.g. ancient debris fans, rock fall and rock
avalanche deposits, etc.). Another important hazard threat
to pipelines, and thus also to be considered, is possible
retrogression of steep and high, bare cliff sections.

In complex landslide settings (cf. Section 2.1, p. 3), the haz-
ard rating may locally differ from the general classification
scheme, because for example i) slope failures can change
slope geometries and stresses, and thus trigger adjacent
instabilities, or ii) in landslide clusters, individual failures
situated upslope of a certain location may load and thus
reactivate older landslides further downslope, or vice versa
iii) erosion of landslide toes by torrents and rivers may ret-
rogress and cause failures further upslope. Thus, depend-
ing on the local site conditions, also apparently “negligible”
to “very low” hazard landslides may be classified as “low”
to “medium” hazard features (even if they are a distance
away from the centreline), since these landslides may po-
tentially influence landslides closer to the ROW).

The information obtained from inventory, susceptibility
and hazard assessments can be summarized in a landslide
hazard/risk classification scheme (Figure 4) and applied to
indicative hazard maps. This aims to provide data in such a
form (decision matrix) that it then can be used for the clas-
sification of route corridors, the selection of preferred cen-
trelines and for route optimisations. For construction and
long-term pipeline integrity, detailed risk determination
(incl. pipe stress analyses), designing mitigation measures,



56 PIPELINE TECHNOLOGY JOURNAL

RESEARCH /7 DEVELOPMENT / TECHNOLOGY

and establishing monitoring concepts and maintenance
plans (incl. priority rankRing of potential landslide-related
repair works) is mandatory.

5. LANDSLIDE RISK ASSESSMENTS

Concerning risR, literature offers a large variety of defini-
tions and assessment procedures, with a conventional
risk definition expressed by the product of probability
(of a hazard) and consequences. According to Varnes &
IAEG 1984, (landslide) risk may be defined as the expected
losses, damages or disruption of economic activities due
to a particular natural phenomenon. For pipelines, land-
slide risk may be viewed as the probability of undesirable
consequences and expected degree of damage (vulnera-
bility), such as pipeline exposure, freespan, bulging and/or
rupture.

As hazard assessments, also risk assessments may be
based on quantitative and qualitative approaches (see
references, e.g. Guzzetti 2006, AGS 2007).

Quantitative (probabilistic) landslide risk analyses are
based on numerical parameters (e.g. landslide frequencies,
magnitudes) to estimate objective probabilities of pipe-
line damage. Concerning the indicative ranges of annual
probabilities for different types of landslides (see e.g. AGS
2007), the specific input data on activity and recurrence
intervals (radiometric age dating data, chronicles, time
series, statistics, mid-/long-term monitoring data, etc.) are
often incomplete or not available, especially on a regional
scale. Thus, temporal/spatial probabilities related to 25- or
50-year project lifetimes can often hardly or not seriously
be quoted as an input for risk calculation.

s deep-seated landslide or landslide-cluster
0-10m distance from centreline;

(reroute inevitable).

Description Hazard Class Indicative Hazard/Risk to Pipeline
* Landslide boundary (scarp, flank or toe) HO General threat (exposure, critical freespan or rupture)
> 100m distance from centreline. negligible not credible to barely credible
« Landslide boundary (scarp, flank or toe)
50-100m distance from centreline; or: -
) ] v H1 General threat (exposure, critical freespan or rupture)
+ minor and shallow landslide within ROW, but very low barely credible to rare.
hazard feature entirely removed by construction
works.
General threat barely credible to unlikely.
. Landslide‘ boundary (scarp, f!ank or toe) Exposure unlikely;
25'50”1 d'stance fI‘Om Cenlrelll'le: or: H2 Critical freespan (pro]'ect_speciﬂc) rare;
« minor and/or shallow landslide within ROW, low Rupture barely credible to rare, only under exceptional
but mitigated by construction works. circumstances (< 0.1% chance of occurrence during
project lifetime).
* Landslide boundary (scarp, flank or toe) General threat rare to possible.
10-25m distance from centreline; or: Exposure possible;
« minor and/or shallow landslide on centreline, H3 Critical freespan (project-specific) unlikely;
but mitigated by measures (at and beyond ROW); medium Rupture during project lifetime rare to unlikely
(detailed assessments and measures required, (0.1% to 1% chance of occurrence during project
reroute recommended). lifetime).
| General threat possible to likely.
« medium-/deep-seated landslide Exposure likely; . ]
0-10m distance from centreline: Critical freespan (project-specific) possible;
e ton i msoommenden Damage or rupture during project lifetime possible
gy ; (1% to 10% chance of occurrence during project
lifetime).

General threat likely to almost certain

Pipeline rupture during project lifetime almost certain
(> 10% chance of occurrence during project lifetime).

Figure 4: Brief description and hazard classification scheme of identified landslide features (qualitative and semi-quantitative).
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Instead, qualitative (heuristic) approaches may be more
applicable. Qualitative ratings are relative and descriptive,
with inferred likRelihoods based on geological and mor-
phological site information (i.e. multi-temporal landslide
inventories and hazard scenarios) and expert judgements,
and may also consider literature data on landslides in com-
parable settings. In some projects, landslide risk has been
simply based on the location and distance of individual
landslide features to the RoW (centreline).

For a more detailed risk assessment, landslide parameters
such as Rinematics (velocities, potential accelerations and
stabilisation), geometries (thickness/depths) and potential
for landslide expansion should also be considered (see
also Chapter 6 Hazard Assessments). Based on experi-
ences, several landslides such as earth flows in cohesive
soils or deeply weathered claystone units, in principle have
the potential to be re-activated within a specific pipeline
lifetime, but also previously stable or marginally stable
slopes can be affected by first-time failures (see suscep-
tibility analyses above). Concerning potential impacts on
pipelines, several slow to very slow (“creeping”) landslides
often do not cause pipe exposures and/or freespan but
rather mid- to long-term deformations and potentially
critical pipe stress and strain. Thus, and because chang-
ing boundary conditions like earthquakes and/or intense
rainfalls can affect especially such pre-existing landslides
(i.e. reactivations or accelerated movements are generally
more liRely than major first time failures), potentially critical
sites should be further assessed by monitoring (concern-
ing direction and rate of movements, potential accelera-
tions) and pipe stress analyses (for quantifying potential
stress and strain, and identifying vulnerable sections of a
pipeline).

Based on the investigations described above (landslide
inventory, susceptibility and hazard assessments), a
landslide register depicting the landslide-related risks can
be established. This should comprise all landslide fea-
tures mapped within a defined buffer distance around the
pipeline, giving descriptions of and qualitative/quantitative
information on:

« setting, landslide features, mater