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ABSTRACT

RELIABILITY BASED SAFETY ASSESSMENT OF BURIED CONTINUOUS
PIPELINES SUBJECTED TO EARTHQUAKE EFFECTS

Yavuz, Ercan Aykan
M.Sc., Department of Civil Engineering
Supervisor: Prof. Dr. M. Semih Yiicemen

January 2013, 118 pages

Lifelines provide the vital utilities for human being in the modern life. They convey a great
variety of products in order to meet the general needs. Also, buried continuous pipelines are
generally used to transmit energy sources, such as natural gas and crude oil, from production
sources to target places. To be able to sustain this energy corridor efficiently and safely,
interruption of the flow should be prevented as much as possible. This can be achieved providing
target reliability index standing for the desired level of performance and reliability. For natural
gas transmission, assessment of earthquake threats to buried continuous pipelines is the primary
concern of this thesis in terms of reliability. Operating loads due to internal pressure and
temperature changes are also discussed. Seismic wave propagation effects, liquefaction induced
lateral spreading, including longitudinal and transverse permanent ground deformation effects,
liquefaction induced buoyancy effects and fault crossing effects that the buried continuous
pipelines subjected to are explained in detail. Limit state functions are presented for each one of
the above mentioned earthquake effects combined with operating loads. Advanced First Order
Second Moment method is used in reliability calculations. Two case studies are presented. In the
first study, considering only the load effect due to internal pressure, reliability of an existing
natural gas pipeline is evaluated. Additionally, safety factors are recommended for achieving the
specified target reliability indexes. In the second case study, reliability of another existing natural
gas pipeline subjected to above mentioned earthquake effects is evaluated in detail.

Keywords: Reliability, Pipelines, Earthquake, Operating Loads, Natural Gas.
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DEPREM ETKIiLERINE MARUZ GOMULU SUREKLi BORU HATLARININ
EMNIYETLERININ GUVENIRLIiK ESASLI DEGERLENDIRILMESI

Yavuz, Ercan Aykan
Yiiksek Lisans, Insaat Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. M. Semih Yiicemen

Ocak 2013, 118 sayfa

Can damarlari sebekeleri insanliga modern hayatta 6nemli faydalar sunmaktadir. Genel ihtiyaclar
nedeni ile ¢esitli Grlinleri tasimaktadirlar. Gomiilii siirekli boru hatlar1 da genellikle dogal gaz ve
ham petrol gibi enerji kaynaklarin1 {retim yerlerinden hedeflenen yerlere iletmede
kullanilmaktadir. Bu enerji koridorundaki akist verimli ve giivenli bir sekilde siirdiirebilmek igin
akisin kesilmesinin miimkiin oldugunca onlenmesi gerekir. Arzu edilen giivenirlik diizeyine
karsilik gelen hedef giivenirlik indeksinin saglanmasiyla bu sonuca ulasilabilir. Dogal gaz
iletiminde, gomiili siirekli boru hatlarinda deprem tehlikesinin giivenirlik agisindan
degerlendirilmesi, bu tezin temel ilgi alanmi olusturmaktadir. I¢ basing ve sicaklik
degisimlerinden kaynaklanan isletme yiiklerine de deginilmektedir. Gomiili siirekli boru
hatlarinin maruz kaldigi, sismik dalga hareketi etkileri, boyuna ve enine kalict yer degistirme
etkilerini iceren, sivilagsma nedeniyle olusan yanal yayilma etkileri, sivilasma nedeniyle olusan
kaldirma kuvveti etkileri ve fay gecisi etkileri detayli bir sekilde aciklanmakta ve
incelenmektedir. Bahsedilen her bir deprem etkisi igin isletme yiikleriyle birlikte limit durum
fonksiyonlar1 sunulmaktadir. Giivenirlik hesaplamalarinda, Gelistirilmis Birinci Mertebe ikinci
Moment metodu kullanilmaktadir. iki adet 6rnek ¢aligma sunulmaktadir. i1k calismada, yiik etkisi
olarak sadece i¢ basing disiiniilerek mevcut bir dogal gaz boru hattinin giivenirlik hesabi
yapilmaktadir. Buna ilaveten hedef giivenirlik indeksleri i¢in giivenlik katsayilari 6nerilmektedir.
Ikinci 6rnek calismada da yine bir mevcut dogal gaz boru hatti, s6z konusu deprem etkileri altinda
giivenirlik agisindan detayli bir sekilde degerlendirilmektedir.

Anahtar Kelimeler: Giivenilirlik, Boru Hatlar1, Deprem, Isletme Yiikleri, Dogal Gaz.
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CHAPTER 1

INTRODUCTION

1.1 General View

Civil engineering covering a great variety of branches serves in the field of infrastructure as well
as in that of superstructure. Lifelines, a part of infrastructural side of civil engineering, play a vital
role in a country’s social life and economy. They are transporting various vital resources, such as
water, natural gas, crude oil, etc., deserving the term “lifelines”. American Society of Civil
Engineers (ASCE) (1984) stated that “The designation of oil and gas pipeline systems as
"lifelines" signifies that their operation is essential to maintain the public safety and well-being.”

There are thousands of kilometers of lifelines in our country and this can be expanded to millions
of kilometers of lifelines, both onshore and offshore, worldwide. Interruption of the services of
these lifelines due to earthquakes gives serious harms in terms of safety and well-being. Once the
pipeline fails, this causes a great deal of operating losses. These losses result from damaged
equipment, repair and cleanup operations and loss of revenue from unrecoverable product (ASCE,
1984). Also fire and explosion are some of the consequences of hydrocarbon pipelines failure,
since the combustible nature of these products.

American Society of Civil Engineers (1984) emphasized that “A pipeline transmission system is a
linear system which traverses a large geographical area, and thus, may encounter a wide variety of
seismic hazards and soil conditions.” The seismic hazards which buried pipelines may encounter
are seismic wave propagation, liquefaction, fault displacement, landslide, settlement, etc. These
hazards result in two types of ground deformations, transient and permanent. While transient
ground deformation results from seismic wave propagation, permanent ground deformation
(PGD) may result from liquefaction induced lateral spreading, buoyancy due to liquefaction, fault
displacement, etc. These deformations due to earthquake effects may seriously harm buried
pipelines and cause failure.

Buried pipelines may experience different responses to earthquake effects in terms of their joint
types. These joint types are split into two, which are continuous and segmented. Segmented
pipelines are generally used in water transporting pipelines composed of cast iron pipe with
caulked or rubber gasketed joints, ductile iron pipe with rubber gasketed joints, concrete pipe,
asbestos cement pipe, etc., while continuous pipelines are butt welded steel pipelines which are
generally used in oil and gas transportation. Segmented and continuous pipelines’ responses to
earthquake effects are different because of the differences in their failure modes. Segmented
pipelines generally experience joint failures. On the other hand continuous pipelines have strong
arc welded joints which are tough and ductile to a certain extent. With the improvement of non
destructive inspection of the welds, the weld quality is increased and those welds exhibit strength
performances near to those that the base material (steel) does. This provides continuity for that
kind of pipelines, and thus they are called continuous pipelines. In this regard, O’Rourke (2003)
states “continuous pipe (e.g., welded steel) typically is better able to accommodate a given
amount of ground movement than segmented pipe.”



In this thesis, assessment of the reliability of continuous natural gas pipelines subjected to
earthquake effects is of primary concern. In this respect, the reliability concept, which is the
survival probability of the structure during its lifetime, is introduced, as well as the reliability
index which corresponds to the safety factor in deterministic analysis.

In structural design there are always uncertainties associated with capacity and demand, in other
words loads and resistances. Also the analytical models used in the deterministic design are the
sources of uncertainties. For the classical allowable stress design, safety factors are used in order
to compensate for these uncertainties. However in the reliability based design, these uncertainties
are quantified with the context of statistical and probabilistic concepts. Reliability based design
achieves a uniform level of safety consistent with the selected target reliability. This also provides
a cost effective design as well as safety.

In order to perform reliability analysis, first failure modes and corresponding limit states need to
be determined. Uncertainty analysis, which is the foundation of the probabilistic methods, should
be performed rigorously. Then the limit state functions are formed in order to estimate the
probability of failure or survival.

This procedure is implemented within the scope of this thesis for buried continuous natural gas
pipelines on which operational strains due to internal pressure and temperature differences exist.
As well as operational strains, the strains due to earthquake effects are considered and reliability
analyses of pipelines subjected to these load effects are performed.

1.2 Review of Related Work

Current knowledge about buried continuous pipelines subjected to earthquake effects is based on
the studies in the second half of the 20" century. For seismic wave propagation effects simplified
computation of the axial strains was firstly presented by Newmark (1967). In this method,
earthquake excitation is modeled as a traveling wave, pipeline inertia terms and relative
movement at the pipe—soil interface are neglected, and the pipeline strain is set equal to the
ground strain (O’Rourke, 2003). With some improvements on Newmark’s method (Yeh, 1974),
this method is adopted in the worldwide literature in the estimation of axial strains due to seismic
wave propagation.

Yet, American Society of Civil Engineers (ASCE) guideline (1984), which is presented in order
to bring an explanation for the earthquake resistant design of buried continuous pipelines, stated
that Newmark’s method (1967) can be applied until the slippage between pipeline and soil occurs,
and after slippage, maximum frictional strain between pipeline and soil is valid. Besides, the
formulation of this case was proposed in the ASCE guideline (1984).

Apart from seismic wave propagation, ASCE guideline (1984) also defined the major seismic
hazards which can significantly affect a pipeline traversing a large geographical region and
encountering a wide variety of soil conditions. These are differential fault movement and ground
rupture, liquefaction, landslides, and tsunamis or seiches. Since pipelines could be subjected to
large stresses beyond the elastic range as a result of the loads due to these earthquake effects,
allowable strain criteria was also introduced by ASCE guideline (1984) in order to utilize the
strain capacity of ductile steel pipes. While seismic wave propagation causes transient strains, the
other earthquake effects stated above by ASCE guideline (1984) may cause permanent ground
deformations (PGD).



Although ASCE Guideline (1984) and ALA Guideline (2001) suggest that PGD hazards are best
evaluated by finite element analysis techniques, various authors have conducted analytical studies
yielding to reasonable results in solving the problems associated with estimating permanent
ground strains or permanent ground deformation effects.

For PGD due to liquefaction induced lateral spreading, there are some uncertainties which are
studied by various researchers. These are length of PGD zone, width of PGD zone, amount of
PGD and pattern of PGD. O’Rourke et al. (1999) state that there is not much knowledge about the
estimation of length and width of PGD zone, however they can be correlated with the dimensions
of the liquefaction susceptible region. For the estimation of the amount of PGD, there are
empirical equations developed both for free face condition (PGD towards a sudden drop of
elevation) and gently slope condition (PGD towards a down slope), such as those proposed by
Bartlett and Youd (1992) or Bardet et al. (2002). Utilizing these equations, site specific average
liquefaction induced permanent ground displacements can be estimated.

Moreover, lateral spreading effects to buried continuous pipelines are examined in two different
ways with respect to the orientation of the pipelines. These are longitudinal PGD and transverse
PGD. In order to bring an explanation for the pattern of these deformations, based on the
observation of Hamada et al. (1986), a block pattern was assumed for longitudinal PGD by
O’Rourke et al. (1995). However for transverse PGD, observations are limited and different
patterns are used for authors, nevertheless, a cosine function was assumed by O’Rourke et al.
(1999). Based on these assumed patterns of PGD, analytical equations were proposed by the
above mentioned authors so as to analyze the effects of PGD to buried pipelines.

O’Rourke et al. (1999) also examined liquefaction induced buoyancy effects to buried continuous
pipelines. Besides, the American Lifelines Alliance (ALA) set forth “Guidelines for the Design of
Buried Steel Pipe” (2001) in order to develop design provisions to evaluate the integrity of buried
pipelines for a range of applied loads including some earthquake effects, buoyancy effects, and
also operational loads which are due to internal pressure and temperature changes. Another
guideline prepared by Gujarat State Disaster Management Authority (GSDMA, 2007) has also
examined earthquake effects to buried pipelines including the above mentioned loads.

Furthermore, another important earthquake effect to buried continuous pipelines is the effect of
fault crossing. Newmark and Hall (1975) examined this issue and proposed a method which
provided an explanation to response of buried continuous pipelines to fault crossing effects. The
authors considered a right lateral strike slip fault crossing of a continuous pipeline with an
intersection angle less than 90°, and brought an analytical solution to the response of the pipeline
against the displacement of the fault based on an assumption of no lateral interaction between the
pipeline and soil.

Then, Kennedy et al. (1977) improved the method of Newmark and Hall (1975) by incorporating
lateral interaction of pipe and soil into this method. Similar to the method proposed by Newmark
Hall (1975), Kennedy et al. (1977)’s method is applicable to buried continuous pipelines in
tension. Whereas, ASCE Guideline (1984) uses a trial and error approach in order to estimate the
strain according to Kennedy et al. (1977) method, O’Rourke et al. (1999) set forth a procedure
without iteration. With this procedure, Kennedy et al. (1977) method becomes suitable to
reliability calculations.

Prior to the analysis of the pipelines against fault crossing effects with these methods, fault
displacements should be estimated. For this purpose, displacement-moment magnitude
relationships such as those provided by Wells and Coppersmith (1994) can be utilized. Also the
expected displacements can be estimated from geotechnical investigations.

Reliability of the buried continuous pipelines, subjected to the above mentioned earthquake
effects, has not been examined in this detail elsewhere, as has been done in this thesis study. For
natural gas pipelines, Nessim et al. (2009) have proposed target reliabilities. In their study, target



reliabilities were calculated corresponding to the location classes defined in American Society of
Mechanical Engineers (ASME) B31.8 code, “Gas Transmission and Distribution Piping
Systems”, (2010), and loads due to internal pressure, corrosion, and third party damages are
considered for the determination of these target reliabilities.

In this thesis, all the references rely on foreign codes since Petroleum Pipeline Corporation
(BOTAS), which is the leading company of natural gas and crude oil pipeline construction and
operation in Turkey, adopts ASME codes, API standards, etc. for the design, fabrication,
construction and operating phases of these pipelines.

1.3 Aim and Scope of the Study

The basic aims of this study are the assessment of earthquake effects to buried continuous
pipelines, evaluation of the reliability of an existing natural gas pipeline subjected to operational
loads and earthquake effects and also to propose appropriate safety factors for the design of
natural gas pipelines subjected only to the load due to internal pressure.

Among earthquake effects to buried continuous pipelines, seismic wave propagation, liquefaction
induced lateral spreading, liquefaction induced buoyancy, and fault crossing effects are the
primary concern of this study. In addition to these earthquake effects, operational loads, which are
the loads due to internal pressure and temperature changes, are also considered.

Furthermore, reliability methods including First Order Second Moment Method (FOSM) and
Advanced First Order Second Moment Method (AFOSM) are utilized. FOSM is used so as to
estimate the unknown statistics of the random variables, such as effective lengths (L), which are
obtained from the major basic variables whose statistics are known. On the other hand, AFOSM is
utilized in order to compute the reliability indexes of the buried continuous pipelines subjected to
the above mentioned loads.

Moreover, reliability analyses are carried out by using the following algorithms:

1.  AFOSM code written by the author in Mathcad program.

2. Constrained optimization algorithm described by Thoft-Christensen and Baker (1982) in
Mathcad.

3. Low and Tang (2004) method using MS Excel solver.

In the second chapter of this thesis dissertation, load effects on buried continuous pipelines are
discussed. Among these load effects, operational loads, which are due to internal pressure and
temperature changes, are explained in detail. Also in this chapter, strain based identification of
loads is described. Since allowable strain criteria is determined for buried continuous pipelines in
order to utilize the strain capacity of ductile steel pipelines against excessive deformations caused
by earthquake effects, such a description is necessary.

In the third chapter, earthquake effects to buried continuous pipelines are introduced. The effects
of seismic wave propagation, liquefaction induced lateral spreading comprising longitudinal PGD
and transverse PGD, liquefaction induced buoyancy, and fault crossing including Newmark Hall
(1975) and Kennedy et al. (1977) methods are explained in this chapter.

In the next chapter, structural reliability of buried pipelines is discussed. First, the relevant
reliability methods are explained. Then, the combination of different failure modes and
uncertainty modeling are summarized and the related methods are presented. Also, failure modes



of buried continuous pipelines subjected to earthquake effects are identified. Accordingly, limit
state functions corresponding to these failure modes are determined. Lastly, calculation of the
respective survival probabilities is discussed.

In the fifth chapter, two case studies are carried out based on real life data. For each of these
studies, different existing buried continuous natural gas pipelines are considered. In the first case
study, Hatay Natural Gas Pipeline is examined considering only the load effect due to internal
pressure. In this case study, reliability indexes of the pipeline against this load effect are
calculated for each location classes defined in ASME B31.8 code (2010). In addition to this,
safety factors conforming the target reliability indexes are proposed as an alternative to the
existing safety factors in the above mentioned code.

In the second case study, Turkey-Greece Natural Gas Pipeline is examined against the loads due
to internal pressure, temperature changes, and earthquake effects. Seismic wave propagation,
liquefaction induced lateral spreading, liquefaction induced buoyancy, and fault crossing effects
to this pipeline are evaluated separately. For each of these effects and their failure modes,
reliability analyses are carried out, reliability indexes are computed and survival probabilities are
estimated. Lastly these failure modes are combined and the reliability of the pipeline subjected to
these earthquake effects is estimated.

In the last chapter, a summary of this work is presented and the main conclusions are stated.

In Appendix A, soil induced forces are described, in Appendix B, site and soil classifications are
listed.






CHAPTER 2

LOAD EFFECTS ON BURIED PIPELINES

2.1 Introduction

In this chapter, load effects on buried continuous pipelines are discussed. First, information on the
general load effects that these pipelines may be subjected to is given. Then the load effects, which
are specifically considered in this thesis, are explained in detail.

The American Lifelines Alliance (ALA) sets forth “Guidelines for the Design of Buried Steel
Pipe” (2001) in order to develop design provisions to evaluate the integrity of buried pipe for a
range of applied loads.

Guideline states that provisions of this guideline can be applied to:

e New or existing buried pipes, made of carbon or alloy steel, fabricated to American
Society for Testing and Materials (ASTM) or American Petroleum Institute (API)
material specifications.

e Welded pipes, joined by welding techniques permitted by the American Society of
Mechanical Engineers (ASME) code or the API standards.

e Piping designed, fabricated, inspected and tested in accordance with an ASME B31
pressure piping code.

e  Buried pipes and their interface with buildings and equipment.

Also addressed different forms of loads to which pipelines having above mentioned properties are
subjected. These are:

Internal Pressure

Vertical Earth Loads
Surface Live Loads
Surface Impact Loads
Buoyancy

Thermal Expansion
Relative Pipe-Soil Displacement
Movement at Pipe Bends
Mine Subsidence
Earthquake

Effects of Nearby Blasting
Fluid Transients
In-Service Relocation

Within the scope of this thesis, internal pressure, thermal expansion, and earthquake loads, and
adverse actions developed as a result of an earthquake, such as liquefaction induced buoyancy are



discussed. Internal pressure and thermal expansion loads are presented in this chapter. Whereas
earthquake loads and their additional effects will be presented in the next chapter.

2.2 Load due to Internal Pressure

The American Lifelines Alliance Guideline (2001) states that “the internal pressure to be used in
designing a piping system for liquid, gas, or two-phase (liquid-gas or liquid-vapor) shall be the
larger of the following:

o The maximum operating pressure, or design pressure of the system. Design pressure is
the largest pressure achievable in the system during operation, including the pressure
reached from credible faulted conditions such as accidental temperature rise, failure of
control devices, operator error, and anticipated over-pressure transients such as
waterhammer in liquid lines.

e The system hydrostatic or pneumatic test pressure.

e Any in-service pressure leak test.”

In the aspect of natural gas pipeline, ASME B 31.8 design code (2010) uses Barlow’s hoop stress
formula incorporating factors applied to the specified minimum yield strength (SMYS):

(U.S. Customary Units) (SI Units)

25t 2000St

FET (2.1)

where:

= nominal outside diameter of pipe, in (mm)

= longitudinal joint factor

= design factor

= design gauge pressure, psi (kPa)

= specified minimum yield strength, psi (MPa)
= temperature derating factor

= nominal wall thickness, in (mm)

~HwnYTNng

In reliability calculations, safety factors, F in this equation, are replaced with probability of failure
concept and not included in the calculation procedure. Also according to ASME B31.8 (2010), £
and T factors are 1 for the buried pipelines used in natural gas transmission in Turkey since they
are fabricated as submerged arc welded (longitudinal or helical seam) and design temperatures are
less than 121°C. Additionally, once the longitudinal direction is considered compared to
circumferential pressure, Poisson’s ratio is inserted into that equation. Accordingly, longitudinal
stress becomes:

_ PDv

=— 2.2
P2t (2:2)
where:
Sy = longitudinal stress due to internal pressure
v = Poisson’s ratio



2.3 Load due to Temperature Changes

The American Lifelines Alliance Guideline (2001) defines temperature load as thermal expansion
and states that thermal expansion causes compressive forces when the pipe is fully restrained due
to pipe/soil friction. However, in the situation of combined stress analysis considering earthquake
induced loads, Gujarat State Disaster Management Authority (GSDMA) Guideline (2007) prefers
using basic thermal equation for any material subjected to temperature variation also suggested by
API (1996) in the estimation of temperature loads on buried pipelines as follows:

S =Eay(T, —Ty) (2.3)
where,
St = longitudinal stress due to temperature
E = modulus of elasticity
o = linear coefficient of thermal expansion of steel
T, = temperature in the pipe at the time of installation
T, = temperature in the pipe at the time of operation

2.3 Other Load Effects

Other than above mentioned pressure and temperature loads, as ALA Guideline (2001) defines,
there can be a wide variety of loads affecting buried pipelines, such as dead loads, live loads and
hazard induced loads. Considering buried continuous steel pipelines, the effect of earth load can
be small enough to be neglected compared to internal pressure (ALA, 2001). Since the scope of
this thesis includes only straight sections of buried pipelines, movement at pipe bends is not
discussed. Road, railroad or river crossings, where earth load and live loads may be important, are
not considered, either. Also third party damage and corrosion are beyond the scope of this thesis.

Actually earthquake induced load effects are the primary concern of this study and in the next
chapter they will be discussed in detail.

2.4 Strain Based Identification of Loads

Considering earthquake induced load effects, as a result of fault movement, liquefaction, landslide
etc., pipelines could be subjected to large stresses beyond the elastic range. At this point,
allowable strain criteria are introduced by American Society of Civil Engineers (ASCE) Guideline
(1984) in order to utilize the strain capacity of ductile steel pipes.

When the stress strain relationship is not present, as a general acceptance, Ramberg Osgood’s
stress strain relationship (1943) could be used, which is expressed as follows:

=il )]




where,

€ = strain

c = stress in the pipe

E = initial Young’s modulus

Sy = yield strength of the pipe material

n,r = Ramberg - Osgood parameters (see Table 2.1)

In the design stage or reliability analysis when combining load effects, Ramberg Osgood’s stress
strain relationship could be used by inserting the appropriate values, such as inserting longitudinal
stress value (S,) due to internal pressure into the stress value (o) in that equation. As a result,
strain values coming from load parameters and those coming from resistance parameters could be
compared.

Table 2.1: Some of the Ramberg - Osgood parameters for steel pipes (Cited from O’Rourke et al.,
1999)

Grade of Pipe (API 5L) | Grade B X42 X52 X60 X70

S, (MPa) 227 310 358 413 | 517
n 10 15 9 10 55
r 100 32 10 12 | 166
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CHAPTER 3

EARTHQUAKE EFFECTS ON BURIED PIPELINES

3.1 Introduction

In this chapter, earthquake induced loads and load effects on buried continuous pipelines will be
considered. ASCE Guideline (1984), prepared in order to bring an explanation for the earthquake
resistant design of buried continuous pipelines, states that “The purpose of seismic design criteria
for a pipeline project is to achieve a design balanced to withstand the effects of earthquakes and
other loadings which is both safe and economically feasible. Proper criteria should include
consideration of the nature and importance of the project, cost implications, and risk assessment
centering around such items as public safety, loss of product or service, and damage to the
environment.”

In this regard, safety and economical feasibility are the main starting points of earthquake
resistant design of pipelines. When the performance of buried pipelines is examined, different
forms of failure modes were observed by various scientists. Not only safety was violated, but also
large amount of economical losses were experienced. These were bad experiences for the
engineers dealing with pipelines, but drew attention to different probable failure modes and
seismic hazards causing these failures.

American Society of Civil Engineers Guideline (1984) defines the major seismic hazards which
can significantly affect a pipeline system traversing a large geographical region and encountering
a wide variety of soil conditions as:

1. Differential fault movement and ground rupture
2. Ground shaking

3. Liquefaction

4. Landslides

5.

Tsunamis or seiches

American Lifelines Alliance Guideline (2001) states that “Potential earthquake hazards to buried
pipelines include transitory strains caused by differential ground displacement arising from
ground shaking and permanent ground displacement from surface faulting, lateral spread
displacement, triggered landslide displacement, and settlement from compaction or liquefaction.”

In addition to these, O’Rourke (2003) brings an explanation that “For buried pipelines, seismic
hazards can be classified as being either wave propagation hazards or permanent ground
deformation (PGD) hazards.” Taken into consideration the recommendations stated by O’Rourke
et al. (1999), Figure 3.1 was prepared in order to delineate the schematic representation of the
earthquake effects to buried pipelines. As can be seen from this figure, earthquake effects to
buried pipelines are divided into two parts: wave propagation effects which cause transient
ground deformations and permanent ground deformations.
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Figure 3.1: Earthquake effects to buried continuous pipelines
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As a general rule, a pipeline should firstly be designed according to wave propagation effects.
However, PGD effects are much more serious than wave propagation effects to buried continuous
pipelines. O’Rourke (2003) states that “PGD damage typically occurs in isolated areas of ground
failure, with high damage rates, while wave propagation damage occurs over much larger areas,
but with lower damage rates.”

In the case of PGD effects, they can be split into spatially distributed or localized abrupt with
respect to the likelihood of the place of failure. In other words, in spatially distributed hazards,
pipeline failure could be anywhere in the deformation zone, whereas in localized abrupt hazards,
pipeline failure could be at critical points such as at fault-pipeline intersection point in fault
crossing or at the margins of landslide abruptly. From this point of view, spatially distributed
hazards might be liquefaction or seismic settlement; on the other hand, localized abrupt hazards
might be surface faulting and landslides.

There could be two major earthquake threats to buried pipelines as a result of liquefaction. These
are buoyancy and lateral spreading. There might be liquefaction induced settlement resulting in
vertical deformation of pipelines but compared to lateral spreading resulting in horizontal
deformation of pipelines, the effect of liquefaction induced settlement is much less than the effect
of lateral spreading (O’Rourke et al., 1999). Therefore the effects of liquefaction induced
settlement are not considered in this thesis.

If the soil layer in which a pipeline is buried liquefies, then the pipeline will be subject to
liquefaction induced buoyancy forces. Except that, if a soil layer below the layer that the pipeline
is buried liquefies, then no buoyancy forces will be exerted to the pipeline but it will be subject to
permanent ground deformation as a result of liquefaction induced lateral spreading.

Permanent ground deformation effects to buried pipelines resulting from lateral spreading can be
analyzed in two components. These are longitudinal PGD and transverse PGD with respect to the
orientation of the pipeline passing through the deformation zone. Since the loading and response
of the pipeline are different in two directions, longitudinal PGD and transverse PGD are presented
separately in the following sections in detail. Also, fault crossing and buoyancy as well as wave
propagation effects will be discussed in detail in the next sections. However, seismic settlement
and landslide are not considered in this thesis.

3.2 Seismic Wave Propagation Effects

While the major earthquake effect to above ground structures is ground shaking, it is not true for
buried continuous pipelines. ASCE Guideline (1984) states that “Results of several studies show
that dynamic amplification does not play an important role in the response of buried pipelines.”
Also GSDMA Guideline (2007) states that “Seismic wave propagation generally does not have
serious effect on welded buried pipelines in good condition. Some situations where the wave
propagation imply serious damage to the pipeline system include: a) transition between very stiff
and very soft soils, b) penetration of pipe into valve boxes, ¢) pipes located at or near pump
stations, d) T-connections, e) pipe fittings and valves, etc. Therefore, special care should be taken
while designing the pipeline system in above situations.”

Although O’Rourke (2003) agrees that seismic wave propagation damage to continuous pipelines
is far less common, he also defines the observed failure mechanism is typically local buckling.
And he reports some examples of past earthquakes for which seismic wave propagation was the
predominant hazard to buried pipelines by emphasizing that during the 1985 Michoacan
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earthquake, welded steel pipelines were damaged predominantly from wave propagation hazards
and their failure modes were local buckling.

In order to design buried pipelines to resist wave propagation hazards, various researchers explain
the response of buried pipelines to that hazard. ASCE Guideline (1984) describes this “As a
seismic wave propagates along a pipeline, axial strains and curvatures are developed due to the
relative displacement of the soil. The critical case for the pipeline will occur when the pipeline is
forced to deform as the ground deforms”. In other words, it is the effect of ground surface, which
is in the out-of-phase motion because of the seismic waves, to buried pipelines due to the
interaction of pipe-soil interface. This effect shows itself as axial and bending strains in the
pipelines (O’Rourke, 2003).

American Society of Civil Engineers (ASCE) Guideline (1984) brings an explanation to this issue
and discriminates buried pipelines from above ground structures by stating that “The combination
of a restrained system and the presence of high radial damping characteristic of the surrounding
soil causes strains due to amplification effects to be less than those from small relative pipeline-
soil displacements computed using maximum ground strain estimates.” Therefore, ASCE
Guideline (1984) considers “only the static response (axial strains and curvatures) of a buried
pipeline or piping to the passage of a seismic wave”. Nevertheless, as a general rule, the bending
strains calculated from imposed curvature can be neglected because of their small magnitudes
(ASCE, 1984), (ALA, 2001). Therefore only the axial strains are considered in estimating the
response of buried pipelines subject to seismic wave propagation.

Simplified computation of these axial strains was firstly presented by Newmark (1967), and
adopted in the worldwide literature. There are three assumptions of this procedure. First,
earthquake excitation is modeled as a traveling wave, second, pipeline inertia terms are small and
may be neglected, lastly, there is no relative movement at the pipe—soil interface and hence, the
pipe strain equals the ground strain (O’Rourke, 2003). With some improvements on Newmark’s
method (Yeh, 1974), ALA Guideline (2001) recommends the following relationship for
estimating axial strain:

__ PGV 31)
&g = 7C (3.
where,
PGV = peak ground velocity
o = ground strain coefficient

= 2.0 (for S-waves)
= 1.0 (for R-waves)
C = velocity of seismic wave propagation
= Cs, for S-waves, (2.0 km/s may be considered conservatively)
= Cpn, for R-waves (0.5 km/s may be considered conservatively)

As can be followed in Figure 3.2, in the quantification of wave propagation hazard, peak ground
velocity should be estimated. It can be determined by two types of analysis. One of them is
deterministic, the other is probabilistic seismic hazard analysis. Even if in the analysis of a
complete pipeline network system over a spatially large area, deterministic seismic hazard
analysis may be useful, probabilistic seismic hazard analysis is adopted by ALA Guideline
(2005).

For estimating axial strain the other input is the velocity of seismic wave propagation. For this
purpose, two different types of seismic waves are taken into account. These are shear waves and
Rayleigh waves. Among body waves, shear waves are considered because of their higher energy
capacity and generating larger ground motion than p-waves. On the other hand, among surface
waves, Rayleigh waves are considered because of inducing axial strain in the pipeline
significantly higher than that of the bending strain induced by the Love waves (O’Rourke, 2003).
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Figure 3.2: Flowchart for estimating the strain induced by seismic wave propagation hazard (&)
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While evaluating the axial strain in a pipe, as a general rule, the velocity of shear wave is used for
the sites within the epicentral distance of 5 times the focal depth, otherwise the velocity of
Rayleigh wave is used (GSDMA, 2007). However, ALA Guideline (2001) states that while peak
ground velocity is usually associated with shear waves, particularly for locations close to the
earthquake source, several studies of basin response effects and well-instrumented earthquakes
concluded a dominance of surface waves at some locations in past earthquakes, mostly at
locations greater than 20 km from the earthquake source.

Whatever the dominant seismic wave, body or surface, apparent propagation velocity of the wave
is of interest, since the pipelines are typically buried at shallow depths (1 — 3 m) below ground
surface (GSDMA, 2007). For the shear waves, apparent propagation velocity is the horizontal
propagation velocity with respect to ground (O’Rourke, 2003) and ground strain coefficient (o) is
taken as 2, due to the study of Yeh (1974), in Equation 3.1. Examining some past earthquakes,
O’Rourke (2003) reports that the apparent propagation velocity for shear waves range from 2.1 to
5.3 kim/sec with an average of about 3.4 kim/sec. As a result he and ALA recommend shear wave
velocity to be 2.0 km/sec in Equation 3.1.

On the other hand, for the Rayleigh wave, the phase velocity is of interest and is defined as the
velocity at which a transient vertical disturbance at a given frequency, originating at the ground
surface and propagating across the surface of the medium (O’Rourke, 2003). That is why the
apparent propagation velocity is equal to the phase velocity. O’Rourke et al. (1999) describe how
to estimate the phase velocity of a specific soil medium, which can also be obtained from a
geophysical expert. O’Rourke (2003) reported that ASCE/ASME task force has recently
recommended using 500 m/sec for the phase velocity of a Rayleigh wave conservatively.

For the accuracy of the estimates of axial strain of a pipeline subject to seismic wave propagation,
ASCE Guideline (1984) stresses an important point which is stated as “Comparison of results
from the Newmark method with the results obtained from more rigorous time history approaches
involving pipelines restrained by soil springs indicates agreement within several percent, provided
there is no slippage between the pipeline and the surrounding soil. If slipping occurs, the simple
method may become very conservative.”

As a result, it can be said that maximum axial strain in the pipeline is equal to the maximum
ground strain provided no slippage of the pipeline with respect to surrounding soil occurs (ASCE,
1984). Besides, not common for small to moderate ground motion, slippage typically occurs
between the pipe and the soil, resulting in pipe strain somewhat less than the ground strain for
large ground motion (O’Rourke, 2003).

Although estimating pipe strains using Equation 3.1 may be conservative, due to higher likelihood
of the slippage, the degree of conservatism may not be acceptable for soft soils (ASCE, 1984). In
order to overcome this unacceptable conservatism, the interaction force due to friction needs to be
set forth. For this purpose, it is assumed that the seismic wave is sinusoidal in form, horizontally
incident, and that the soil strain needs to be transferred in one-quarter of the wave length (ASCE,
1984). Slippage is considered over the whole pipeline length. As can be seen from Figure 3.3, for
a wave with wavelength A, the points of A and B having zero ground strain are apart from each
other with a horizontal distance of A /2. And assuming a uniform frictional force per unit length t,,
maximum ground strain takes place at the point C, which is apart of a separation distance of A /4
from the zero ground strain point, due to this frictional force (O’Rourke, 2003).

This force can be applied to buried pipelines over a quarter wavelength separation distance both

compressive and tensile, and in this regard high compression regions, which are more serious than
tensile forces, are a wavelength apart (O’Rourke, 2003).
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Figure 3.3: Friction strain model for wave propagation effects on buried pipelines. (Cited from
O’Rourke, 2003)

Maximum axial strain due to this phenomenon is presented in ALA Guideline (2001) as:

tyh

Emax = 1AE (3.2)
where,
ty = peak friction force per unit length at soil-pipe interface (see Appendix A)
A = apparent wavelength of seismic waves at ground surface, sometimes assumed to be 1.0

kilometer without further information

A = pipe cross-sectional area
E = steel modulus of elasticity

More detailed information on t, is presented in Appendix A.

In the estimation of the axial strain due to seismic wave propagation, the strains computed from
Equations 3.1 and 3.2 are compared. Until slippage occurs between pipeline and soil, Equation
3.1 is valid, however, once the slippage occurs, the strain of the pipeline cannot exceed the
maximum strain value due to the frictional forces exerted on the pipeline by the surrounding soil.
For this situation Equation 3.2 is valid. That is why the smaller one is used as the seismic strain
due to wave propagation effects, &,, to be summed up with the other strains due to the loads
considered in the combined strain analysis.

3.3 Permanent Ground Deformation Effects

While wave propagation hazards are characterized by the transient strain and curvature in the
ground due to seismic wave effects as mentioned before, PGD hazards (such as landslide,
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liquefaction-induced lateral spreading, and seismic settlement) are characterized by the amount,
geometry, and spatial extent of the PGD zone. Fault crossing, another PGD hazard, is
characterized by the permanent horizontal and vertical offset at the fault and the pipe—fault
intersection angle (O’Rourke, 2003).

With these different characteristics, compared to wave propagation hazards, PGD hazards create
higher potential risks for buried pipelines, although they occur in relatively smaller areas and
involve less exposure to pipelines than transient movements (ALA, 2005). The importance of
these hazards is that they induce large permanent ground strains as to be defined in the following
sections.

Although ASCE Guideline (1984) and ALA Guideline (2001) suggest that PGD hazards are best
evaluated by finite element analysis techniques, various authors have conducted analytical studies
yielding to reasonable results in solving the problems associated with estimating permanent
ground strains or permanent ground deformation effects. Accordingly, in this thesis these
analytical studies are explained and their solutions are used in reliability calculations.

3.3.1 Liquefaction Induced Lateral Spreading

When fully saturated or nearly saturated, loose cohesionless sandy soils, also observed for some
silt and gravels, are under seismic shaking, their pore pressures increase and this causes decrease
in their effective stresses. As a result, soil loses its strength and becomes liquefied (Seed and
Idriss, 1982). This phenomenon is known as liquefaction.

Liquefaction causes various types of failures to structures, such as settlement and bearing capacity
failures, flow slides, and lateral spreading. Among these failures, lateral spreading is of primary
concern for buried continuous pipelines.

Lateral spreading may occur towards a free face or downwards of a slope (Figure 3.4). If lateral
spreading occurs near a free face, the movement is generally towards it. On the other hand, if it
occurs away from a free face, then the movement is down the slope of the ground or bottom of the
liquefied layer. According to Bartlett and Youd (1992), towards a free face spreads are observed
from 10 to 300 m with an average of 100 m away from the free face. For away from free face
spreads, the observed slope ranges between 0.1 % and 6 % with an average of 0.55 % (O’Rourke,
2003).

Ground surface

B B
e 1 1
- el A?‘ / .. /‘
et Slip Surface
(a) Ground Slope. S = 100A/B (b) Free Face Ratio.Y = 100A/B

Figure 3.4: Elevation view showing (a) ground slope and (b) free face ratio (Cited from
O’Rourke, 2003)

Referring to Figure 3.5, O’Rourke (2003) states that “There are four geometric characteristics of a
lateral spread which influence pipeline response in a horizontal plane. These are the amount of
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PGD movement 9§, the transverse width of the PGD zone W, the longitudinal length of the PGD
zone L, and the pattern or distribution of ground movement across and along the zone.”
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Figure 3.5: Geometric characteristics of a lateral spread (Cited from O’Rourke, 2003)

There are different methods presented in literature to estimate lateral spreading displacement ().
Among these, the empirical equations are developed both for free face condition and gently slope
condition such as those due to Bartlett and Youd (1992) and Bardet et al. (2002). In order to
obtain lateral spreading displacement for both of these situations, earthquake magnitude, local soil
properties and site topography have to be estimated. For this purpose, seismic hazard assessment
and geotechnical investigations including local geography could be performed.

Another method of obtaining lateral spreading displacement is the probabilistic liquefaction
analysis. ALA Guideline (2005) proposes a few ways to estimate liquefaction induced lateral
spreading deformations including above mentioned procedure and probabilistic calculations for
the sites having liquefaction hazard maps or simply knowing or estimating the chance of
liquefaction using the tables in the Guideline. ALA Guideline (2005) classifies the assessment of
potential liquefaction induced damage to pipelines in the following stages:

“Stage 1. Assess the soil susceptibility to liquefaction.

Stage 2. Evaluate the potential for liquefaction triggering.

Stage 3. Evaluate the probability of liquefaction occurrence.

Stage 4. Evaluate hazards resulting from liquefaction.

Stage 5. Evaluate the liquefaction hazard potential effects on pipelines.
Stage 6. Evaluate mitigation alternatives for liquefaction hazard effects.”

Liquefaction susceptibility of the regions in the route of a pipeline is evaluated by performing the
first three stages. Liquefaction induced hazards, which are lateral spreading and buoyancy for this
thesis study, are evaluated in the fourth stage for the regions where liquefaction may occur. For
the liquefaction induced lateral spreading, PGD (J) is estimated at the end of this stage. After
passing the first four stages by quantifying PGD, especially applicable to the fifth stage,
O’Rourke (2003) states that “The width and the length of the PGD zone have a strong influence
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on pipe response to PGD. Unfortunately the currently available information on the spatial extent
of lateral spread zones is somewhat limited. Although one expects that the spatial extent of the
lateral spread zone strongly correlates with the plan dimensions of the area that liquefied,
analytical or empirical relations are not currently available.”

As O’Rourke (2003) has stated, length of PGD and width of PGD can be correlated with the
spatial extent of the zone which liquefies. On the other hand, ALA Guideline (2005) suggests the
following, based on limited empirical observations:

e  “The width of a lateral spread zone varies from 75 m to 600 m.
e The length of a lateral spread zone varies from a few meters to 240 m.
e The peak PGD in the lateral spread zone is about 0.3% of the width of the zone, +50%.”

Furthermore, ALA Guideline (2005) recommends the values in the following tables for L, W, and
d, in lieu of specific knowledge about a particular site. In Table 3.1 and Table 3.2, the median and
non exceedence percentiles of the observed data are presented. It can be seen from Table 3.1 that
the higher the percentile value, the larger the length of the PGD zone, L and amount of PGD, 9.
However for the width, it is not as such. That is, narrower widths of PGD zone are more
dangerous for buried pipelines.

Table 3.1: Recommended values for length of PGD zone and for PGD (Cited from ALA, 2005)

Level Length of PGD zone, L (m) | PGD, 6, (m)
Median 90 1.8
70™ percentile 150 2.7
90™ percentile 210 4.5

Table 3.2: Recommended values for width of PGD zone and for PGD (Cited from ALA, 2005)

Level Width of PGD zone, W (m) | PGD, 6, (m)
Median 270 1.8
70™ percentile 210 2.7
90™ percentile 150 4.5

Another issue for the buried pipelines crossing a lateral spreading zone is its orientation with
respect to that zone. The pipeline alignment follows its route and this route may cross the
permanent ground deformation zones in any angle. For crossing lateral spreading zones two
critical cases are considered. These are longitudinal PGD and transverse PGD with respect to the
orientation of the pipeline. If it crosses the lateral spreading zone parallel to the displacement
route, it is interpreted as longitudinal PGD (Figure 3.6), and if it crosses the lateral spreading zone
perpendicular to the displacement route, then it is interpreted as transverse PGD (Figure 3.7).

In the following sections, these two situations, namely, longitudinal PGD and transverse PGD that
the pipeline is subjected to are discussed.
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Compression

Figure 3.7: Transverse PGD (Cited from GDSMA, 2007)

3.3.1.1 Pipeline Subjected to Longitudinal PGD

In order to evaluate the response of buried continuous pipelines to longitudinal PGD effects,
length of PGD zone (L) and longitudinal permanent ground deformation (§;) need to be obtained
from geotechnical evaluations. Although estimating L is a challenging problem with the
unavailability of an analytical or an empirical relationship, it can be correlated with the spatial
extent of the zone which liquefies. Besides, length of PGD zone (L) and longitudinal ground
displacement (9;) can be obtained from the above mentioned procedures.

One challenging uncertainty is the pattern of deformation. Hamada et al. (1986) observed
liquefied areas occurred in 1964 Niigata and 1983 Nihonkai-Chubu earthquakes in order to bring
an explanation for this situation. In Figure 3.8, longitudinal PGD observed along 5 of 27 lines in
Noshiro City resulting from the 1983 Nihonkai-Chubu earthquake are presented. These
observations show that 20% of the observed patterns (6 out of 27) have the same general shape as
displayed in Figure 3.8 (a) (O’Rourke, 2003).
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Figure 3.8: Observed longitudinal PGD (Hamada et al., 1986, as cited from O’Rourke, 2003)

Idealizing the data in Figure 3.8 (a), a block pattern of longitudinal PGD (Figure 3.9) is assumed
by O’Rourke et al. (1995) to analyze the effects of longitudinal PGD to buried pipeline. In this
model, Ramberg—Osgood type stress—strain relation given in Equation 2.4 is assumed to be
followed by the pipeline, since the failure of the continuous pipeline is typically in the inelastic
range (O’Rourke, 2003).
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Figure 3.9: Block pattern of longitudinal PGD (Cited from GDSMA, 2007)
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Figure 3.10: Flowchart for estimating the strain induced by longitudinal PGD (g))
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In this assumption, as can be seen from Figure 3.9, PGD zone, with a length of L and a width of
W, is subject to longitudinal permanent ground deformation (§,), which is uniform throughout its
length L and 0 out of this zone (O’Rourke, 2003).

As it can be followed from the flowchart in Figure 3.10, there are two cases to be considered for a
buried pipeline in order to estimate the strain induced by a block pattern of longitudinal PGD.

In the first case, longitudinal permanent ground deformation (3;) is large and the pipe strain is
controlled by the length (L) of the PGD zone. In the other case, L is large and the pipe strain is
controlled by 8, (O’Rourke et. al., 1995).

The distributions of ground and pipe axial displacements, axial force and axial strain in pipe are
shown in Figure 3.11 and Figure 3.12 for cases 1 and 2, respectively.

Ground and Pip =
. f i ¥
Displacement o G e 5
AL B C D E
-+
L
t,L
Axial Force N
i Pipe A _
Compression
Tension \/_
t,L

-
Axial Strain £y = tyl [1+( n )( fy L ) ]
in Pipe A 27DEE 1+r/ \2nDts,

e \

Figure 3.11: Case 1 - Inelastic model for longitudinal PGD (Cited from O’Rourke et. al., 1995)

For both cases, as can be seen from Figure 3.6, there are tension and compression regions for the
pipe. While the upper parts of the PGD zone exerts tensile friction forces to the buried pipeline,
downwards of the PGD zone exerts compressive friction forces to the buried pipeline.

For the case 1, as can be seen from Figure 3.11, from point A to C, buried pipeline is under
tension and from point C to E, it is under compression. By symmetry and equilibrium, maximum
axial tensile friction force and compressive friction force is t,L/2 at point B and at point D,
respectively. Corresponding axial strains, both tensile and compressive, are (GSDMA, 2007, as
modified from O’Rourke et al., 1995):

t,L n t,L \"
= 1 .
0= 2nDtE [ +(757) <2nDtSy> 3:3)
where,
L = length of permanent ground deformation zone
Sy = yield strength of pipe material
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, T = Ramberg-Osgood parameters (see Table 2.1)

= modulus of elasticity of pipe material

= peak axial friction force per unit length of pipe at soil pipe interface (see Appendix A)
D = outside diameter of pipe

t = wall thickness of pipe
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=
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Figure 3.12: Case 2 - Inelastic model for longitudinal PGD (Cited from O’Rourke et. al., 1995)

For the case 2, as can be seen from Figure 3.12, from point A to C, buried pipeline is under
tension, from point D to F, it is under compression. Since L is large, each of tensile and
compressive frictional forces acts over an effective length of 2L.. By symmetry and equilibrium,
maximum axial tensile friction force and compressive friction force are t,L. at point B and at
point E, respectively. In order to estimate corresponding axial strains, effective length, L., can be
estimated from Equation 3.4 which is (GSDMA, 2007, as modified from O’Rourke et al., 1995):

tyLe* 2 n tule \
& =——|1 ( ) i 3.4
! nDtE[ * 2+r (1+r) nDtS, S
where,
§ = longitudinal permanent ground displacement
L. = effective length

After that, by substituting L. into Equation 3.5 below, axial tensile and compressive strains can be
evaluated as (GSDMA, 2007, as modified from O’Rourke et al., 1995):

tyL, n tyLo \
= 1 3.5
2 = 1Dtk [ +(757) (TrDtSy (3-3)

After the strains are computed for both cases from Equations 3.3 and 3.5, they are compared. For
the case 2, L is assumed to be large and as can be seen from Figure 3.12, L. is the distance
between points A and B, and also between B and C, which should be less than L/2 due to the
underlying assumption. Then, if the computed value of L. from Equation 3.4 is larger than L/2, it
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will not conform with the assumptions and therefore the strain value from Equation 3.5 will not
be valid and that from Equation 3.3 will be used. That is why the lower of the strains, between g
and g, calculated from both cases is selected as the strain due to longitudinal PGD effects, g, for
subsequent calculations.

3.3.1.2 Pipeline Subjected to Transverse PGD

Response of buried continuous pipelines to transverse PGD effects is somewhat different from
that of longitudinal PGD effects. Similar to longitudinal PGD, in order to evaluate the strain
caused by transverse PGD, width of PGD zone (W) and transverse permanent ground deformation
(8,) have to be obtained from geotechnical evaluations. Like length of PGD, width of PGD can be
correlated with the spatial extent of the zone which liquefies. Besides, they can be estimated from
the above mentioned procedures.

Another uncertainty is the pattern of deformation. In Figure 3.5 (b) pattern of transverse PGD
used by various authors is illustrated. Nevertheless, it can be spatially distributed like this figure
as well as abrupt transverse PGD which is more or less a fault offset where the fault/pipeline
intersection angle is 90° (O’Rourke, 2003). These two different patterns of transverse PGD are
delineated in Figure 3.13.

Yy

Y

W w

Y

\d

d
(a) Spatially Distributed {(b) Localized Abrupt

Figure 3.13: Patterns of transverse PGD (Cited from O’Rourke, 2003)

For spatially distributed transverse PGD, O’Rourke et al. (1999) assume a cosine function to
quantify the displacement. Using this pattern, as can be followed from Figure 3.14, two cases are
considered in order to estimate the strain both tensile and compressive.

In the first case, the width of the PGD zone is wide, the pipe is relatively flexible and its lateral
displacement is assumed to match that of the soil. For this case, the pipe strain is displacement
controlled (O’Rourke et al., 1999). The bending strain of the pipe, both tensile and compressive,
is given by (ALA, 2005) as:

nDé&;

b =t (3.6)
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Figure 3.14: Flowchart for estimating the strain induced by transverse PGD (&)
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where,

D = outside diameter of pipe
O = transverse permanent ground deformation
w = width of permanent ground deformation zone

In the other case, the width of the PGD zone is narrow, the pipe is relatively stiff and the pipe
lateral displacement is assumed as loading controlled since the soil displacement is much higher
than that of the pipe. For this fixed-fixed beamlike behaviour, the bending strain of the pipe, both
tensile and compressive, is given by the following equation (O’Rourke et al., 1999):

_ AW 3.7
2 = 30ED? (.7
where,
P, = maximum lateral resistance of soil per unit length of pipe (see Appendix A)
E = modulus of elasticity of pipe material

More detailed information on P, is presented in Appendix A.

For both conditions axial strains are neglected because of their small magnitude. After computing
both strains, &, and &, by using Equations 3.6 and 3.7, they are compared. Strain computed from
Equation 3.7 should be less than that computed from Equation 3.6 because strain computed from
Equation 3.7 is based on the assumption that the pipe is stiff and therefore exhibits smaller
deformation compared to soil deformation. On the other hand, for a same width of PGD, strain
computed from Equation 3.6 is based on the assumption that pipe is flexible and exhibits similar
deformation compared to soil deformation, which results in larger strain estimates than the strain
computed from Equation 3.7. Thus, if the strain computed from Equation 3.7 is larger than that
from Equation 3.6, this will not be acceptable. That is why the lower of g or g,, denoted by &, is
used as the strain due to transverse PGD effects.

3.3.2 Liquefaction Induced Buoyancy

Liquefaction induced buoyancy effects can be considered when the soil layer, in which the
pipeline is buried, liquefies. ALA Guideline (2005) reports that “pipe damage to sewer pipes due
to buoyancy has been commonly observed in a variety of earthquakes in Japan.” Since sewer
pipes are buried in deeper depths, maximum displacement caused by buoyancy is increased. Also
they were segmented pipes, as a result it is concluded that buoyancy caused pipe failures in Japan
earthquakes. On the other hand, for continuous pipelines, buried at shallow depths, buoyancy
induced pipe strains might be small, which do not cause failure. In such a situation, pipelines float
and may uplift out of the ground surface due to buoyancy and this can be interpreted as a
serviceability limit state, since pipelines are buried for aesthetics and safety.

Buoyancy strains for buried pipelines can be estimated in a procedure similar to that of the
transverse PGD. While transverse PGD occurs in horizontal plane, buoyancy effects take place in
vertical plane. In both situations, buried pipelines are under the effects of bending strains, and
axial strains are small enough to be neglected. The flowchart describing the procedure for strain
estimation of buried continuous pipelines subject to liquefaction induced buoyancy effects is
illustrated in Figure 3.15.
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Figure 3.15: Flowchart for estimating the strain induced by liquefaction induced buoyancy (&)
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In this procedure, first, length of buoyancy zone (L) (illustrated in Figure 3.16) should be
assessed to estimate the strain in the buried pipeline. It can be obtained from geotechnical
investigations performed for the assessment of local soil conditions in examining the liquefaction
potential. That is, Ly, will be similar to the dimensions of the liquefaction induced lateral spread.
In other words, the length of the pipeline buried in the liquefied zone corresponds to the length of
the buoyancy zone.

Lengih of liquelaciion zone (Ls)

Figure 3.16: Longitudinal section of the pipeline showing the forces acting on it due to buoyancy
(ALA, 2001, as cited from GDSMA, 2007)

Two cases are considered in this procedure similar to that of transverse PGD. In the first case, the
length of buoyancy zone is narrow, the pipeline is relatively stiff and the pipe’s vertical
displacement is assumed to be due to loading at the soil-pipe interface (O’Rourke et al., 1999).

For this fixed-fixed beamlike behaviour, the stress estimation procedure is explained in ALA
Guideline (2001). However, as can be seen from Figures 3.16 and 3.17, ALA Guideline (2001)
put forward the buoyancy forces when the pipeline is buried under water table, compared to
liquefaction induced buoyancy. In the Guideline, “The upward force imposed on a straight,
buried, welded carbon-steel pipe from the water table being above the pipe is™:

Fy = Wy, = [W, + W, + (B, = vwhy)D] (3.8)
where:
F, =upward force due to buoyancy per unit length of pipe
W, = weight of water displaced by pipe per unit length of pipe
W, = weight of pipe per unit length of pipe
W, = weight of pipe contents per unit length of pipe
P, = earth pressure
Y = unit weight of water
hy = water level from top of pipe
D = outside pipe diameter

When liquefaction induced buoyancy is considered, the following formula is used (O’Rourke et
al., 1999):

nD?
F, = T (Vsat — Ycontent) — TEDt)/p (3.9
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where,

Vsat = saturated unit weight of soil

Yeontent = Unit weight of the material conveyed by the pipeline (assumed to be 0 for natural gas)
Yp = unit weight of the pipe

t = wall thickness of the pipe

__________

rrerrrrnr

[}

____________

Figure 3.17: Cross section of the pipeline showing the forces acting on it due to buoyancy (Cited
from GDSMA, 2007)

Then the stress caused by this force is given by ALA (2001) as:

FyLy®
%f = oz (3.10)
where,
Ot = stress caused by buoyancy forces
4_(p_op\4
V4 = section modulus of the pipe cross section = W
Ly = length of pipe span in the buoyancy zone

By using this stress and Ramberg-Osgood stress strain relationship defined by Equation 2.4, the
strains, both tensile and compressive, can be estimated from the following equation (GDSMA,
2007):

€1 = % [1 + (1L+r) (%) ] (3.11)

y

In the second case, for large Ly, the pipe is assumed as flexible and exhibits both beam and cable
action. When the soil above the pipe is assumed to liquefy up to the ground level and the pipe
uplifts out of the ground surface, in this case, both tensile (ey) and compressive (&) strains of
the pipeline are given respectively as (O’Rourke et al., 1999):

n?DH mw?H?

—_— 3.12
L, 4L,% (312)

Ep2t =
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m?DH m?H?

Epoae =——5— ———> 3.13
PTULLE 4Ly? 313
where,
D = diameter of the pipe
H = depth of burial from center of the pipe to the ground surface
L, = length of pipe span in the buoyancy zone

After finding the strains from Equations 3.11 and 3.12, they are compared. Based on the same
reasons with transverse PGD (stiff-flexible pipe and soil interaction), strain computed from
Equation 3.11 (&) should be less than that computed from Equation 3.12 (ey,,) for the same
length of buoyancy zone (Ly). In this comparison, &, is not considered to be on safe side since
the local buckling failure mode is more critical for buried continuous pipelines. Thus, if the strain
computed from Equation 3.11 is larger than that from Equation 3.12, this will not be valid. That is
why the lower of the strains computed from Equations 3.11 and 3.12 is taken as the buoyancy
strain (gp) in the reliability computations.

3.3.3 Fault Crossing

One of the most important factors to be considered in the seismic design of buried pipelines is
fault crossing. From the past observed earthquakes, its detrimental effect has been recorded
drastically. For example, during the 1971 San Fernando earthquake, although surface faulting
regions were very small compared to the shaken area, due to the fault movements, over 1400
breaks in water, natural gas, and sewer pipelines occurred (McCaffrey and O’Rourke, 1983). On
account of these detrimental effects, buried pipelines, which intersect active faults, should be
designed accordingly.

Active fault displacements are the results of earth crust’s relative movements and it can be met in
different forms in terms of directivity. The principal types of fault movements are normal, reverse
and strike slip. While normal and reverse fault movements are occurring in vertical plane, strike
slip fault movements occur in horizontal plane. For normal faults, buried pipeline is primarily
under tension. Yet for the reverse faults, it is primarily under compression. For strike slip faults,
the behavior is dependent on fault crossing angle.

There are two modes of behavior for a buried pipeline crossing a fault depending on the fault type
and crossing angle. First is the tensile failure of the pipeline. For normal and strike slip faults,
when the pipe-fault intersection angle f, as shown in Figure 3.18, is less than 90°, buried pipelines
are subject to bending forces due to the transverse component of fault offset and axial tensile
forces due to the longitudinal component of fault offset. This can cause tensile failure of the
pipelines by excessive displacements. Second mode of behaviour is buckling failure due to
compressive forces. For reverse and strike slip faults when the pipe-fault intersection angle £ is
greater than 90°, buried pipelines are subject to axial compressive forces due to the longitudinal
component of fault offset (O’Rourke, 2003).

In the analysis of pipelines crossing active faults, fault displacements should be estimated. It can
be obtained from displacement-moment magnitude relationships such as those provided by Wells
and Coppersmith (1994). ALA Guideline (2005) recommends this method as well as some
probabilistic methods in order to quantify fault displacement. Also states that: “Fault offset can
also be estimated by using historical evidence, paleoseismic evidence and/or slip rate
calculations.”
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Figure 3.18: Plan view of the Newmark Hall (1975) model for pipeline crossing a right lateral
strike-slip fault (Cited from O’Rourke, 2003)

In order to estimate the response of buried continuous pipelines, for normal and reverse faults,
analytical methods have not been developed so far, since the difficulties of the asymmetric
behavior of soil in vertical plane (O’Rourke, 2003). However, ASCE Guideline (1984)
recommends finite element methods to solve these problems.

For strike slip fault crossings, there are two well-known analytical methods as well as finite
element methods. These are Newmark Hall (1975) and Kennedy et al. (1977) methods; even
though finite element methods are preferred, these methods are easier to implement and provide
good initial estimates. Within the scope of this thesis, these methods are utilized in reliability
computations and explained in the following subsections.

3.3.3.1 Newmark Hall (1975) Method

Newmark-Hall (1975) method is the first method which provided an explanation to response of
buried continuous pipelines to fault crossing phenomenon. As can be seen from Figure 3.18, this
method deals with a continuous pipeline crossing a right lateral strike slip fault having a total
movement of &; with an intersection angle f less than 90°. The authors of this method assume that
the pipeline moves with surrounding soil without any slippage between the effective anchor
points, L,. They also neglect the bending stiffness of the pipeline and lateral interaction between
pipeline and soil (O’Rourke et al., 1999).

Considering only longitudinal interaction of the pipeline and surrounding soil, the total elongation
of the pipeline is composed of axial (d;cosf) and transverse (Ossinf) components of fault
displacement, d¢. The average strain with a factor of 2 to overcome uncorservatism, then, can be
estimated as (ALA, 2005):
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Figure 3.19: Flowchart for estimating the strain due to fault crossing effects by using Newmark
Hall (1975) method (eny)

34



. 2
R |6f cosf N 1(8f smﬁ) l (3.14)

2L, 2\ 2L,
where,
O = fault displacement
p = pipe-fault intersection angle
L, = effective unanchored length

In this method, under large pipeline stresses, while a part of pipeline is considered to be in elastic
region, remaining part is considered to be in plastic region. If bends, tie-ins or other constraints
are not located near the fault, the effective unanchored length, L, can be estimated as the
summation of pipe length over which elastic strain develops and pipe length over which plastic
strain develops. However, since the length coming from plastic strain development is small, it can
be neglected (PRCI, 2004). Therefore the unanchored effective length, L, can be estimated as:

_ EigymDt 315
o= (3.15)
where,
ty = ultimate friction force acting in axial direction of the pipe (see Appendix A)
£y = yield strain of the pipe material
E; = modulus of elasticity of the pipe material before yielding
D = diameter of the pipe
t = wall thickness of the pipe

If there is an actual anchorage point such as a bend, fittings etc., then the actual length between
anchorage and fault should be taken.

The procedure for Newmark-Hall method is illustrated in Figure 3.19. Estimated strain using
Equation 3.14 is taken as the seismic strain (eyy) to be combined with the strains coming from the
other loads considered.

3.3.3.2 Kennedy et al. (1977) Method

Kennedy et al. (1977) method can be interpreted as an upgrade of Newmark Hall (1975) method.
Compared to Newmark Hall (1975) method, authors incorporate lateral interaction of pipe and
soil in their method. Also, they consider the resulting curvature and associated bending strains.
The bending stiffness of the pipeline is ignored and this is conservative in most cases because the
effect of lateral soil resistance on the bending strain is overestimated in this method (ASCE,
1984). The method can be applicable to buried continuous pipelines in tension similar to the
Newmark Hall (1975) method.

While ASCE Guideline (1984) uses a trial and error approach in order to estimate the strain,
O’Rourke et al. (1999) set forth the procedure outlined in Figure 3.20 for estimating the pipeline
strain due to a strike slip fault displacement. In this procedure, by using Ramberg-Osgood stress
strain relationship, defined in Equation 2.4, the strain can be calculated from the following
equation (O’Rourke et al., 1999):

2t,L, n tule \
el 3.16
K = IDLE [ +(757) (nDtSy (3.16)
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Figure 3.20: Flowchart for estimating the strain due to fault crossing effects using Kennedy et al.
(1977) method (gk)
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where,

L. = effective length

Sy = yield stress of pipe material

n,r = Ramberg-Osgood parameters (to be obtained from Table 2.1)

E = modulus of elasticity of pipe material

ty = peak friction force per unit length of pipe at soil pipe interface (see Appendix A)
D = outside diameter of pipe

t = wall thickness of pipe

Similar to estimating the strain developed due to longitudinal PGD, an effective length L. should
be assessed in order to estimate the strain. To find this length, first the total elongation of the pipe
is estimated from:

2
8¢ sin
AL = & cos B + (O sinp) (3.17)
3L,
where,
AL = total elongation of the pipe
O¢ = fault displacement
b = pipe-fault intersection angle
L. = the horizontal projection of the laterally deformed pipe (see Figure 3.21)
L.
) V

Sising/2

Figure 3.21: Kennedy et al. (1977) model (as given in O’Rourke et al., 1999)

In this equation, while the first term is due to the axial component of the fault displacement, the
second is due to the arc length effects caused by lateral component of the fault displacement. The
unknown parameter, L. can be estimated from:

L. = /Rcaf sin B (3.18)

where R, is the radius of curvature, seen in Figure 3.21, and can be computed from:

_ onDt
c — Pu

(3.19)

where,
o = the axial stress at fault crossing,
P, = the lateral soil—pipe interaction force per unit length (see Appendix A)
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AL can also be expressed as follows (O’Rourke et al., 1999):

t,Lo> ( 2 ) n tyLo \"
AL = 1 3.20
nDtE + 2+r (1 + r) ﬂDtSy ( )

Equating Equations 3.17 and 3.20, L. can be estimated.

L. is then inserted into Equation 3.16 and seismic tensile strain due to strike slip fault crossing
effects (gg) is estimated. The computed value can be interpreted as a good approximate of the one
that will be obtained from the finite element method (O’Rourke et al., 1999).
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CHAPTER 4

STRUCTURAL RELIABILITY ASSESSMENT OF BURIED PIPELINES

4.1 Introduction

From structural reliability point of view, there are two states for a structure. If the structure fulfills
its function, it survives, otherwise it fails. This can be at its ultimate limit state, serviceability limit
state or accidental limit state, etc. So as to assess the survival and failure probabilities of
structures and utilize this differentiation in various stages, such as design, insurance, etc.,
probabilistic methods have been developed over the last 60 years.

These methods are based on the probability of failure or the probability of the complementary
event (i.e. survival), called reliability. In the probabilistic approach uncertainty quantification is
quite important. None of the load and resistance parameters can be quantified exactly.
Accordingly, probabilistic methods deal with these uncertainties by treating the basic variables as
random variables. Using random variables, reliability can also be expressed based on the concept
of the reliability index, f which is first introduced by Cornell (1969), and improved and modified
later by Hasofer and Lind (1974).

The methods they use are the first order second moment (FOSM) methods, and reliability index is
the usual output of these methods. For this purpose, failure modes and corresponding limit states
need to be identified. After that probability of failure or survival can be estimated for each failure
mode.

For buried continuous pipelines, tensile and local buckling failure modes are critical depending on
the type of loading. Loads due to internal pressure and temperature changes and earthquake
induced loads described in the previous chapters are taken into consideration in reliability

calculations.

In this chapter, the basic concepts of structural reliability are presented and reliability analysis for
buried continuous pipelines subject to earthquake effects is performed.

4.2 Structural Reliability Methods

4.2.1 The Classical Reliability Formulation

39



Structural reliability deals with the interaction of capacity and demand. Capacity or the resistance,
R, of a structure should be large enough to carry the applied load, S to be able to sustain its
function. In terms of reliability of a single member, failure occurs when R is less than S. Or it can
be expressed by introducing the safety margin, M, which is expressed as:
M=R-S (4.1)
When M<0, failure takes place and probability of failure, Pg, can be defined as:
Pr=P(R<S)=PM<0) 4.2)

where P(.) is the probability of occurrence of the event in brackets.

If R and § are statistically independent and normally distributed, with mean values of pg and g,
and standard deviations of oy and cg, respectively, the probability of failure becomes:

Pf=1—¢(“—M)=1—¢<M> (4.3)

Om A/ O] RZ + o SZ
where,
() = cumulative standard normal probability distribution function
UM = mean value of the safety margin
oM = standard deviation of safety margin

Then the reliability, P, is defined as the probability of non-failure or probability of survival,
which is given as follows:

Um Hr — Us
P=1-P =0 2)=p|="1I12_ 4.4
s f (O-M) ( /—O_Rz +0_52> ( )

4.2.2 First Order Second Moment Method

The reliability is the survival probability of the structure during its lifetime. To be able to
formulize this, limit states need to be determined and corresponding limit state functions are
formed by introducing load and resistance parameters (Ellingwood et. al., 1980). These load and
resistance parameters are called basic variables. By inputting these variables, the safety margin,
M, can be defined in terms of the limit state on failure function as:

M=g(X)=gX,....Xn) (4.5)
yhere,
X = the vector of basic variables
Then the failure surface becomes:

9gX)=9&,..X,)=0 (4.6)

As illustrated in Figure 4.1, when g()? ) > 0, the corresponding set of basic variables are in the
safe region, D;, otherwise in the failure region, Dy, (Thoft-Christensen and Baker, 1982).
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Figure 4.1: Failure surface and reliability index, By (Modified from Thoft-Christensen and
Baker, 1982)

Cornell (1969) introduced the reliability index, B., defined as follows:

_Hu
oM

Be (4.7)

Reliability index, B, accounts for the level of expected performance of the structure in the
corresponding limit state and the larger the value it has, the safer will be the structure and the
higher its performance, as can also be seen from Table 4.1.

Table 4.1: Relationship between reliability index (f), probability of failure and expected
performance level for normally distributed basic variables and linear failure functions (Cited from
US Army Corps of Engineers, 1997)

Reliability Index | Probability of Failure Expected
B P= O(-p) Performance Level
1.0 0.16 Hazardous
1.5 0.07 Unsatisfactory
2.0 0.023 Poor
2.5 0.006 Below average
3.0 0.001 Above average
4.0 0.00003 Good
5.0 0.0000003 High

If the safety margin M is linear in the basic variables X;,..., X,, as shown in Equation 4.8:
M = ao + a1X1 + . +aan (48)

Then the mean and variance of M are as follows:
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HUp = Ao + Qg + -+ apliy (4.9)

n n
om® = a0 + -+ ayo,’ + ZZ pij;a;0;0; (4.10)
i=1j=1
i#j
where,
ag,...,a, = constants
Wi = mean of the i basic variable
O; = standard deviation of the i basic variable
Pii = correlation coefficient between basic variables X; and X;

For linear failure functions, above equations can be used. However for nonlinear failure functions,
there are methods developed to estimate mean and variance of the safety margin. Mean value and
advanced first order second moment (AFOSM) methods are discussed in the following sections.

4.2.2.1 Mean Value Method

For a nonlinear failure function, the safety margin, M, py; and oy can be estimated approximately
by using Taylor Series expansion. If Equation 4.5 is expanded about mean vector of basic
variables, ug, and if higher order terms are neglected and only the linear terms are kept, then
safety margin, M, becomes:

n
_ dg
M=g(®) =g i)+ Y (55) - w0 (4.11)
i=1 Y (ipmrtin)

Mean and variance of the safety margin, M, can be approximated as:

U = gy, v y) (4.12)
n ag 2 n n ag ag
or=) (55) @+ > (5%) (ﬁ covi;  (413)
i=1 Y (gpetin) i=1 j=1 Y (Mgpentin) J (Wipmtin)
l -'F]

where,
COVj; = covariance between X; and X;

This method, which is widely known as the First Order Second Moment (FOSM) method, is easy
to use especially with a computer to be able to calculate complex mathematical operations, e.g.
derivatives. However, it has two basic shortcomings which Ellingwood et al. (1980) pointed out
as:

1. If the failure function is nonlinear, significant errors may be introduced at increasing
distances from the linearized point by neglecting higher order terms.

2. The mean value method fails to be invariant to different mechanically equivalent
formulations of the same problem. In effect, this means that reliability index depends on how
the limit state is formulated. This is a problem not only for nonlinear forms of failure
functions but even in certain linear forms, e.g., when the loads counteract one another.
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In this context, Advanced First Order Second Moment (AFOSM) method is introduced to solve
these shortcomings described as follows.

4.2.2.2 Advanced First Order Second Moment Method

The above mentioned unsatisfactory condition of the mean value method can be solved by
Advanced First Order Second Moment (AFOSM) method whose pioneers are Hasofer and Lind
(1974). This method is also referred to as the First Order Reliability Method (FORM) in recent
years. They introduced a modified reliability index, By, which is defined as the nearest point of
estimate of the limit state function to the origin of a standard Gaussian space (see Figure 4.1).

In order to estimate By, basic variables forming the limit state function should be normalized to
have zero mean and unit variance as follows:

Z; = M ,i=12,..,n (4.14)
Ox,

By transforming X;’s into Z;’s, the coordinate space and corresponding limit state function are

changed. New coordinate system, Z, as can be seen for the two basic variables in Figure 4.1, is

now the subject of interest. In this coordinate system, Py is the shortest distance between the

limit state function and origin, and the intersection point of that distance vector and limit state

function is referred to as the design point.

From this point of view, By can be expressed as:

n 1/2
By = min (Z Z?) (4.15)

i=1
- subject to:z, € g,

where,
Zy = vector of normalized basic variables
9z = limit state (failure) surface in the z-coordinate system

For the nonlinear limit state functions, reliability index, Pyr, and design point can be solved
iteratively by using the equations below (Thoft- Christensen and Baker, 1982):

_9g9
a; = 0% ,i=12,..,n (4.16)
dag z
2(37)
Zi = aifuL (4.17)
9Z3,...,Z2;)=0 (4.18)
where,
o = directional cosines that minimizes By
z = i™ component of design point
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If random variables are correlated, in order to perform this iterative procedure, all variables
should be transformed into uncorrelated variables. This is achieved by deriving from covariance
matrix, Cx, and mean vector, Ug, uncorrelated covariance matrix, Cy, and uncorrelated mean
vector, [y, as follows (Thoft- Christensen and Baker, 1982):

uy = ATug (4.19)
Cy = ATCxA (4.20)
where,
A = matrix composed of orthonormal eigenvectors of Cx

4.3 Combination of Failure Modes

Structures may fail in different failure modes. These failure modes are usually more than one for a
structure. For instance, for buried continuous pipelines tensile rupture and buckling failure modes
are usually encountered. Generally different failure modes may be correlated. In order to evaluate
the reliability of structures, these different failure modes should be considered jointly.
Let a structural component has k failure modes, which are denoted as E;, E, ..., Ex. Each failure
mode has its own limit state function and individual failure event corresponding to the i failure
mode is as follows (Ang and Tang, 1984):

E; = [g:/(X) < 0] (4:21)

where,
9:(X) = limit state function of the {"" failure mode

Then the compliment of E; is the individual safe event, E;, which is expressed as:
E; = [9:(X) > 0] (4.22)

Survival of the system is the event, E, in which all individual safe events occur at the same time.
That is:

E={EinE,n..nE} (4.23)
Conversely, the failure event, E, is as follows:

E={E;UE,U..UE,} (4.24)
where, N and U denote, intersection and union of events, respectively.
Let S be the load acting on the structure concerned and R; is the capacity of a certain component

in the i™ failure mode. If modal capacities are dependent on each other but are independent on
load, S, then the survival probability becomes (Yiicemen, 2006):

g:f[f... fwaRk(rl,...,rk)drl vy | fs(5)ds (4.25)
0 legs

CkS
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where,

€15 ... CkS = load effects in different failure modes
fRyprie (T1r s Ti0) = joint probability density function of k-modal resistances
fs(s) = probability density function of load

Since the calculation of the probability of survival from Equation 4.25 is rather difficult, bounds
are formed to estimate the survival probability as explained below (Yiicemen, 2006):

a) In setting up the first bound, failure modes are assumed to be perfectly correlated. In this
situation, probability of survival, P/, is the minimum of the survival probabilities of each failure
mode, which is expressed as follows:

P, =min(P,, P, ..., Py,) (4.26)
where, P, is the survival probability of i™ failure mode, which can be computed from the

following equation:

[ee]

P, = Pr(E) = f f Fui () fs(s)d d 4.27)
0

CiS

b) In establishing the second bound, k modal resistances are assumed to be statistically
independent, loads are still dependent. Then, probability of survival, P/’, becomes:

I =jo fle(ﬁ)drl jofRz(Tz)drz fooka(Tk)drk fs(s)ds (4.28)
0 leis C25S cks

Or it can be expressed as follows:
P = f[Pr(R1 > ¢;5) Pr(R, > ¢35) .. Pr (R > cis)]fs(s)dg (4.29)
0

¢) In obtaining the last bound, modal resistances and modal loads in different modes are
assumed to be statistically independent. That is, failure modes are independent. In this case
probability of survival, P, becomes as the product of the survival probabilities of each failure
mode, which is expressed as follows:

P = ﬁP = ﬁ fw fw fi () f(8)dy g (4.30)

i=10 c¢s

After these bounds are determined, fundamental inequalities of reliability can be utilized as
described below:

PA=P=P'=2F (4.31)
Or, in terms of failure probabilities:

Pr< P <P/ <P (4.32)
where,
P/,P; = survival and failure probabilities of a component, respectively, corresponding to

perfectly correlated failure modes
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P, P = true values of survival and failure probabilities of a component, respectively

P/",P{ = survival and failure probabilities of a component, respectively, corresponding to
independent modal resistances but dependent loads

P’,Pf = survival and failure probabilities of a component, respectively, corresponding to
independent failure modes

4.4 Uncertainty Modeling

In order to perform a reliability analysis, the uncertainties of each random variable need to be
determined. This can be attained by using variance, standard deviation or coefficient of variation
(c.0.v.). More accurate results will be obtained if the uncertainties and variabilities are of small
magnitude. Therefore uncertainties should be reduced as much as possible. Yet, uncertainties are
involved both in the basic variables forming the corresponding limit state function, and in the
prediction model used in forming the limit state function.

To account for these uncertainties, two kinds of uncertainties are defined in structural
engineering. These are aleatory and epistemic uncertainties. Aleatory uncertainty results from
inherent variability and cannot be reduced by additional information or data. On the other hand,
epistemic uncertainty, which results from lack of sufficient knowledge or information, can be
reduced by additional information and data.

There are three sources of epistemic uncertainties. These are prediction, modeling and statistical
errors. Prediction uncertainty can be exemplified as the discrepancies between in-situ and
laboratory conditions. Modeling uncertainty is the uncertainties related with the assumptions,
approximations, idealization of real situations like plain strain analysis instead of 3-D analysis.
Statistical uncertainty, results from the lack of sufficient number of observations to quantify the
mean of a random variable. All sources of information should be utilized in order to reduce these
uncertainties. These sources of uncertainties can be reduced by additional data and expert opinion.

The different sources of uncertainties can be combined with the model presented as follows (Ang
and Tang, 1984):

Xi = Niii (433)
where,
X = true (but unknown) value of the i™ basic variable
N; = random correction factor to account for epistemic uncertainties
Xi = model used to estimate X;

By using First Order Second Moment method (Equations 4.11 and 4.12), the mean and total
uncertainty of the i basic variable can be formulated as:

Hx; = NiX; (4.34)
Qx, = /5)%1' + Af(i (4.35)
where,
Hxi = mean value of the i" basic variable
N; = mean bias of the i" basic variable
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X = mean value of the model used to estimate the i"" basic variable

Qxi = total uncertainty of the i basic variable

Ox, = coefficient of variation quantifying the aleatory uncertainty (inherent variability) of the
i" basic variable

Ay, = coefficient of variation quantifying the epistemic uncertainty of the i basic variable

Let N; be the product of n component correction factors as follows:

Ni = NilNl-Z N

ln

(4.36)

Then assuming all N;’s to be mutually independent, mean bias and coefficient of variation
quantifying the epistemic uncertainty of the i™ basic variable can be written by using FOSM
approximation as follows:

2 n

Ay, = \/A%Q1 + A%, + o+ A% (4.38)

Within the scope of this thesis, uncertainties associated with basic variables are obtained from
various sources and listed in Table 4.2 and Table 4.3. For the sake of convenience all random
variables are assumed to be normally distributed. Please also note that some of the values given
here are valid specifically for the case studies to be presented in the next chapter. For the
definition of the symbols used to denote the basic variables, please refer to the previous sections
or “List of Symbols and Abbreviations” section. Also for the notation of soil types, please refer to
the Appendix B.

4.5 Identification and Description of Different Failure Modes

Steel pipelines manufactured from ductile material possess high ductility and may fracture at
about 20% elongations when loaded in tension. With fully penetrated arc butt welds at joints, their
performance goes well beyond segmented pipelines. Nevertheless, continuous pipelines should
accommodate high strains due to PGD and other earthquake effects. Since the deformations are
beyond the elastic limit of pipelines, the ductility advantage of continuous pipelines need to be
used in earthquake resistant design. Thus, strain limits are developed for the failure modes.

There are three main types of failure modes for corrosion-free continuous pipelines. These are
tensile failure, local buckling and beam buckling. The first two of these are common failure
modes. On the other hand, beam buckling is not prevalent because beam buckling occurs at
shallow burial depths which are generally below the typical burial depths of pipelines. In only
shallow depths of burial, less than about 90 cm, pipelines may experience this type of behavior.
Accordingly, this type of failure mode is not considered in this study.
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Table 4.2: Mean values and coefficients of variation quantifying the aleatory uncertainties of
basic variables

Basic Variables mean c.0.v. Reference
475 0.10 Amirat et al. (2006)
400 0.05 Ahammed et al. (1997)
358 0.07 Caleyo et al. (2002)
Sy (MPa)
423 0.067 Ahammed (1998)
275.79 0.07 Michalopoulos et al. (2000)
1.ISMYS| 0.035 Chen et al. (2001)
914.4 0.02 Caleyo et al. (2002)
600 0.03 Ahammed (1998)
D (mm) -
273.05 0.0015 Michalopoulos et al. (2000)
nominal 0.0006 Chen et al. (2001)
97.3 0.10 Amirat et al. (2006)
r; (mm)
225 0.04 Ahammed et al. (1997)
12.7 0.05 Amirat et al. (2006)
7 0.06 Ahammed et al. (1997)
20.6 0.02 Caleyo et al. (2002)
t (mm)
10 0.05 Ahammed (1998)
9.271 0.04 Michalopoulos et al. (2000)
nominal 0.01 Chen et al. (2001)
7 0.10 Amirat et al. (2006)
5 0.10 Ahammed et al. (1997)
P (MPa) 7.8 0.10 Caleyo et al. (2002)
5 0.10 Ahammed (1998)
13.11 0.015 Michalopoulos et al. (2000)
0.283 0.023 Anmirat et al. (20006)
v
0.3 0.023 Ahammed et al. (1997)
201000 0.04 Amirat et al. (2006)
E (MPa)
201000 0.033 Ahammed et al. (1997)
1.17E-05 0.10 Amirat et al. (2006)
0 (1/°C)
1.17E-05 0.10 Ahammed et al. (1997)
10 0.15 Amirat et al. (2006)
AT (°C)
10 0.15 Ahammed et al. (1997)
H (mm) 1657 0.10 BOTAS Specifications (2000)
L (mm) 90000 1.15 ALA (2005)
4, (mm) 1800 1.06 ALA (2005)
W (mm) 270000 0.38 ALA (2005)
& (mm) 1800 1.06 ALA (2005)
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Table 4.2 (Cont’d)

Basic Variables mean c.0.v. Reference
L;, (mm) 270000 0.38 ALA (2005)
O (mm) Wells and Coppersmith (1994)
BEO) 90 0.10
0.02-0.13 Duncan (2000)
Soil Type
CL 26.50 0.19 Loehr et al. (2005)
o () CH 21.80 0.27 Lochr et al. (2005)
ML 30.50 0.11 Loehr et al. (2005)
CL-ML 27.20 0.15 Loehr et al. (2005)
1.89E-05 0.10 Anmirat et al. (2006)
1.89E-05 0.10 Ahammed et al. (1997)
Soil Type
v Nmm’) | Gp.GW 0.14-0.18 Gutierrez et al. (2003)
SM-ML 0.14-0.35 Gutierrez et al. (2003)
SP-SW 0.20 Gutierrez et al. (2003)
0.03-0.07 Duncan (2000)
Soil Type
CL 1.93E-05 0.03 Loehr et al. (2005)
CH 1.88E-05 0.03 Loehr et al. (2005)
Yo (N/mm’) ML 1.94E-05 0.05 Loehr et al. (2005)
CL-ML | 1.99E-05 0.03 Loehr et al. (2005)
GP-GW 0.07-0.09 Gutierrez et al. (2003)
SM-ML 0.06-0.12 Gutierrez et al. (2003)
SP-SW 0.09 Gutierrez et al. (2003)
0.13-0.40 Duncan (2000)
Soil Type
¢ (MPa) CL 0.038 0.49 Loehr et al. (2005)
CH 0.066 0.37 Loehr et al. (2005)
ML 0.029 0.64 Loehr et al. (2005)
CL-ML 0.028 0.61 Loehr et al. (2005)
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Table 4.3: Mean bias and epistemic uncertainties of basic variables

Basic Variables Mean Bias | c.o.v. Reference
Sy (MPa) 1.14 0.04 Bai (2003)
1.02 0.02 Bai (2003)
D (mm)
1.00 0.0016 | Bea et al. (2000)
1.04 0.10 Bai (2001)
t (mm) 1.04 0.02 Bai (2003)
1.00 0.02 | Bea et al. (2000)
P (MPa) 1.05 0.02 | Baietal. (1994)
Soil Type
CL 1.00 0.030 | Loehr et al. (2005)
0" CH 1.00 0.090 | Loehr et al. (2005)
ML 1.00 0.028 | Loehr et al. (2005)
CL-ML 1.00 0.087 | Loehr et al. (2005)
Soil Type
CL 1.00 0.004 | Loehr et al. (2005)
Ysat (N/mm’) CH 1.00 0.015 | Loehr et al. (2005)
ML 1.00 0.009 | Loehr et al. (2005)
CL-ML 1.00 0.013 | Loehr et al. (2005)
Soil Type
CL 1.00 0.031 | Loehr et al. (2005)
¢ (MPa) CH 1.00 0.063 | Loehr et al. (2005)
ML 1.00 0.057 | Loehr et al. (2005)
CL-ML 1.00 0.115 | Loehr et al. (2005)
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4.5.1 Tensile Failure

Buried continuous pipelines exhibit good performance under tensile loads on account of ductility.
They can possess high tensile strains before rupture. However, ASCE (1984) states that “Stress
concentrations due to weld discontinuities and nonuniformities in pipeline wall thickness, yield
point, etc., could lead to pipeline failure at lower strain levels.” Therefore the strain at about
rupture cannot be used as a limit state. ASCE (1984) recommends that “with good quality control
to promote near uniformity of pipeline properties and weld inspection adequate to minimize weld
flaws, maximum design tensile strain limits on the order of 2% to 5% be reasonable” based on the
report of Kennedy et al. (1977).

In this study 4% strain limit (ez) is adopted as the tensile resistance capacity based on the
recommendations of O’Rourke et al. (1999).

4.5.2 Local Buckling Failure

Buckling is the failure of the structure when it suddenly changes its situation from stable to
unstable under compression loads. When the pipe wall locally loses its stability under
compression, the state of “local buckling” or “wrinkling” occurs. The fact that the local buckling
occurs does not mean that the failure of the pipeline will also occur at the same time. However,
once the initial local buckling takes place, all load effects concentrate on that point and causes the
pipeline failure in terms of circumferential cracking of the pipe wall. This is the most critical and
most common failure mode of the pipeline. O’Rourke (2003) reported that “Wave propagation in
the 1985 Michoacan (Mexico) event caused this type of damage for a water pipe in Mexico City,
and PGD caused this type of damage to a liquid fuel pipeline in the 1991 Costa Rica event, and to
water and gas pipelines in the 1994 Northridge event.” Compressive stresses may yield to such
detrimental consequences for buried pipelines, therefore in the design of buried pipelines
alternative options have to be taken into account as much as possible in order to avoid this type of
failure. For example, when fault crossing is considered, the crossing angle is selected accordingly.

The onset of wrinkling occurs at strains in the following range, based on prior laboratory tests on
thin wall cylinders (Hall and Newmark, 1977):

t t
015—=< <0.20— 4.39
R, < €er <020 (4.39)
where,
t = wall thickness of pipe
R, = nominal radius of pipe

Here the mean value of ¢, as obtained from the lower and upper bounds of Equation 4.39 is used
as the failure point and is taken as the local buckling resistance capacity, as follows:

t
=0.175—— 4.40
€Lb — ( )
where,
€1p = local buckling strain capacity
v = inside radius of pipe
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O’Rourke (2003) states that “this assumed wrinkling strain is thought to be appropriate for thin
wall pipe but somewhat conservative for thicker wall pipe.” When buried continuous steel
pipelines are considered, the wall thickness is generally thin and as O’Rourke (2003) stated,
Equation 4.40 can be appropriately used for the local buckling capacity of those pipelines.

4.6 Determination of Limit State Functions

Limit state functions are determined corresponding to each earthquake effect described in Chapter
3 in addition to operating load effects described in Chapter 2. Operating loads, which are the loads
due to internal pressure and temperature changes, are common for each limit state, and are
presented below. As mentioned before, limit state functions are formed in terms of strains
experienced by the pipeline. Accordingly, the limit state function given by Equation 4.1 takes the
following form in this case:

M= Er — & (441)
where,
Er =0.04 for tensile failure mode
=0.175 # for local buckling failure mode
& =erg+éept+er for tensile failure mode
=¢&cg— & — €T for local buckling failure mode

erg and gcp are the tensile and compressive strains due to the corresponding earthquake effect,
respectively. Additionally, & and e are the tensile strains due to the internal pressure and
temperature changes, respectively. The net compressive strain is taken into account, i.e.
compressive strain is positively, tensile strain is negatively signed, for local buckling failure
mode.

In the estimation of the strains, the equations given in Chapters 2 and 3 are utilized. Since internal
radius (r;) is generally used in the calculations of the load due to internal pressure, 1; is inserted
into these equations instead of diameter (D). Moreover, soil induced forces (t,, P,, see Appendix
A) and material properties (area, section modulus) are explicitly substituted into corresponding
equations. These modified equations, utilized in estimating tensile and compressive strains, are
listed in Table 4.4.

Furthermore, tensile strains due to internal pressure and temperature changes are given as follows:

_Priv1+( n ) Prl-vr 4.42
=E 1+7/\ ¢S, (+42)
n ~ (Ea, AT\
er = AT |1+ (1 T T) 5 (4.43)
y
where,
P = internal pressure
v = Poisson’s ratio
E = steel modulus of elasticity
Sy = yield strength of the pipe material
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Table 4.4: Tensile (e75) and compressive (g.5) strain equations corresponding to each earthquake

effect and the related method

Earthquake Case or Direction Corresponding Strain
Effect Method Equation
| tensile and _ PGV
X o =
Seismic Wave compressive a
Propagation ) tensile and e _ _XA(ri+t)
compressive Max " 4tE(2ri+t)
1 tensile and —£1+(L)ir
Lateral Spreading compressive | 1 T %E 1+1/ \ats,
(Longitudinal
PGD) 2 tensile and oo =g 4 ( n ) (xLe )r
compressive | 12 T 2tE 1+r/ \2ts,
1 tensile and _2n(ri+t)8;
Lateral Spreading compressive fn =Ty
(Transverse
PGD) tensile and (Nche+Ngpy H)W?
2 . E = —
compressive 2 6MEL(Ti+t)
tensile and 2 z\"
A
y
2(s. 22
Buoyancy tensile Epot = w +Z HZ
Lp 4Lp
2
. e __2m?(ri+0OH _ n2H?
compressive be =T 7 T a7
Newmark . _ . [8pcosp 1 (8fsing 2
Hall (1975) | tsile | eny =2 [ T 3 ( ™ ) ]
Fault Crossing
Kennedy et . _ xLe n\ [ xLe\
al (1977) | emsile | e =7 [1 (%) (E) ]

i) x=2ca.+ Hy'(2—sin¢’)tan(fp")

k=

2(ri+0) (17 ¥ sat—t2Vp+t 2 ¥ sat—27it¥p+27it¥ sat)

st(arf+erft+arit2+t3)
For the definition of the symbols used to denote the basic variables and strains, please
refer to the previous sections and Appendix A or “List of Symbols and Abbreviations”
section.
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n,r = Ramberg-Osgood parameters (see Table 2.1)
o = linear coefficient of thermal expansion of steel
AT = temperature change

For seismic wave propagation, longitudinal PGD, transverse PGD and liquefaction induced
buoyancy effects, there are two cases to be considered as mentioned in Chapter 3. For each of
these earthquake effects and the resulting failure modes, as indicated earlier, the case which
provides the smaller strain is to be used, and the corresponding limit state function is to be formed
by utilizing Equation 4.41 and Table 4.4.

For fault crossing effects, Newmark Hall (1975) and Kennedy et al. (1977) methods are
considered and these methods are applicable only to pipes under tensile forces. Limit state
functions corresponding to tensile failure due to fault crossing effects according to these two
methods are to be formed by utilizing Equation 4.41 and Table 4.4.

4.7 Calculation of Survival Probability

In order to perform the reliability analysis and calculate the probability of survival or failure, first
the basic random variables are determined. In this thesis, all random variables are assumed to be
normally distributed and their mean and variance values are obtained from the sources cited in
Section 4.4 and Chapter 5. In order to estimate the reliability indexes and the corresponding
survival probabilities, Advanced First Order Second Moment Method is used.

All the calculations are performed by using the relevant computer programs, Mathcad and MS
Excel. Reliability indexes, Py, are estimated for all limit states defined in Section 4.6. From these
ByL values survival probabilities are obtained by using the standard normal distribution table.

For fault crossing, survival probabilities calculated from Newmark Hall (1975) and Kennedy et al.
(1977) methods are assumed to be equally likely and therefore the survival probability of a fault

crossing is taken as the average of those computed from these two methods.

Two case studies are presented in the next chapter in order to show the implementation of the
methodology and concepts presented up to here.
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CHAPTER 5
CASE STUDIES

5.1 Introduction

In this chapter, two case studies are carried out. For the first case study, only the load due to
internal pressure is considered. For the second one, in addition to the load due to internal pressure,
load due to temperature changes and loads due to earthquake induced effects are taken into
consideration.

In these case studies, two existing natural gas pipelines are examined. For the first case study, 16”
(16 inches) Hatay Natural Gas Pipeline, where the aim is to convey natural gas to Antakya city
and its districts, is considered. For the second case study, 36” (36 inches) Turkey-Greece Natural
Gas Pipeline, which transports the Caspian natural gas to Europe, is examined.

5.2 Case Study 1: Load due to Internal Pressure

As discussed in Chapter 2, buried steel pipelines are primarily subjected to load due to internal
pressure when they are under operation. In order to sustain their functions properly, they should
be designed in such a way that the desired reliability is attained. Let a section of a pipeline having
a uniform diameter and grade be considered. Once the diameter of the pipeline is determined from
hydraulic analysis, then the key element to resist the load due to internal pressure will be the pipe
wall thickness. For a natural gas pipeline under high pressure, Equation 2.1, taken from ASME
B31.8 code (2010), is used to evaluate the wall thickness deterministically.

If Equation 2.1 is revised with respect to wall thickness, t, Equation 2.1 becomes:

PD 1

t= Z_Sy_FET (51)

= design pressure
D = nominal outside diameter of pipe
Sy = yield strength
t = nominal wall thickness
F = design (safety) factor
E = longitudinal joint factor
T = temperature derating factor
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Moreover, in ASME B31.8 code (2010), four location classes are identified according to the
population density in the proximity of the pipeline to be constructed. The design safety factor, F
in Equation 5.1, is decreased with increased population and corresponding location class as can be
observed in Table 5.1. For Location Class 1, there is also Division 1 which is not included in
Table 5.1 since it is not considered in this study.

Table 5.1: Safety factors to be used in design (Cited from ASME B31.8,2010)

Location Class | Safety Factor (F)
1, Division 2 0.72
2 0.60
3 0.50
4 0.40

For the first case study, the reliability of the Hatay Natural Gas Pipeline is to be assessed. As can
be seen from Figure 5.1, Hatay Pipeline branches off from 40” main pipeline and splits into two
parts of different diameters. The first branch is 36” in diameter and approximately 20 km in
length, whereas the second branch is 16” in diameter and longer than the first one with a length of
approximately 137 km. In this study, only the second branch which has a nominal pipe size (NPS)
of 16 inches, and having material grade of API 5L X52 is considered (BOTAS, 2009).
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The steel pipe is manufactured with submerged arc welding process by longitudinal seam. The
design temperature interval is in between -5°C and 50°C and the design pressure is 75 bars. There
is no corrosion allowance and the nominal values of the basic variables are given in Table 5.2

(BOTAS, 2009).

Table 5.2: Nominal values of basic variables (Cited from BOTAS, 2009)

Basic Variable | Nominal Value
D (mm) 406.4
P (MPa) 7.5
Sy (Mpa) 359
Temperature (°C) 15
E® 1
T 1

Notes:
i) Longitudinal joint factor, E, is taken as 1 for longitudinally submerged arc welded pipe
from Table 841.1.7-1 of ASME B 31.8 (2010)
ii) Temperature derating factor, T, is taken as 1 for design temperature less than 121°C from
Table 841.1.8-1 of ASME B 31.8 (2010)

Using Equation 5.1, nominal wall thicknesses are calculated deterministically for each location
classes as indicated in Table 5.3. In that table, both computed values of wall thicknesses from
Equation 5.1 and nominal values of wall thicknesses, which correspond to the nearest nominal
thickness above the computed thickness in the pipe mill catalog and also correspond to the values
in BOTAS (2009) specifications, are shown. Additionally, nominal internal radii corresponding to
the nominal wall thicknesses are given in this table.

Table 5.3: Values of nominal wall thicknesses and internal radii as taken from BOTAS (2009)
specifications and computed wall thicknesses for location classes for NPS 16 steel pipeline

Location Class | taominal (M) | Tisnominal (MM) | teomputea (Mm)
1, Division 2 6.4 196.8 5.896

2 7.1 196.1 7.075

3 8.7 194.5 8.490

4 11.1 192.1 10.613

In order to carry out the reliability calculations, basic variables are identified and are listed in
Table 5.4 together with their statistical parameters. In this table, mean biases (N), average values
(X), calculated mean values (u), coefficients of variation for quantifying aleatory (§) and
epistemic (A) uncertainties and calculated total uncertainties (Q2) of the basic variables are listed.
In the determination of these values, data collected from Hatay Pipeline Project (BOTAS, 2009),
Table 4.2 and Table 4.3 are utilized. All these random variables are assumed to be normally
distributed and statistically independent.
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Table 5.4: Estimated values of the statistical parameters of the basic variables for the 16” Hatay
Pipeline

Basic Variables | N X R 0 A Q
Sy (MPa) 1.00 | 415.43 | 415.430|0.037 | 0.040 | 0.054
P (MPa) 1.05| 7.50 | 7.875 |0.1000.020 |0.102
1 (mm) 1.00 | Ti-nominat | Tinominai | 0-040 | 0.020 | 0.045
t (mm) 1.00 | toominal | taominat | 0.060|0.020 | 0.063

Since nominal wall thicknesses differ in each location class, reliability calculations are to be
performed and reliability indexes are to be computed for each location class. Because in reliability
calculations, safety factors are replaced with probability of failure concept, design safety factor, F,
in Equation 5.1 is not included in the reliability calculation procedure. Also two coefficients, E
and T, are not included since both are 1 as indicated in Table 5.2. Moreover, if internal radius (r;)
is inserted into Equation 5.1 instead of diameter (D) and the equation is rewritten with respect to
the allowable strength, S,;;, it becomes:

PT',:
Sau = T (5.2)

Then the safety margin (limit state function) corresponding to the failure mode due to internal
pressure, Mp, is expressed as follows:

Mp =S, — T (5.3)
Also in order to carry out the procedure described by Thoft-Christensen and Baker (1982) to

obtain the reliability index, By, defined by Hasofer and Lind (1974), Equation 5.3 is rewritten in
the following form:

Mp = Syt — Pr; (5.4)

Utilizing Equation 5.4 together with the statistical information given in Table 5.4, reliability
analyses have been carried out by using the following algorithms:

1. AFOSM code written by the author in Mathcad program.

2. Constrained optimization algorithm described by Thoft-Christensen and Baker (1982) in
Mathcad.

3. Low and Tang (2004) method using MS Excel solver.

The results, listed in Table 5.5, have shown that all different software yield to the same values.
In order to attain the uniform level of safety provided by reliability based design, target

reliabilities should be determined. For this purpose, Nessim et al. (2009) have proposed the
following target reliabilities, R, for natural gas pipelines:
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Table 5.5: Reliability indexes calculated based on different computer software corresponding to
different location class and mean wall thickness combinations

Location Reliability Index (By)

Class | ™ (mm) [ Mathcad | Constrained Excel
Code Optimization Solver

6.4 4.025290 4.025288 4.025288
7.1 4.834288 4.834288 4.834288
8.7 6.403260 6.403261 6.403261
11.1 8.225847 8.225844 8.225844

AW |~

72

- (PD3)0:66
9
1—W 00<,0PD3S10X105
Rp={ (5.5)
450
1.0x10°% < pPD3 < 6.0 x 107

1 p=20

pPD3
1 21x10° pPD3 > 6.0 x 107
(pPD3)16 :
where,
Ry = target reliability
p = people per hectare
P = pressure in psi
D = diameter in inches

People per hectare, p, values are also provided for each location class by Nessim et al. (2009) and
are listed in Table 5.6. For the example considered, target reliabilities and reliability indexes are
calculated from Equation 5.5, and the results are given in Table 5.6.

Table 5.6: Target reliability indexes for different location classes for the Hatay pipeline as
obtained from Equation 5.5

Location Class 1 2 3 4
p (people per hectare) 0.04 33 18 100
P (bar) 75 75 75 75
D (inch) 16 16 16 16
p*P*D’ 1.78E+05 | 1.47E+07 | 8.02E+07 | 4.46E+08
Target Reliability (Ry) 0.997475510.9999694 | 0.9999953 | 0.9999997
Target Reliability Index (By) | 2.803835 | 4.008095 | 4.428825 | 4.988168

The reliability analysis is repeated in order to achieve the target reliability indexes given in Table
5.6. For this purpose, wall thickness, t, values are modified to attain the target reliability indexes.
Again, the three algorithms, mentioned above, are used to perform the reliability computations.
Table 5.7 summarizes the resulting values.
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Table 5.7: Mean wall thickness values corresponding to target reliability indexes selected for
different location classes

Location | Target Reliability
Class Index (Bu) e (mm)
1 2.803835 5472
2 4.008095 6.386
3 4.428825 6.740
4 4.988168 7.242

Considering the internal pressure as the only load effect, the safety factors shown in Table 5.8 are
recommended compared to the existing safety factors, specified in ASME B31.8 (2010). In
computing the recommended safety factors, the mean wall thickness, , values, corresponding to
location classes and target reliability indexes as given in Table 5.7, are substituted into Equation
5.1 and the safety factors, F, are computed.

Table 5.8: Existing safety factors and recommended safety factors corresponding to target
reliabilities selected for different location classes considering the internal pressure as the only
load effect

Location | Existing Safety Factors, F, as Recommended Safety Factors, F,
Class Specified in ASME B31.8 (2010) | Corresponding to Target Reliabilities
1 0.72 0.776
2 0.60 0.665
3 0.50 0.630
4 0.40 0.586

As observed in Table 5.8, the safety factors corresponding to selected reliability indexes are
consistently higher than the code specified safety factors. Since F is in denominator in Equation
5.1, existing safety factors could be replaced with the recommended safety factors in order to
attain a uniform level of safety and prevent the monetary losses resulting from overdesign.

5.3 Case Study 2: Loads due to Internal Pressure, Temperature Changes and
Earthquake Effects

In this case study, loads due to internal pressure, temperature changes and earthquake effects are
considered altogether. Especially, evaluation of loads due to earthquake effects is illustrated in
detail. The reliability of Turkey-Greece Natural Gas Pipeline is assessed taking into account the
loads due to seismic wave propagation and permanent ground deformation (PGD) effects
separately in the following subchapters.
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5.3.1 Load due to Seismic Wave Propagation Effects

As discussed in Chapter 3, earthquake effects to buried pipelines are divided into two parts: wave
propagation effect which causes transient ground deformations and permanent ground
deformations (PGD). And, as a general rule, a pipeline is firstly to be designed according to wave
propagation effects. Additionally, while PGD effects to the buried pipeline may occur in limited
regions of the pipeline route, such as in liquefaction susceptible areas or at fault crossings, etc.,
seismic wave propagation may affect the buried pipeline over a large prevailing area. Therefore,
for this purpose, a rigorous analysis has to be performed to assess the safety of a pipeline
subjected to seismic wave propagation hazards.

As a case study, Turkey-Greece Natural Gas Pipeline, which is highlighted in Figure 5.2, is
considered. The pipeline is located in Marmara Region, which is a seismically very active part of
Turkey. It is composed of three portions. Two of them are on land while the third is under the sea.
In this thesis, only the portions located on land are considered. The Anatolian portion originating
from the main pipeline starts at Karacabey county of Bursa and ends at the coast of Marmara Sea
in Biga county of Canakkale with a length of approximately 120 km. On the other hand, Thrace
portion starts at the coast of Marmara Sea in Sarkdy and ends at the border of Turkey-Greece in
Ipsala with a length of approximately 70 km.
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Figure 5.2: Map showing the location of the Turkey-Greece Natural Gas Pipeline

The nominal size (diameter) of the pipelines is 36 inches (914.4 mm). The material property is
API 5L X65. The pipe is manufactured with submerged arc welding process. The design
temperature and pressure are 15°C and 75 bars, respectively. These nominal values of basic
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variables are tabulated in Table 5.9. Also for corrosion protection, the pipeline is coated with 3
layers of polyethylene.

Table 5.9: Nominal values of basic variables for Turkey-Greece Natural Gas Pipeline

Basic Variable |Nominal Value
D (mm) 914.4
t (mm) 11.9
P (MPa) 7.5
Sy (MPa) 448
Temperature (°C) 15
E 1
T 1

The Marmara region, the most populated and industrialized region of Turkey, is situated at the
intersection point of the continentals, Europe and Asia. That is why it has the property of
transition area between these continentals. This is also true for Turkey-Greece Natural Gas
Pipeline connecting the Turkish pipeline network with European pipelines so as to convey the
Caspian gas to European customers. Not to interrupt this flow, the pipeline should sustain its
integrity. Since Marmara region accommodating the portion of the pipeline in Turkey is very
active in terms of seismicity, the pipeline has to be earthquake resistant. In other words, when an
earthquake occurs, the pipeline should sustain its function and be sufficiently reliable.
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Figure 5.3: Main faults in the vicinity of Turkey-Greece Natural Gas Pipeline (Modified from
Saroglu et al., 1992)
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Figure 5.4: Seismicity of Marmara region (Cited from Kalkan et al., 2009)

Table 5.10: Earthquakes with M > 6.0 recorded in the Marmara region during the years 1905-
1999 (Cited from Kalkan et al., 2009)

No | Year | Month | Day | Latitude | Long. | M
1 | 1905 4 15 | 40.20 29.00 | 6.6
2 1912 8 10 | 40.60 2720 | 74
3 11919] 11 18 | 39.20 2740 | 7.0
4 11928 5 3 39.64 29.14 | 6.1
5 11935 1 4 40.40 2749 | 6.7
6 1939 9 22 | 39.07 2994 | 7.1
7 11939 10 19 | 39.07 2694 | 6.6
8 [ 1942 6 16 | 40.80 27.80 | 6.0
9 11943 6 20 | 40.85 30.51 | 6.6
10 | 1944 6 25 39.05 29.26 | 6.1
1111944 | 10 6 39.48 26.56 | 7.0
12 | 1953 3 18 | 39.99 27.36 | 6.6
13 | 1956 2 20 | 39.89 3049 | 64
14 | 1957 5 26 | 40.67 31.00 | 6.7
1511961 11 28 | 40.00 26.30 | 6.0
16 | 1964 | 10 6 40.30 2823 | 69
17 | 1966 8 21 40.33 2740 | 6.0
18 | 1967 7 22 | 40.70 30.70 | 6.7
19 | 1970 3 28 | 39.21 29.51 | 7.1
20 | 1971 5 25 39.03 29.74 | 6.1
211975 3 27 | 4042 26.14 | 6.7
22 | 1976 8 25 39.30 28.80 | 6.0
23 | 1976 9 6 39.06 29.00 | 6.6
24 1 1999 8 17 | 40.76 2997 | 74
2511999 11 12 | 40.74 3121 | 7.2
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Main faults in the vicinity of the pipeline are illustrated in Figure 5.3. Also on this figure, the
route of the pipeline with respect to the faults can be seen. Besides these faults, seismicity of the
region is displayed by plotting the epicenters of the major earthquakes whose moment magnitudes
(M) are greater than 4 in Figure 5.4. Also in Table 5.10, those earthquakes having M greater than
6 are listed. For the last century it has been observed that 25 earthquakes have occurred and 7 of
them were major seismic events having magnitudes of 7 or above.

In order to evaluate the reliability of the pipeline subject to seismic wave propagation effects,
peak ground velocities (PGV) along the pipeline route should be obtained. For this purpose, in the
design phase, probabilistic seismic hazard maps providing acceleration and velocity levels at
National Earthquake Hazards Reduction Program (NEHRP) B site class for earthquakes having
10% and 2% probabilities of exceedance in 50 years, corresponding to return periods of about 475
and 2475 years, respectively, were prepared for the pipeline route (BOTAS, 2003).
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Figure 5.5: PGV contour map at NEHRP B site class for 10% probability of exceedance in 50
years (Cited from BOTAS, 2003)

In the preparation of these probabilistic seismic hazard maps, two different levels of ground
motion are considered. These are Functional Evaluation Earthquake ground motion (FEE) and
Safety Evaluation Earthquake ground motion (SEE). The first level of ground motion, FEE,
corresponds to earthquakes that can reasonably affect the pipeline at any location during its
lifetime and that have 10% probability of exceedence during an economic lifetime of 50 years,
similar to the Turkish Seismic Code for Buildings (TSC, 2007). Additionally, the pipeline should
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be fully operational in case an earthquake in this level occurs. On the other hand, the second level
of ground motion, SEE, corresponds to earthquakes having 2% probability of exceedence during
an economic lifetime of 50 years. Besides, only repairable damage is allowed in case the pipeline
is subjected to this level of ground motion. Nevertheless, in this situation, the pipeline may be
deformed but should not leak (BOTAS, 2003).

Peak ground velocity contour maps at NEHRP B site class for earthquakes having 10% and 2%
probabilities of exceedance in 50 years, which conforms to FEE and SEE levels of ground
motions, are given as cited from BOTAS (2003) in Figures 5.5 and 5.6, respectively.
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Figure 5.6: PGV contour map at NEHRP B site class for 2% probability of exceedance in 50
years (Cited from BOTAS, 2003)

These PGV values for NEHRP site class B obtained from contour maps (see Table B.1 in
Appendix B for classification of site) can be utilized in order to find the local PGV values
corresponding to own specific site class in the pipeline route by using the equation below (ALA,
2005 as modified from NEHRP, 1997):

PGV = E,(PGVy) (5.6)

where,
PGV =local design peak ground velocity
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PGVy = peak ground velocity at site class B
F, = site coefficient (see Table 5.11)

Table 5.11: Site coefficient, F,, as a function of site class and PGVy (Cited from ALA, 2005 as
modified from NEHRP, 1997)

Site Alignment Specific PGV for Rock (Site Class B)
Class | PGVe <100 | PGV=200 | PGV=300 | PGVg=400 | PGVg =500
mm/s mm/s mm/s mm/s mm/s

A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 2.4
F * * * * *

Note:
*  Site-specific geotechnical investigation and dynamic site response analyses are
recommended to develop appropriate values.

From Figures 5.5 and 5.6, mean peak ground velocities corresponding to earthquakes having 10%
(PGVsg.10) and 2% (PGVg,g,) probabilities of exceedance in 50 years, at site class B were
obtained and these values were amplified by using Equation 5.6 in order to compute local design
peak ground velocities corresponding to earthquakes having 10% (PGV; 1) and 2% (PGVy )
probabilities of exceedance in 50 years, at specified site classes in the pipeline route as given in
Table 5.12. It is seen in this table that the whole pipeline is examined in 66 segments, which are
denoted with numbers in this and following tables, in accordance with the geotechnical
investigations. The format of this segmentation and corresponding site classes are obtained from
BOTAS (2003).

In order to carry out reliability calculations, basic variables defined with their statistical
parameters in Table 5.13 are to be used. In this table, mean biases, average values, calculated
mean values, coefficients of variation for quantifying aleatory and epistemic uncertainties and
calculated total uncertainties of the basic variables are listed. In the determination of these values,
Table 4.2 and Table 4.3 are utilized. The total length of the route is assumed as “location class 1”
according to ASME B31.8 (2010) and therefore wall thickness is taken to be constant.
Throughout the route of the pipeline shear wave velocity is assumed to be dominant over
Rayleigh wave. Mean values of shear wave velocities are assumed to be the average values given
for each site class in Table B.1. Moreover, uncertainties of PGV, shear wave velocity and
wavelength are assumed as given in Table 5.13. All the basic random variables involved are
assumed to be normally distributed and statistically independent.

Along the route of the pipeline, three different site classes according to NEHRP (1997) are
observed and four soil types, according to unified soil classification system (see Appendix B,
Table B.2), in which the pipeline is buried are dominant (BOTAS, 2003). These site classes and
soil types can be seen in Tables 5.12, 5.13 and 5.14.

As discussed in Chapter 3, to perform reliability calculations, mean values of axial strain (g,) due
to wave propagation and maximum strain (€y,) due to soil friction have to be evaluated by using
Equations 3.1 and 3.2, respectively. Then they should be compared and the lower value should be
selected as the seismic strain (&,) to be used in further calculations.
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Table 5.12: Peak ground velocities at site class B and local design peak ground velocities at
specified site classes corresponding to events having 10% and 2% probabilities of exceedance in

50 years, along the pipeline route

No Km Site PGVgo10 | PGVgo02 | PGViao | PGVo2
Interval | Class (mm/s) (mm/s) (mm/s) | (mm/s)
1 0-3.5 B 300 500 300 500
2 3.5-5.5 C 300 500 450 650
3 5.5-6.0 D 300 500 540 750
4 6.0-9.8 C 300 500 450 650
5 9.8-10.1 D 300 500 540 750
6 | 10.1-15.5 C 300 500 450 650
7 | 15.5-16.2 D 300 500 540 750
8 | 16.2-19.0 C 300 500 450 650
9 | 19.0-19.7 D 300 500 540 750
10 | 19.7-21 D 300 500 540 750
11| 21-22.5 C 300 500 450 650
12 | 22.5-22.8 D 300 500 540 750
13 | 22.8-27.2 C 300 500 450 650
14 | 27.2-28.3 D 300 500 540 750
15| 28.3-30.8 B 300 500 300 500
16 | 30.8-31.9 C 300 500 450 650
17 | 31.9-32.3 D 300 500 540 750
18 | 32.3-33 C 300 600 450 780
19| 33-39.2 C 300 700 450 910
20 | 39.2-40.2 D 300 700 540 1050
21 | 40.2-43.5 C 300 700 450 910
22 | 43.5-44.4 C 300 700 450 910
23 | 44.4-44.6 D 300 700 540 1050
24 | 44.6-50.7 C 300 700 450 910
251 50.7-51.2 D 300 800 540 1200
26 | 51.2-55 C 300 800 450 1040
27 55-66 C 400 800 560 1040
28 66-67 D 300 900 540 1350
29 | 67-67.8 C 300 900 450 1170
30 | 67.8-73.3 C 300 800 450 1040
31| 73.3-76 C 300 700 450 910
32| 76-77.5 C 300 500 450 650
33 | 77.5-77.7 D 300 500 540 750
34| 77.7-81.8 C 300 500 450 650
35| 81.8-82 D 300 500 540 750
36 | 82-84.9 C 300 500 450 650
37 | 84.9-85.3 D 300 500 540 750
38 | 85.3-88 C 300 500 450 650
39 | 88-90.5 C 300 500 450 650
40 | 90.5-94 D 300 500 540 750
41 94-98 D 300 500 540 750
42 | 98-98.6 C 300 500 450 650
43 | 98.6-100.5 D 300 500 540 750
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Table 5.12 (Cont’d)

No | Km Interval | Site Class P((l;n Y:/g)m P((;]‘S/'gfz fnGuI;(}sl;’ ﬁg;:‘;s")z
44 |1 100.5-101.5 C 300 500 450 650
45| 101.5-106.5 C 300 500 450 650
46 | 106.5-108.5 D 300 500 540 750
47 | 108.5-109 B 300 500 300 500
48 109-116 B 300 600 300 600
49 | 116-119.5 B 300 700 300 700
50 | 119.5-119.7 D 400 700 640 1050
51 | 136.5-146.5 C 900 1700 1170 2210
52 | 146.5-147 D 1200 2400 1800 3600
53 147-149 D 1100 2300 1650 3450
54 | 149-151.9 D 1000 2200 1500 3300
55| 151.9-152.8 C 900 2000 1170 2600
56 | 152.8-157 D 700 1200 1050 1800
57 157-165 C 600 1000 780 1300
58 165-168 C 500 900 650 1170
59 | 168.5-171.7 D 500 800 750 1200
60 | 171.7-180 C 400 700 560 910
61 | 180-182.3 C 300 700 450 910
62 | 182.3-184 D 300 600 540 900
63 | 184-191.5 C 300 500 450 650
64 | 191.5-192 D 300 500 540 750
65| 192-206.4 C 300 400 450 560
66 | 206.4-211 D 300 300 540 540

Mean values of axial strains corresponding to earthquakes having 10% (g,.0.10) and 2% (€,.0.02)
probabilities of exceedance in 50 years, were evaluated for each segment and the results are listed
in Table 5.15. Then these values were compared with the maximum frictional strain values given
in Table 5.14 in accordance with the soil type in which the pipeline is buried. After this
comparison, the seismic strain values of the case where the axial strain governs the maximum
frictional strains for 10% (€wp-0.10) and 2% (&wp-0.02) probabilities of exceedance in 50 years, are
also listed in the last two columns of Table 5.15. On the other hand, seismic strain values for the

segments where the maximum frictional strain governs are shown in Table 5.16.
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propagation

Table 5.13: Statistics of basic variables utilized in evaluating the seismic wave
effects
Basic Variables N X n ) A Q
Sy (MPa) 1.10 448 492.8 |0.0370.040 | 0.054
P (MPa) 1.05 7.50 7.875 10.100{0.020 | 0.102
1; (mm) 1.00| 4453 4453 10.040(0.020|0.045
t (mm) 1.00 11.9 11.9 0.060 | 0.020 | 0.063
v 1.00 0.3 0.3 0.023 0.023
E (MPa) 1.00| 201,000 | 201,000 |0.033 0.033
a;(1/°C) 1.00| 1.17E-05 | 1.17E-05 | 0.100 0.100
AT (°C) 1.00 10 10 0.150 0.150
A (mm) 1.00| 1,000,000 | 1,000,000 | 0.200 0.200
H (mm) 1.00| 1657 1657 10.100 0.100
v (N/mm’®) 1.00 | 1.89E-05 | 1.89E-05 | 0.200 0.200
PGV (mm/s) from Table 5.12 0.400 0.400
Soil Type
¢ (MPa) CH 1.00| 0.066 0.066 |0.370|0.063 | 0.375
CL 1.00| 0.038 0.038 |0.4900.031|0.491
CH 1.00| 0.876 0.876 | 0.140 0.140
% CL 1.00| 0.981 0.981 |0.045 0.045
CH 1.00 21.8 21.8 0.270 | 0.090 | 0.285
o CL 1.00| 26.5 26.5 0.190 | 0.030 | 0.192
°0) GP 1.00 38 38 0.150 0.150
SM 1.00 32 32 0.150 0.150
Site Class
B 1.00| 1,130,000 | 1,130,000 | 0.100 0.100
C (mm/s) C 1.00 | 560,000 | 560,000 |0.100 0.100
D 1.00 | 270,000 | 270,000 |0.100 0.100

Table 5.14: Computed mean of maximum frictional strain values
experience according to soil types

Soil Type €max
CH 0.0067480
CL 0.0046800
GP 0.0009650
SM 0.0008489
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Table 5.15: Mean values of local design peak ground and seismic wave propagation velocities,
axial strains and governing axial strains for events having 10% and 2% probabilities of
exceedance in 50 years

Site PGVO.IO PGV0.0Z C

No Class | (mm/s) | (mm/s) | (mm/s) £3:0.10 £2.0.02 €vp-0.10 | Ewp-0.02
1 B 300 500 1130000 | 0.00013 | 0.00022 | 0.00013 | 0.00022
2 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
3 D 540 750 270000 | 0.00100 | 0.00139 not not
4 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
5 D 540 750 270000 | 0.00100 | 0.00139 not not
6 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
7 D 540 750 270000 | 0.00100| 0.00139 | 0.00100 | 0.00139
8 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
9 D 540 750 270000 | 0.00100 | 0.00139 not not
10 D 540 750 270000 | 0.00100| 0.00139 not not
11 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
12 D 540 750 270000 | 0.00100| 0.00139 not not
13 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
14 D 540 750 270000 | 0.00100| 0.00139 not not
15 B 300 500 1130000 | 0.00013 | 0.00022 | 0.00013 | 0.00022
16 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
17 D 540 750 270000 | 0.00100| 0.00139 not not
18 C 450 780 560000 | 0.00040 | 0.00070 | 0.00040 | 0.00070
19 C 450 910 560000 | 0.00040 | 0.00081 | 0.00040 | 0.00081

20 D 540 1050 270000 | 0.00100| 0.00194 | 0.00100 | 0.00194

21 C 450 910 560000 | 0.00040 | 0.00081 | 0.00040 | 0.00081

22 C 450 910 560000 | 0.00040 | 0.00081 | 0.00040 | 0.00081

23 D 540 1050 270000 | 0.00100| 0.00194 | 0.00100 | 0.00194

24 C 450 910 560000 | 0.00040 | 0.00081 | 0.00040 | 0.00081

25 D 540 1200 270000 | 0.00100 | 0.00222 not not

26 C 450 1040 560000 | 0.00040 | 0.00093 | 0.00040 | 0.00093

27 C 560 1040 560000 | 0.00050 | 0.00093 | 0.00050 not

28 D 540 1350 270000 | 0.00100 | 0.00250 not not

29 C 450 1170 560000 | 0.00040 | 0.00104 | 0.00040 not

30 C 450 1040 560000 | 0.00040 | 0.00093 | 0.00040 not

31 C 450 910 560000 | 0.00040 | 0.00081 | 0.00040 | 0.00081

32 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058

33 D 540 750 270000 | 0.00100| 0.00139 not not

34 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058

35 D 540 750 270000 | 0.00100| 0.00139 | 0.00100 | 0.00139

36 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058

37 D 540 750 270000 | 0.00100 | 0.00139 not not

38 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058

39 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058

40 D 540 750 270000 | 0.00100| 0.00139 not not

41 D 540 750 270000 | 0.00100| 0.00139 not not

42 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058

43 D 540 750 270000 | 0.00100 | 0.00139 not not
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Table 5.15 (Cont’d)

No Site | PGVo.o | PGVor: ¢ £€2.0.10 £a-0.02 Ewp-0.10 | Ewp-0.02
Class | (mm/s) | (mm/s) | (mm/s) - - WP WP
44 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
45 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
46 | D 540 750 270000 | 0.00100 | 0.00139 not not
47 B 300 500 1130000 | 0.00013 | 0.00022 | 0.00013 | 0.00022
48 B 300 600 1130000 | 0.00013 | 0.00027 | 0.00013 | 0.00027
49 B 300 700 1130000 | 0.00013 | 0.00031 | 0.00013 | 0.00031
50| D 640 1050 | 270000 | 0.00119 | 0.00194 not not
51 C 1170 2210 | 560000 | 0.00104 | 0.00197 not not
52 D 1800 3600 | 270000 | 0.00333 | 0.00667 not not
53 D 1650 3450 | 270000 | 0.00306 | 0.00639 not not
54| D 1500 3300 | 270000 |0.00278 | 0.00611 not not
55 C 1170 2600 560000 | 0.00104 | 0.00232 not not
56 | D 1050 1800 | 270000 | 0.00194 | 0.00333 not not
57 C 780 1300 | 560000 | 0.00070 | 0.00116 not not
58 C 650 1170 | 560000 | 0.00058 | 0.00104 not not
59| D 750 1200 | 270000 | 0.00139 | 0.00222 not not
60 C 560 910 560000 | 0.00050 | 0.00081 | 0.00050 | 0.00081
61 C 450 910 560000 | 0.00040 | 0.00081 | 0.00040 | 0.00081
62 D 540 900 270000 | 0.00100 | 0.00167 not not
63 C 450 650 560000 | 0.00040 | 0.00058 | 0.00040 | 0.00058
64 | D 540 750 270000 | 0.00100 | 0.00139 not not
65 C 450 560 560000 | 0.00040 | 0.00050 | 0.00040 | 0.00050
66 | D 540 540 270000 | 0.00100 | 0.00100 not not
Notes:
i) “not” denotes the case where the axial strain does not govern.

ii) For segments 7, 20 and 23, soil types are CH; for segment 26, two soil types, which are
CH and GP, are common; for segment 35, soil type is CL.

Table 5.16: Mean axial strain and the mean strain values for the segments where maximum
frictional strain governs for events having 10% and 2% probabilities of exceedance in 50 years

No | Site Class | Soil Type | €,.9.10 €2-0.02 £4p-0.10 E4vp-0.02
3 D SM 0.00100{0.00139 | 0.00085 |0.00085
5 D SM 0.00100{0.00139 | 0.00085 |0.00085
9 D SM 0.00100{0.00139 | 0.00085 |0.00085
10 D SM 0.00100{0.00139 | 0.00085 |0.00085
28 D SM 0.00100 | 0.00250 | 0.00085 |0.00085
33 D SM 0.00100{0.00139 | 0.00085 |0.00085
43 D SM 0.00100{0.00139 | 0.00085 |0.00085
50 D GP 0.00119{0.00194 | 0.00097 |0.00097
52 D SM 0.00333|0.00667 | 0.00085 |0.00085
55 C SM 0.00104 | 0.00232 | 0.00085 |0.00085
56 D SM 0.00194 | 0.00333 | 0.00085 |0.00085
57 C SM 0.00070| 0.00116 | &, governs | 0.00085
66 D SM 0.00100{0.00100 | 0.00085 |0.00085
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Moreover, in some segments of the pipeline route, there are more than one major soil type in
which the pipeline is buried. For these segments, which are listed in Table 5.17, maximum
frictional strains were computed for the soil types giving the highest (denoted in Table 5.17 as 1)
and the lowest (denoted in Table 5.17 as 2) maximum frictional strain values. The resulting strain
values are referred to as the marginal strains since they are obtained from two extreme (marginal)
soil types yielding to maximum and minimum strains. Then, both of these maximum frictional
strain values were separately compared with the axial strain values corresponding to earthquakes
having 10% (&,.0.10) and 2% (&,.0.02) probabilities of exceedance in 50 years, which are also given
in Table 5.17. The lower values of the strains selected from each comparison are also listed under
1 and 2 columns of &y.0.10 and € y,.0,02 in accordance with the previous denotation of the columns
in this table. These strain values (values under 1 and 2 columns of €y,.0.10 and &gp.002 in Table
5.17) in the segments of the pipeline route where at least two major soil types are prevailing are to
be defined as marginal strain values for the sake of simplicity. In other words, strain values under
1 and 2 columns of &g,19 in Table 5.17 are the marginal strain values for events having 10%
probability of exceedance in 50 years, whereas strain values under 1 and 2 columns of &g;.002 in
Table 5.17 are the marginal strain values for events having 2% probability of exceedance in 50
years.

Table 5.17: Means of highest and lowest maximum frictional strains for the segments having at
least two major soil types, axial strain and marginal strain values for events having 10% and 2%
probabilities of exceedance in 50 years

No Soil Type €max €oto | Eaonz Ewp-0.10 Ewp-0.02
1 2 1 2 ’ ’ 1 2 1 2

12| CL | SM | 0.0047 | 0.0008 | 0.0010 | 0.0014 | 0.0010 | 0.0008 | 0.0014 | 0.0008
14| CL | SM | 0.0047 | 0.0008 | 0.0010 | 0.0014 | 0.0010 | 0.0008 | 0.0014 | 0.0008
17| GP | SM |0.0010 | 0.0008 | 0.0010 | 0.0014 | 0.0010 | 0.0008 | 0.0010 | 0.0008
25| CL | SM |0.0047|0.0008 | 0.0010 | 0.0022 | 0.0010 | 0.0008 | 0.0022 | 0.0008
27 | CH | SM | 0.0067 | 0.0008 | 0.0005 | 0.0009 €, governs 0.0009 | 0.0008
29 | CL | GP |{0.0047]0.0010 | 0.0004 | 0.0010 €, governs 0.0010|0.0010
30 | CH | SM | 0.0067 | 0.0008 | 0.0004 | 0.0009 €, governs 0.0009 | 0.0008
37| CH | SM | 0.0067 | 0.0008 | 0.0010 [ 0.0014 | 0.0010 | 0.0008 | 0.0014 | 0.0008
40 | CL | SM |0.0047|0.0008 | 0.0010 | 0.0014 | 0.0010 | 0.0008 | 0.0014 | 0.0008
41 | CH | SM | 0.0067 | 0.0008 | 0.0010 | 0.0014 | 0.0010 | 0.0008 | 0.0014 | 0.0008
46 | CL | SM |0.0047|0.0008 | 0.0010 | 0.0014 | 0.0010 | 0.0008 | 0.0014 | 0.0008
51| CL | SM | 0.0047 | 0.0008 | 0.0010 | 0.0020 | 0.0010 | 0.0008 | 0.0020 | 0.0008
53 | CH | SM | 0.0067 | 0.0008 | 0.0031 | 0.0064 | 0.0031 | 0.0008 | 0.0064 | 0.0008
54 | CH | SM | 0.0067 | 0.0008 | 0.0028 | 0.0061 | 0.0028 | 0.0008 | 0.0061 | 0.0008
58 | CL | SM [ 0.0047 | 0.0008 | 0.0006 | 0.0010 €, governs 0.0010 | 0.0008
59 | CL | SM | 0.0047 | 0.0008 | 0.0014 | 0.0022 | 0.0014 | 0.0008 | 0.0022 | 0.0008
62 | CL | SM | 0.0047 | 0.0008 | 0.0010 | 0.0017|0.0010 | 0.0008 | 0.0017 | 0.0008
64 | CL | SM | 0.0047 | 0.0008 | 0.0010 | 0.0014 | 0.0010 | 0.0008 | 0.0014 | 0.0008

In order to clarify where the maximum frictional, axial and marginal strains govern along the
route of the pipeline for earthquakes having 10% and 2% probability of exceedance in 50 years,
Figure 5.7 is prepared. In this figure, different colors are used to show the governing strains over
the route of the pipeline; considering earthquake hazards having 10% and 2% probability of
exceedance in 50 years.
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Figure 5.7: Map showing the locations where maximum frictional, axial, and marginal strains
govern along the route of the pipeline for earthquakes having 10% and 2% probability of
exceedance in 50 years

After finding the mean values of the governing strains, reliability calculations are carried out. As
discussed in Chapter 4, tensile and local buckling failure modes exist for buried continuous
pipelines subjected to seismic wave propagation effects. Since local buckling failure mode is
more critical for such pipelines, first this failure mode is considered in the reliability analysis.
Mean local buckling strain capacity (gr,) of the pipeline is calculated from Equation 4.40 as
0.00456. In addition to seismic loads, loads due to internal pressure and temperature changes are
considered. Mean tensile strain values due to internal pressure (ep) and due to temperature
changes (er) are calculated from Equations 4.42 and 4.43 as 0.00044 and 0.00012, respectively. In
these calculations, Ramberg-Osgood parameters are estimated as n = 8 and r = 15 for X65 steel by
using Table 2.1. Utilizing Equation 4.41 and Table 4.4, limit state function of the local buckling
failure mode for the governing case is formed. After carrying out reliability analyses for each
segment for the events having 10% and 2% probabilities of exceedance in 50 years, reliability
indexes and the corresponding survival probabilities are computed. The results are tabulated in
Table 5.18 to Table 5.21.

For the segments of the pipeline route where marginal strain values are computed, reliability
analyses were separately performed considering each marginal strain as seismic strain of events
having 10% (&wp-0.10) and 2% (ewp-0.02) probabilities of exceedance in 50 years. Then corresponding
survival probabilities are computed and are given in Table 5.20. These survival probabilities
corresponding to marginal strains (marginal survival probabilities under 1 and 2 columns of
Py .marg 0.10 and Py 002 in Table 5.20) are assumed to occur equally likely. Neglecting the
likelihood of the strain values which may be between the margins, survival probabilities of these
pipeline segments are set equal to the average of the survival probabilities of the segments
experiencing marginal strains for events having both 10% and 2% probabilities of exceedance in
50 years. These averaged values are shown in the last two columns of Table 5.20.
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Table 5.18: Strain capacity, strain demands due to internal pressure, temperature changes, and
case 1 (axial strain governs) of seismic wave propagation effects, corresponding reliability
indexes and survival probabilities for local buckling failure mode for events having 10% and 2%
probabilities of exceedance in 50 years

No £r £p £r Ewp-0.10 | Ewp-0.02 Bo.1o Booz | Psoa0 | Ps oo
0.00456 | 0.00044 | 0.00012 | 0.00013 | 0.00022 | 5.5860 | 5.5802 | 1.0000 | 1.0000

0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
0.00456 | 0.00044 | 0.00012 | 0.00100 | 0.00139 | 5.5780 | 5.5407 | 1.0000 | 1.0000
0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
13 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
15| 0.00456 | 0.00044 | 0.00012 | 0.00013 | 0.00022 | 5.5860 | 5.5802 | 1.0000 | 1.0000
16 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
18 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00070 | 5.5822 | 5.5277 | 1.0000 | 1.0000
19 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00081 | 5.5822 | 3.6166 | 1.0000 | 0.9999
20 | 0.00456 | 0.00044 | 0.00012 | 0.00100 | 0.00194 | 5.5780 | 5.4472 | 1.0000 | 1.0000
21 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00081 | 5.5822 | 3.6166 | 1.0000 | 0.9999
22 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00081 | 5.5822 | 3.6166 | 1.0000 | 0.9999
23 | 0.00456 | 0.00044 | 0.00012 | 0.00100 | 0.00194 | 5.5780 | 5.4472 | 1.0000 | 1.0000
24 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00081 | 5.5822 | 3.6166 | 1.0000 | 0.9999
26 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00093 | 5.5822 | 5.5190 | 1.0000 | 1.0000
27 | 0.00456 | 0.00044 | 0.00012 | 0.00050 Emarg 5.5722 | Bumarg | 1.0000 | Py parg
29 | 0.00456 | 0.00044 | 0.00012 | 0.00040 Emarg 5.5822 | PBmare | 1.0000 | Pyinare
30 | 0.00456 | 0.00044 | 0.00012 | 0.00040 Emarg 5.5822 | PBmarg | 1.0000 | Py iare
31 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00081 | 5.5822 | 3.6166 | 1.0000 | 0.9999
32 1 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
34 |1 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
35 1 0.00456 | 0.00044 | 0.00012 | 0.00100 | 0.00139 | 5.5780 | 5.5407 | 1.0000 | 1.0000
36 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
38 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
39 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
42 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
44 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
45 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
47 | 0.00456 | 0.00044 | 0.00012 | 0.00013 | 0.00022 | 5.5860 | 5.5802 | 1.0000 | 1.0000
48 | 0.00456 | 0.00044 | 0.00012 | 0.00013 | 0.00027 | 5.5860 | 5.5656 | 1.0000 | 1.0000
49 | 0.00456 | 0.00044 | 0.00012 | 0.00013 | 0.00031 | 5.5860 | 5.5512 | 1.0000 | 1.0000
57 | 0.00456 | 0.00044 | 0.00012 | 0.00070 €max 5.5277 | PBmax | 1.0000 | Py nax
58 | 0.00456 | 0.00044 | 0.00012 | 0.00058 Emarg 5.5605 | Bmarg | 1.0000 | Py par
60 | 0.00456 | 0.00044 | 0.00012 | 0.00050 | 0.00081 | 5.5722 | 3.6166 | 1.0000 | 0.9999
61 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00081 | 5.5822 | 3.6166 | 1.0000 | 0.9999
63 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00058 | 5.5822 | 5.5605 | 1.0000 | 1.0000
65 | 0.00456 | 0.00044 | 0.00012 | 0.00040 | 0.00050 | 5.5822 | 5.5722 | 1.0000 | 1.0000
Note: €nax, Bmaxs Ps max > AN €marg, Prmargy Ps-marg denote strain, reliability index and survival

probability of the cases for which the maximum frictional and marginal strains govern,
respectively.
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Table 5.19: Strain capacity, strain demands due to internal pressure, temperature changes, and
case 2 (maximum frictional strain governs) of seismic wave propagation effects, corresponding
reliability indexes and survival probabilities for local buckling failure mode for events having
10% and 2% probabilities of exceedance in 50 years

No €r €p €r Ewp-0.10_| Ewp-0.02 Bo.1o Bo.oz2 P 010 | Ps 0.02
3 10.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000

5 1 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
9 1 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
10 | 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
28 | 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
33| 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
431 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
50 | 0.00456 | 0.00044 | 0.00012 | 0.00097 | 0.00097 | 6.6886 | 6.6886 | 1.0000 | 1.0000
521 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
551 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
56 | 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
57 1 0.00456 | 0.00044 | 0.00012 € 0.00085 B. [6.7504| P, |1.0000
66 | 0.00456 | 0.00044 | 0.00012 | 0.00085 | 0.00085 | 6.7504 | 6.7504 | 1.0000 | 1.0000
Note: ¢, B, and P , denote strain, reliability index and survival probability of the case where
axial strain governs.

Table 5.20: Reliability indexes and survival probabilities of the pipeline experiencing marginal
strains (marginal survival probabilities), survival probabilities corresponding to the average of the
marginal survival probabilities for local buckling failure mode for events having 10% and 2%
probabilities of exceedance in 50 years

Bo.10 Bo.oz2 Py marg 0.10 Py marg 0.02

1 2 1 2 1 2 1 2
12 15.5780 | 6.7504 | 5.5407 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
14 15.5780 | 6.7504 | 5.5407 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
17 15.5780 | 6.7504 | 5.5407 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
25 15.5780 | 6.7504 | 3.2842 | 6.7504 | 1.0000 | 1.0000 | 0.9995 | 1.0000 | 1.0000 | 0.9997

No P 010 | Ps o0z

27 Ba 5.5190 | 6.7504 Ps . 1.0000 | 1.0000 | Py, |1.0000
29 Ba 4.8389 | 6.6886 Ps . 1.0000 | 1.0000 | Py, |1.0000
30 Ba 5.5190 | 6.7504 Ps . 1.0000 | 1.0000 | Py, |1.0000

37 |5.5780]6.7504 | 5.5407 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
40 | 5.5780 | 6.7504 | 5.5407 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
41 15.5780|6.7504 | 5.5407 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
46 | 5.5780 | 6.7504 | 5.5407 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
51 14.8389]6.7504 | 1.5159 |6.7504 | 1.0000 | 1.0000 | 0.9352| 1.0000 | 1.0000 | 0.9676
53| 1.8588]6.7504 | -0.4873 ] 6.7504 | 0.9685 | 1.0000 | 0.3130 | 1.0000 | 0.9842 | 0.6565
54 12.727516.7504 | -0.3980 | 6.7504 | 0.9968 | 1.0000 | 0.3453 | 1.0000 | 0.9984 | 0.6727
58 Ba 4.8389 | 6.7504 P , 1.0000|1.0000| Py, |1.0000
59 |5.5407]6.7504 | 3.2842 | 6.7504 | 1.0000 | 1.0000 | 0.9995 | 1.0000 | 1.0000 | 0.9997
62 |5.5780]6.7504 | 5.5128 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
64 | 5.5780|6.7504 | 5.5407 | 6.7504 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000

Note: B, and P , denote reliability index and survival probability of the case where axial strain
governs.
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Table 5.21: Reliability indexes and corresponding survival probabilities estimated for the
different segments of the pipeline for the local buckling failure mode due to seismic wave
propagation effects for events having 10% and 2% probabilities of exceedance in 50 years

No 1 l}0|'10 5 1 BO|'02 3 P .10 Py 002
1 5.5860 55802 [1.000000 | 1.000000
2 5.5822 5.5605 1.000000 | 1.000000
3 6.7504 6.7504  [1.000000 | 1.000000
4 5.5822 5.5605 1.000000 | 1.000000
5 6.7504 6.7504 _ [1.000000 | 1.000000
6 5.5822 5.5605 1.000000 | 1.000000
7 5.5780 55407 [1.000000 | 1.000000
8 5.5822 5.5605 1.000000 | 1.000000
9 6.7504 6.7504  [1.000000 | 1.000000
10 6.7504 6.7504 _ [1.000000 | 1.000000
11 5.5822 5.5605 1.000000 | 1.000000
12 [ 5.5780 ] 6.7504 | 5.5407 | 6.7504 | 1.000000 | 1.000000
13 5.5822 5.5605 1.000000 | 1.000000
14 [5.5780 | 6.7504 | 5.5407 | 6.7504 | 1.000000 | 1.000000
15 5.5860 55802 [1.000000 | 1.000000
16 5.5822 5.5605 1.000000 | 1.000000
17 [5.5780 | 6.7504 | 5.5407 | 6.7504 | 1.000000 | 1.000000
18 5.5822 5.5277 1.000000 | 1.000000
19 5.5822 3.6166  [1.000000]0.999851
20 5.5780 5.4472 1000000 | 1.000000
21 5.5822 3.6166  [1.000000]0.999851
22 5.5822 3.6166  [1.000000]0.999851
23 5.5780 5.4472 1.000000 | 1.000000
24 5.5822 3.6166  [1.000000]0.999851
25 |5.5780 ] 6.7504 | 3.2842 [ 6.7504 | 1.000000 | 0.999744
26 5.5822 55190 [1.000000 | 1.000000
27 55722 [5.5190]6.7504 | 1.000000 | 1.000000
28 6.7504 6.7504  [1.000000 | 1.000000
29 55822 [4.8389]6.6886 | 1.000000 | 1.000000
30 55822 [5.5190]6.7504 | 1.000000 | 1.000000
31 5.5822 3.6166  [1.000000]0.999851
32 5.5822 5.5605 1.000000 | 1.000000
33 6.7504 6.7504  [1.000000 | 1.000000
34 5.5822 5.5605 1.000000 | 1.000000
35 5.5780 55407 [1.000000 | 1.000000
36 5.5822 5.5605 1.000000 | 1.000000
37 |5.5780 ] 6.7504 | 5.5407 | 6.7504 | 1.000000 | 1.000000
38 5.5822 5.5605 1.000000 | 1.000000
39 5.5822 5.5605 1.000000 | 1.000000
40 | 5.5780 [ 6.7504 | 5.5407 | 6.7504 | 1.000000 | 1.000000
41 5.5780 [ 6.7504 | 5.5407 | 6.7504 | 1.000000 | 1.000000
42 5.5822 5.5605 1.000000 | 1.000000
43 6.7504 6.7504  [1.000000 | 1.000000
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Table 5.21 (Cont’d)

No 1 BO[10 > 1 |30.|02 > P 0.10 Py .02

44 5.5822 5.5605 1.000000 | 1.000000
45 5.5822 5.5605 1.000000 | 1.000000
46 |5.5780 | 6.7504 | 5.5407 | 6.7504 | 1.000000 | 1.000000
47 5.5860 5.5802 1.000000 | 1.000000
48 5.5860 5.5656 1.000000 | 1.000000
49 5.5860 5.5512 1.000000 | 1.000000
50 6.6886 6.6886 1.000000 | 1.000000
51 [4.8389 (6.7504 | 1.5159 | 6.7504 | 1.000000 | 0.967611
52 6.7504 6.7504 1.000000 | 1.000000

53 |1.8588|6.7504 | -0.4873 | 6.7504 | 0.984237 | 0.656516
54 12.7275|6.7504 | -0.3980 | 6.7504 | 0.998405 | 0.672662

55 6.7504 6.7504 1.000000 | 1.000000
56 6.7504 6.7504 1.000000 | 1.000000
57 5.5277 6.7504 1.000000 | 1.000000

58 5.5605 4.8389 | 6.7504 | 1.000000 | 1.000000
59 5.5407|6.7504 3.2842 | 6.7504 | 1.000000 | 0.999744

60 5.5722 3.6166 1.000000 | 0.999851
61 5.5822 3.6166 1.000000 | 0.999851
62 |5.5780 | 6.7504 | 5.5128 | 6.7504 | 1.000000 | 1.000000
63 5.5822 5.5605 1.000000 | 1.000000
64 |5.5780 | 6.7504 | 5.5407 | 6.7504 | 1.000000 | 1.000000
65 5.5822 5.5722 1.000000 | 1.000000
66 6.7504 6.7504 1.000000 | 1.000000

If survival probabilities of all segments are combined as described in Chapter 4.3, then survival
probabilities of the system corresponding to perfectly correlated (Py' ;gwp) and independent
(Ps* 1gwp) segments for the local buckling failure mode due to seismic wave propagation effects
for events having 10% and 2% probabilities of exceedance in 50 years can be estimated by
utilizing the reliability bounds given by Equation 4.31. Accordingly, reliability of Turkey-Greece
Natural Gas Pipeline against this failure mode is in between 0.982666 and 0.984237 for
earthquakes having 10% probability of exceedance in 50 years, and in between 0.426646 and
0.656516 for earthquakes having 2% probability of exceedance in 50 years.

On the other hand, for tensile failure mode, utilizing Table 4.4, limit state functions for both cases
were formed from Equation 4.41. Reliability analyses were carried out for the highest tensile
strain demands to be expected, which are both due to the case 1 and case 2. That is, the highest
strain demand of the case 1 occurs when the axial strain is maximum. This maximum axial strain
takes place in high seismicity regions of the route resulting in PGV of 3600 mm/s for events
having 2% probabilities of exceedance in 50 years. However, the highest strain demand of the
case 2 occurs if the soil type is CH. These highest strain demands due to the seismic wave
propagation effects were calculated and the results are given in Table 5.22 together with the
values of tensile strain capacity (gg), and strain demands due to internal pressure (ep) and
temperature changes (er). When reliability analyses are performed for these highest tensile strain
demands, the corresponding reliability index values were computed as 7.1037 and 7.01421 for the
cases 1 and 2, respectively. Both survival probabilities corresponding to these reliability indexes
are in the order of 0.999999999999. As a result, compared to local buckling failure mode, the
pipeline is highly safe against tensile failure. Thus, there is no need to perform further
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computations for the tensile failure mode. Consequently, reliability of the pipeline against local
buckling failure mode mentioned above can be adopted as the reliability of the pipeline subjected
to wave propagation effects.

Table 5.22: Strain capacity, strain demands due to internal pressure, and temperature changes,
highest tensile strain demands due to case 1 (axial strain governs) and case 2 (maximum frictional
strain governs) of seismic wave propagation effects for events having 2% probabilities of
exceedance in 50 years

Case € €p €r Ewp-0.02
g, governs | 0.04]0.00044 | 0.00012 | 0.00667
€max governs | 0.04 | 0.00044 | 0.00012 | 0.00675

The results indicate that the reliability of the pipeline in local buckling failure mode is not critical
for the Functional Evaluation Earthquake (FEE), i.e. events having 10% probabilities of
exceedance in 50 years. However for Safety Evaluation Earthquake (SEE), i.e. events having 2%
probabilities of exceedance in 50 years, the pipeline may fail with significant probability
especially in the regions of high seismicity. This probability may be decreased by reducing the
friction between the pipe and soil. This may be achieved by selecting backfill soil of cohesionless
type, instead of claylike cohesive soils; or the pipe wall thickness may be increased to enhance the
reliability of the pipeline in regions of high seismicity and cohesive soils.

5.3.2 Load due to Permanent Ground Deformation Effects

As discussed in Chapter 3, compared to wave propagation hazards, permanent ground
deformation (PGD) hazards have higher potential risk for buried pipelines. Thus, PGD hazards
should be taken into consideration in the design stage of buried pipelines in order to mitigate the
detrimental effects to pipelines. Among PGD hazards, liquefaction induced lateral spreading,
liquefaction induced buoyancy and fault crossing effects to buried pipelines are considered in this
study. To illustrate the implementation of the proposed methodology, the reliability of Turkey-
Greece Natural Gas Pipeline is assessed against these PGD hazards.

5.3.2.1 Load due to Liquefaction Induced Lateral Spreading

In order to have lateral spreading, first liquefaction has to occur. This is true for other liquefaction
induced events like buoyancy. In this context, when liquefaction occurs, lateral spreading may
occur in two different ways with respect to the orientation of the pipeline. These are longitudinal
and transverse PGD cases.

Turkey-Greece Natural Gas Pipeline was evaluated in terms of liquefaction risk in the design

stage. According to BOTAS (2003) technical documents, there is one region possessing a very
high liquefaction risk in the route of the pipeline. It is the region dashed in green near the Saros-
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Gazikdy Fault colored in red, as delineated in Figure 5.8. The pipeline is shown in purple color
and this liquefaction susceptible region intersects the pipeline approximately between kilometer
points (KP) of 145.400 and 149.500. Also this region is divided into two portions approximately
at 147" km of the pipeline by Kavak Creek.

Figure 5.8: Saros-Gazikoy region possessing a very high liquefaction risk (Cited from BOTAS,
2003)

In the region under consideration the underground water table is less than 3 m in depth. In the first
portion of the region up to Kavak Creek, liquefiable layers are below 2.6 m in depth from ground
surface which is deeper than the buried pipeline. However, in the second portion of the region
after Kavak Creek, liquefiable layers are below 1.0 m showing that the pipeline is buried in the
liquefiable layer, as can be seen from Table 5.23 (BOTAS, 2003). This means, in that portion, the
pipeline may be subjected to liquefaction induced buoyancy forces which will be discussed in the
next section.

In the first portion of the region in between KP: 145.400 and KP: 146.972, the pipeline has the
risk of lateral spreading effects in case liquefaction occurs. In order to evaluate the reliability of
the pipeline due to lateral spreading effects, permanent ground deformation should be estimated
first. The site specific average liquefaction induced permanent ground displacement, PGD, can be
estimated from the equation proposed by Bardet et al. (2002) as given below:

log(PGD +0.01) = —7.280 + 1.017M — 0.278logR; — 0.026R;
+0.497logY + 0.454logS + 0.558logT;; (5.7)
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where,

PGD = permanent ground displacement (m)

M = moment magnitude

R¢ = distance to fault (km)

Y = free-face ratio (%)

S = ground slope (%)

Ts = total thickness of all liquefiable layers having standard penetration test blow counts of

N < 15 blows per foot (m)

Table 5.23: Kilometer points (KP), depths and thicknesses of the liquefiable layer (Cited from
BOTAS, 2003)

KP Depth from Ground Thickness of the
Surface (m) Liquefiable Layer (m)

2.60-5.60 3.00

145.980
8.40-9.60 1.20

146.020 2.80-10.40 7.60

147.750 1.00-9.60 8.60

150.000 1.50-7.40 5.90

When the pipeline characteristics, such as pipe wall thickness, backfilling soil type, etc., and
location of the pipeline with respect to Saros-Gazikdy fault are examined throughout the region,
where lateral spreading may occur, it is reasonable to split this region into four different sections.
These sections are illustrated in Figure 5.9 and mean characteristic values of the sections are
tabulated in Table 5.24.

Section I II I v

[ I I I |
KP (km) 145.400 145.750 146.150 146.400 146.972

Figure 5.9: Sections and starting and ending kilometer points of these sections in the lateral
spreading zone

Saros-Gazikdy fault is the border of the first two sections. Through 400 m before and after fault
crossing, special trench was designed in order to mitigate the effects of probable fault
displacement. Side dimensions of the trench were increased and cohesionless granular type of
backfilling material was used with an assumed friction angle of 30°. Also wall thickness of the
pipeline was increased to 20.6 mm up to the fourth section. However, backfilling of the 3 and 4™
sections are composed of local soil. The main soil type of this region is sandy clayey silt - silty
clay (BOTAS, 2003). The mean undrained shear strength value, c, is recommended as 0.05 MPa
for this type of soil by BOTAS (2003). Mean internal friction angle, ¢, is estimated from Table
4.2 by taking the average of the mean friction angles of clay of high plasticity and clay of low
plasticity. Total thickness of all liquefiable layers, Ts, is estimated from Table 5.23. The mean
distance, Ry, from earthquake source to the lateral spreading region is taken as the approximate
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distance from Saros-Gazikdy fault to the midpoint of starting and ending kilometer points of each
section. Ground slope, S, of each section is calculated from Figure 5.10, which is taken from the
alignment sheet of the pipeline corresponding to above mentioned kilometer points. As can be
seen from Figure 5.8 in dark blue color, Kavak Creek is the last point of the lateral spreading zone
and the 4™ section of that zone. Also it can be distinguished in Figure 5.10 with the sudden drop
of the elevation at the leftmost point. As a result of the presence of Kavak Creek, for the 4™
section, a free face ratio (Y) of 0.779% is calculated while those of other sections are assumed to
be zero.

Table 5.24: Mean characteristic values of the sections in the lateral spreading zone

Section | 11 I v
L (mm) | 350,000 | 400,000 | 250,000 | 572,000
t(mm) | 20.6 20.6 20.6 11.9
T;5 (m) 4.2 7.6 7.6 7.6

c(MPa)| 0 0 0.05 | 0.5
0O 30 30 | 2415 | 24.15
R (km) | 0.175 | 0.150 | 0.500 | 0.800
Y®%) | 0 0 0 0.779

S%) | 0.777 | 0.212 | 0.047 | 0.134

Figure 5.10: Side view of the lateral spreading zone corresponding to 147™ and 145.4™ kilometer
points of the pipeline from left to right, respectively (Cited from BOTAS, 2003)

In order to carry out the reliability calculations, basic variables defined with their statistical
parameters in Table 5.25 are to be used. In that table, mean biases, average values, calculated
mean values, coefficients of variation for quantifying aleatory and epistemic uncertainties and
calculated total uncertainties of the basic variables are listed. In the determination of these values,
Table 4.2, Table 4.3 and Table 5.24 are utilized. The aleatory uncertainty (5) of internal friction
angle (¢) of cohesionless backfilling material for the special trench is assumed as 0.1 since this
was a specially prepared rather homogeneous material. All variables are assumed to be normally
distributed and statistically independent except ¢ and o.. Since o, is obtained from ¢ based on
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Figure A.1, they are almost perfectly correlated with a correlation coefficient of -0.98, which is
estimated from spreadsheet calculations.

Table 5.25: Statistics of basic variables utilized in evaluating the liquefaction induced lateral
spreading effects

Basic Variables| N X R ] A Q
S (MPa) 1.10 448 492.8 0.037 0.040 0.054
P (MPa) 1.05 7.50 7.875 0.100 0.020 0.102
r; (mm) 1.00| 4453 4453 0.040 0.020 0.045
t (mm) 1.00 Table 5.24 0.060 0.020 0.063
v 1.00 0.3 0.3 0.023 0.023
E (MPa) 1.00| 201,000 | 201,000 0.033 0.033
o, (1/°C) 1.00 | 1.17E-05 | 1.17E-05 0.100 0.100
AT (°C) 1.00 10 10 0.150 0.150
H (mm) 1.00 1657 1657 0.100 0.100
y(N/mm®) | 1.00] 1.89E-05 | 1.89E-05 0.200 0.200
L (mm) 1.00 Table 5.24 0.100 0.100
¢ (°) coh.less | 1.00 30 30 0.100 0.100

CH | CL CH | CL |avg.| CH | CL | avg.

0 () 1.0021.8|26.5| 24.15 [0.27]0.19{0.23|0.090|0.030 | 0.060 | 0.238
¢ (MPa) 1.00 0.05 0.05 1]0.37/0.49|0.43|0.063|0.031|0.047 | 0.433
0 1.00| 0.945 0.945 0.082

Utilizing Equation 5.7, Table 5.24 and Table 5.25, for the characteristic earthquake magnitude of
7.4 of Saros-Gazikoy fault and for an earthquake proposed by Rockwell et. al. (2001) with a
magnitude of 7.0 whose recurrence period is 250-300 years, mean permanent ground
displacements for each section were calculated and for standard deviations of these PGD values,
the standard deviation associated with the regression model derived by Bardet et al. (2002), which
is 290 mm, is used.

Assuming that longitudinal PGD (§,) occurs, utilizing Table 4.4, mean values of both tensile and
compressive strain values due to case 1 (large longitudinal PGD and length of PGD zone governs)
of longitudinal PGD effects, g;;, and due to case 2 (large length of PGD zone and longitudinal
PGD governs) of longitudinal PGD effects, €, were calculated. In order to calculate g, effective
lengths (L.) were also calculated for each section and moment magnitude. After computing the
strain values, € and g, for each case they were compared. As explained in Chapter 3, the lower
strain values were used as seismic strains due to longitudinal PGD effects, g, in further
calculations. All of these calculated values are listed in Table 5.26. In addition to this, correlation
coefficient values given in Table 5.27 were used in the reliability analyses of the pipeline
subjected to longitudinal PGD effects. As observed in Table 5.27, L. is almost perfectly correlated
with some of the other parameters. The reason for this high correlation can be examined through
Equations 3.4, 3.5 and A.1.
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Table 5.26: Means and standard deviations of longitudinal PGD and effective length, mean
strains for cases 1 and 2 of longitudinal PGD effects and the seismic strains due to longitudinal
PGD effects in each section for M=7.4 and M=7.0

Section | M | pg (mm) | 65 (mm) | py. (mm) | 61, (mm) €1 £ g

741 5610 290 1,499,270 | 84,431 |0.00032{0.01100 | 0.00032
7.0 2192 290 1,089,062 | 27,771 |0.00032 |0.00206 | 0.00032
74| 4525 290 1,437,444 74,675 |0.00037 |0.00689 | 0.00037
7.0 1767 290 978,962 18,600 |0.00037|0.00181 | 0.00037
74| 1594 290 232,171 22,346 |0.00200 | 0.03600 | 0.00200

I

II

I

7.0 619 290 202,440 | 12,450 |0.00200 | 0.00628 | 0.00200
v 74| 1954 290 142,776 | 14,135 | 5,989 |0.09200 | 0.09200
7.0 760 290 131,539 | 12,273 | 5,989 |0.02700 | 0.02700

Table 5.27: Correlation coefficient matrix used in the estimation of the reliability index
corresponding to case 2 of longitudinal PGD effects

Sy T t P v E o | Ar [0) H v c Ol L.
Sy 11.00]0.00|0.00|0.00|0.00|0.00|0.00|0.00| 0.00 { 0.00 | 0.00 | 0.00 | 0.00 | 0.98
r; {0.00]1.00(0.000.00{0.00|0.00|0.00|0.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
t 10.00{0.00|1.00|0.00|0.00|0.00|0.00(0.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1.00
P [0.00(0.00{0.00|1.00|0.00|0.00(0.00|0.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
v [0.00]0.00{0.00|0.00|1.00{0.00|0.00|0.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
E [0.00{0.00|0.00{0.00{0.00|1.00|0.00|0.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 1.00
o, | 0.00{0.00|0.00|0.00|0.00|0.00{1.00{0.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
A110.00(0.000.00{0.00{0.00]|0.00{0.00|1.00| 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
¢ [0.00]0.00|0.00|0.00{0.00{0.00|0.00|{0.00| 1.00 | 0.00 | 0.00 | 0.00 | 0.00 |-1.00
H {0.00]0.00|0.00|0.00|0.00|0.00|0.00|0.00| 0.00 | 1.00 | 0.00 | 0.00 | 0.00 |-1.00
v 10.00{0.00|0.00|0.00|0.00]|0.00|0.00|0.00| 0.00 | 0.00 | 1.00 | 0.00 | 0.00 |-1.00
¢ {0.00{0.00|0.00|0.00{0.00|0.00{0.00|0.00| 0.00 | 0.00 | 0.00 | 1.00 |-0.98|-0.96
o, | 0.00|0.00{0.00|0.00|0.00|0.00{0.00]|0.00| 0.00 | 0.00 | 0.00 [-0.98| 1.00 | 0.00
L.[0.98]0.00|1.00|0.00|0.00|1.00|0.00|0.00|-1.00|-1.00|-1.00|-0.96| 0.00 | 1.00

In order to carry out reliability analyses, utilizing Table 4.4, safety margins, which are defined by
Equation 4.41, and which correspond to tensile and local buckling failure modes due to each cases
of longitudinal PGD effects, were formed. After these rigorous analyses, the results,
corresponding to tensile and local buckling failure modes due to longitudinal PGD effects, are
given in Tables 5.28 and 5.29, respectively. It can be seen from these tables that first two sections
are almost perfectly reliable to resist lateral spreading effect when liquefaction occurs. Also in
these sections just tensile failure mode is applicable because accompanied with loads due to
internal pressure and temperature differences, longitudinal PGD effects cannot form compressive
strains in the pipeline.
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Table 5.28: Strain capacity, strain demands due to internal pressure, temperature changes, and
longitudinal PGD, safety margins, reliability indexes and survival probabilities of the pipeline
corresponding to tensile failure mode due to longitudinal PGD effects in each section for M=7.4
and M=7.0

Section | M | &r &p €r g M vLrcp BuL |
I 7.410.040.00025|0.00012 | 0.00032 | 0.03931 | 8.5903 | 1.00000
7.010.04 { 0.00025 | 0.00012 | 0.00032 | 0.03931 | 8.5903 | 1.00000
7.410.04 {0.00025 | 0.00012 | 0.00037 | 0.03927 | 8.6863 | 1.00000
i 7.010.040.00025|0.00012 | 0.00037 | 0.03927 | 8.6863 | 1.00000
I 7.410.04 | 0.00025 | 0.00012 | 0.00200 | 0.03801 | 2.6065 | 0.99543
7.010.04|0.00025|0.00012 | 0.00200 | 0.03801 | 2.6065 |0.99543
v 7.410.04 [ 0.00044 | 0.00012 | 0.09200 | -0.05287 | -0.1002 | 0.46009
7.010.04|0.00044 | 0.00012 | 0.02700 | 0.01248 | 0.0506 | 0.52018

Table 5.29: Strain capacity, strain demands due to internal pressure, temperature changes, and
longitudinal PGD, safety margins, reliability indexes and survival probabilities of the pipeline
corresponding to local buckling failure mode due to longitudinal PGD effects in each section for
M=7.4 and M=7.0

Section | M €r €p &t g M 1pep | B P
7.410.00789|0.00025 | 0.00012 | 0.00032 | no net compressive strain
7.010.00789 | 0.00025 | 0.00012 | 0.00032 | no net compressive strain

7.410.00789 | 0.00025 | 0.00012 | 0.00037 | no net compressive strain

i 7.010.00789 | 0.00025 | 0.00012 | 0.00037 | no net compressive strain
1 7.410.00789 | 0.00025 | 0.00012 | 0.00200 | 0.00663 | 1.9768 | 0.97597
7.0(0.00789 | 0.00025 | 0.00012 | 0.00200 | 0.00663 | 1.9768 | 0.97597
7.410.00456 | 0.00044 | 0.00012 | 0.09200 | -0.08721 | -0.3740 | 0.35420
v 7.0 0.00456 | 0.00044 | 0.00012 | 0.02700 | -0.02185 | -0.2559 | 0.39901

These calculations were made to analyze the pipeline subjected to longitudinal PGD effects.
However, in that region susceptible to lateral spreading, transverse PGD (&;) may also occur in
accordance with the orientation of the pipeline. When topographic map of this region, illustrated
in Figure 5.11, is examined, it can be inferred that the pipeline may also be subjected to transverse
PGD effects because of the orientation of contour lines. That is why the pipeline passing
throughout that region is also analyzed against transverse PGD effects.

In the reliability analyses of the pipeline subjected to transverse PGD effects, the same sections
used in longitudinal PGD analyses are utilized. Also in account of the similarities of the
topographies, the same permanent ground displacements are assumed to occur in case liquefaction
induced lateral spreading takes place. Moreover, lengths of sections given in Table 5.24 are
assumed to be the width (W) of the transverse PGD zone. The statistics of basic variables in Table
5.25 are used to carry out the reliability analyses.
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Figure 5.11: Topographical map of the lateral spreading zone (Cited from BOTAS, 2003)

Utilizing Table 4.4, mean values of both tensile and compressive strain values due to case 1 (wide
width of PGD zone and flexible pipeline assumption) of transverse PGD effects, g, and due to
case 2 (narrow width of PGD zone and stiff pipeline assumption) of transverse PGD effects, gy,
were estimated for each section and magnitude mentioned above. Then the lower strain values
were taken as the seismic strains due to transverse PGD effects, &, as explained in Chapter 3. The
results are given in Table 5.30.

When these results are examined, taken into account that the tensile strain due to internal pressure
is at least 0.00025 for t=20.6 mm and tensile strain due to temperature differences is 0.00012, it
will be seen that in any section, net compressive strain does not take place. Therefore the region is
safe for local buckling failure mode due to transverse PGD effects.

Table 5.30: Means and standard deviations of transverse PGD, mean strains for cases 1 and 2 of
transverse PGD effects and the seismic strains due to transverse PGD effects in each section for
M=7.4 and M=7.0

Section | M | ps; (mm) | 65 (mm) €1 €n &
I 74| 5610 290 0.00013]0.70200 | 0.00013
7.0 2192 290 0.00005 | 0.70200 | 0.00005
74| 4525 290 0.00008 | 0.91700 | 0.00008
I 7.0 1767 290 0.00003 | 0.91700 | 0.00003
I 74| 1594 290 0.00007 | 0.74500 | 0.00007
7.0 619 290 0.00003 | 0.74500 | 0.00003
v 74| 1954 290 0.00002 | 6.75100 | 0.00002
7.0 760 290 0.00001 | 6.75100 | 0.00001
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Reliability analyses were carried out also for the tensile failure mode. Strain values in Table 5.30
show that case 1 of transverse PGD effects is dominant in all situations. Then, from Equation
4.41, safety margins were formed and reliability indexes and corresponding survival probabilities
were calculated as given in Table 5.31.

Table 5.31: Strain capacity, strain demands due to internal pressure, temperature changes, and
transverse PGD, safety margins, reliability indexes and survival probabilities of the pipeline
corresponding to tensile failure mode due to transverse PGD effects in each section for M=7.4 and
M=7.0

Section | M | g €p €1 & M rpgp | P P ¢
7.410.04|0.00025 | 0.00012 | 0.00013 | 0.03950 | 8.2954 | 1.00000
! 7.010.04|0.00025 | 0.00012 | 0.00005 | 0.03958 | 8.2957 | 1.00000
7.410.04|0.00025 | 0.00012 | 0.00008 | 0.03955 | 8.2956 | 1.00000
H 7.010.04|0.00025 | 0.00012 | 0.00003 | 0.03960 | 8.2957 | 1.00000
" 7.410.04|0.00025 | 0.00012 | 0.00007 | 0.03956 | 8.2956 | 1.00000
7.010.04|0.00025 | 0.00012 | 0.00003 | 0.03961 | 8.2957 | 1.00000
v 7.410.04|0.00044 | 0.00012 | 0.00002 | 0.03943 | 8.2937 | 1.00000
7.010.04|0.00044 | 0.00012 | 0.00001 | 0.03944 | 8.2937 | 1.00000

As mentioned before, lateral spreading occurs given that liquefaction takes place. Accordingly, in
order to evaluate the reliability of the pipeline due to liquefaction induced lateral spreading, the
probability of the liquefaction has to be estimated. For this purpose, ALA Guideline (2005)
proposes an easy method to calculate the probability of liquefaction provided that the liquefaction
susceptibility of the region considered is known. The probability of liquefaction can be estimated
from the equation given below:

P(liquefaction|PGA = a)

P(liquefaction) = A i
mw

(5.8)

where,
P(liquefaction|PGA = a) = probability of liquefaction given a specified peak ground
acceleration (PGA) in g (see Table 5.32)

Kn = moment magnitude correction factor (see Equation 5.9)
Ky = ground water correction factor (see Equation 5.10)
P = proportion of the map unit susceptible to liquefaction (see Table 5.33)

K,, = 0.0027M3 — 0.0267M? — 0.2055M + 2.9188 (5.9
where,
M = moment magnitude

K, = 0.022d,, + 0.93 (5.10)

where,
d, = groundwater depth (in feet)
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Table 5.32: Conditional probability relationship for liquefaction susceptibility categories (Cited

from ALA, 2005 as taken from Liao et al., 1988)

Liquefaction Susceptibility | P(liquefaction|PGA = a)
Very High 9.09a-0.82
High 7.67a-0.92
Moderate 6.67 a- 1.00
Low 5.57 a- 1.18
Very Low 4.16 a- 1.08
None 0.00

Note: In case PGA>0.2g, P(liquefaction|PGA = a) shall be taken as 1

Table 5.33: Proportion of mapped unit susceptible to liquefaction (Cited from ALA, 2005)

Liquefaction Susceptibility | Proportion of mapped unit, P,
Very High 0.25
High 0.20
Moderate 0.10
Low 0.05
Very Low 0.02
None 0.00

Utilizing Equation 5.8, probability of liquefaction in lateral spreading zone for the two
magnitudes considered were evaluated as shown in Table 5.34. Liquefaction susceptibility of the
region shown in Figure 5.8 is assessed in BOTAS technical documents (2003) as very high. PGA
and groundwater depth (dy,) values were also taken from these documents. The distance from
sections to Saros-Gazikdy fault varies between 0.15-0.80 km (see Table 5.24). Accordingly, the
PGA values corresponding to earthquakes having magnitudes of 7.4 and 7.0 are estimated as 1.2 g
and 0.8g (BOTAS, 2003).

Table 5.34: Probability of liquefaction in lateral spreading zone for M=7.4 and M=7.0

M |PGA| K, |d, (feet)| K, | Py | P(liquefaction\PGA=a) | P(liquefaction)
741 1.2g[1.03011 7 1.084 | 0.25 1 0.223885487
7.0 0.8g | 1.09810 7 1.084]0.25 1 0.210023956

At this stage, in order to evaluate the reliability of the pipeline subjected to liquefaction induced
lateral spreading, survival probability of the pipeline should be determined due to this action. For
this purpose, survival probabilities of the pipeline subjected to longitudinal and transverse PGD
effects are estimated in accordance with the procedure explained in Section 4.3.

Tensile and local buckling failure modes are considered for both longitudinal and transverse PGD
effects. In order to combine these failure modes, bounds are determined in accordance with the
assumptions of perfectly correlated and independent failure modes. Accordingly, computed values
of survival probabilities of the pipeline sections subjected to longitudinal PGD effects
corresponding to perfectly correlated failure modes (P 1pgp) and independent failure modes
(Ps* 1pgp) for M=7.4 and M=7.0 are given in Table 5.35. Additionally, calculated values of
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survival probabilities of the pipeline sections subjected to transverse PGD effects corresponding
to perfectly correlated failure modes (P rpgp) and independent failure modes (Py* tpgp) for
M=7.4 and M=7.0 are given in Table 5.36.

Table 5.35: Survival probabilities of the pipeline sections with respect to longitudinal PGD
effects, assuming perfectly correlated and independent failure modes for M=7.4 and M=7.0

Section | M P ¢ P Py eep | Ps* Lecp
7.411.000000 NA 1.000000 | 1.000000
7.0 1.000000 NA 1.000000 | 1.000000
7.411.000000 NA 1.000000 | 1.000000

I

i 7.0 | 1.000000 NA 1.000000 | 1.000000

7.410.995426|0.975968 | 0.975968 | 0.971504
m 7.010.995426|0.975968 | 0.975968 | 0.971504
v 7.410.460093 | 0.354202 | 0.354202 | 0.162966

7.010.520178]0.399014 | 0.399014 | 0.207558

Table 5.36: Survival probabilities of the pipeline sections with respect to transverse PGD effects,
assuming perfectly correlated and independent failure modes for M=7.4 and M=7.0

Section | M P ¢ P Py tecp | Ps* 1teGD
7.411.000000 NA 1.000000 | 1.000000

! 7.0 1.000000 NA 1.000000 | 1.000000

I 7.411.000000 NA 1.000000 | 1.000000
7.0 1.000000 NA 1.000000 | 1.000000

- 7.411.000000 NA 1.000000 | 1.000000
7.0 1.000000 NA 1.000000 | 1.000000

v 7.411.000000 NA 1.000000 | 1.000000
7.0 | 1.000000 NA 1.000000 | 1.000000

The probabilities of occurrence of longitudinal and transverse PGD effects are assumed to be
equally likely. Accordingly the survival probability of the pipeline sections subjected to lateral
spreading effects corresponding to perfectly correlated (Py' s) and independent failure modes
(Pg* 1g) for M=7.4 and M=7.0 were calculated by taking the average values and are shown in the
last two columns of Table 5.37.

Then utilizing Table 5.37 and considering all four sections, survival probabilities of the pipeline
in lateral spreading zone corresponding to perfectly correlated (Pg' 1) and independent sections
(Pss* 1s) for the magnitudes of 7.4 and 7.0 were calculated and the results are tabulated in Table
5.38.

Lastly, using the probability values given in Tables 5.34 and 5.38, conservative estimates of

survival probability for the pipeline in lateral spreading zone corresponding to independent
sections (Pg* 1g) for the magnitudes of 7.4 and 7.0 were taken and reliability of the pipeline
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subjected to liquefaction induced lateral spreading effects, P s, was calculated from the
following expression:

Pss=1- [(1 — S*S_LS)P(liquefaction)] (5.11)

Table 5.37: Survival probabilities (as average of longitudinal and transverse PGD effects) of the
pipeline sections subjected to lateral spreading effects corresponding to perfectly correlated and
independent failure modes for M=7.4 and M=7.0

Section | M | P' 1pgp | Ps* Leep | Ps' teep | Ps* trep P s P* s

7.4 1.000000 | 1.000000 | 1.000000 | 1.000000 | 1.000000 | 1.000000

! 7.0| 1.000000 | 1.000000 | 1.000000 | 1.000000 | 1.000000 | 1.000000

1 7.4 |1.000000 | 1.000000 | 1.000000 | 1.000000 | 1.000000 | 1.000000
7.0| 1.000000 | 1.000000 | 1.000000 | 1.000000 | 1.000000 | 1.000000

I 7.410.975968 | 0.971504 | 1.000000 | 1.000000 | 0.987984 | 0.985752
7.00.975968 | 0.971504 | 1.000000 | 1.000000 | 0.987984 | 0.985752

v 7.410.354202 | 0.162966 | 1.000000 | 1.000000 | 0.677101 | 0.581483
7.010.399014 | 0.207558 | 1.000000 | 1.000000 | 0.699507 | 0.603779

Table 5.38: Survival probabilities of the whole pipeline in lateral spreading zone corresponding
to perfectly correlated and independent sections for M=7.4 and M=7.0

M Pss' LS PSS* LS
7.4 | 0.677101 | 0.668965
7.0 | 0.699507 | 0.691102

The results are given in Table 5.39.

Table 5.39: Conservative estimates of survival probability of the pipeline subjected to
liquefaction induced lateral spreading for M=7.4 and M=7.0

M | P(liquefaction) | Py* g P s
7.4 0.223885 0.668965 | 0.925886
7.0 0.210024 0.691102 | 0.935124

The results of the reliability analyses indicate that the pipeline in the liquefaction susceptible
region is subject to a significant degree of risk in case lateral spreading occurs. Since lateral
spreading is the secondary event resulting from liquefaction and the likelihood of liquefaction is a
rare event, the risk of liquefaction induced lateral spreading is not in the same order of magnitude
as that of the lateral spreading. Yet, the reliability of the pipeline should be enhanced by taking
countermeasures in order to mitigate the risk against seismic damage to the pipeline especially in
the fourth section of the lateral spreading zone. Increasing pipe wall thickness and using
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cohesionless type of backfilling soil will improve the resistance of the pipeline against
liquefaction induced lateral spreading.

5.3.2.2 Load due to Liquefaction Induced Buoyancy

A pipeline may be subjected to liquefaction induced buoyancy effects when the soil layer it is
embedded liquefies. Although this effect is more serious for the pipelines in deeper depths, in
some situations it may cause harm to buried pipelines. However, in most cases it can be
interpreted as a serviceability limit state.

As mentioned in Section 5.3.2.1 and illustrated in Figure 5.8, in the second portion of the
liquefaction susceptible region after Kavak Creek, top of the liquefiable layers are 1.0 m below
from the ground surface. Taking into account that the top burial depth of the pipeline is 1.2 m, in
this portion of the Turkey-Greece Natural Gas Pipeline, it is concluded that the pipeline may be
subjected to liquefaction induced buoyancy forces.

Nevertheless, this portion cannot be completely analyzed because of a road crossing with a
concrete slab placed over the pipeline. This slab acts as a fixed end support for the pipeline and
splits the portion susceptible to liquefaction induced buoyancy effects into two sections. The first
section is near Kavak Creek with a length of 592 m, while the second is after the slab and is
prevailing until the end of the liquefiable region with a length of 2,286 m.

Based on the assumption that liquefaction induced buoyancy occurs through the entire length of
each section, and pipeline floats and uplifts out of the ground surface, reliability analyses are
carried out utilizing the statistics of basic variables given in Table 5.40. These statistics of basic
variables are the same as those used in wave propagation and lateral spreading case studies except
the saturated unit weight of soil (ys,) and length of buoyancy zone (L,). Saturated unit weight of
the liquefiable sandy soil is assumed to be 2.00E-05 N/mm’ with a coefficient of variation of 0.1.
Also the same level of uncertainty is assumed for the length of buoyancy zone. In addition to this,
unit weight of pipeline is deterministically taken as 7.70E-05 N/mm’® from API 5L, “Specification
for Line Pipe” (API, 2007). All these random variables are assumed to be normally distributed
and statistically independent.

Table 5.40: Statistics of basic variables involved in the evaluation of liquefaction induced
buoyancy effects

Basic Variables| N X I ) A Q
S, (MPa) 1.10 448 492.8 10.037]0.040 | 0.054
P (MPa) 1.05 7.50 7.875 10.100|0.020 | 0.102
r; (mm) 1.00] 4453 445.3 10.040]0.020 | 0.045
t (mm) 1.00 11.9 11.9 10.060]0.020 | 0.063
v 1.00 0.3 0.3 0.023 0.023
E (MPa) 1.00] 201,000 | 201,000 |0.033 0.033
a;(1/°C) 1.00 | 1.17E-05| 1.17E-05 | 0.100 0.100
AT (°C) 1.00 10 10 0.150 0.150
H (mm) 1.00] 1657 1657 10.100 0.100
| Vsat (N/mm”) | 1.00 | 2.00E-05 | 2.00E-05 | 0.100 0.100
Ly (mm) 1.00 Table 5.41 0.100 0.100
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Utilizing Table 4.4, tensile strain due to case 1 (narrow length of buoyancy zone and stiff pipeline
assumption), &,;, and due to case 2 (large length of buoyancy zone and flexible pipeline
assumption), &y, of liquefaction induced buoyancy effects were calculated and compared. Then
the case yielding to the lower strain value was selected. As can be seen from Table 5.41, for both
sections of the buoyancy zone, since the lengths of those sections are too long, case 2 gives the
lower strains as expected. Because the compressive and tensile strains in case 2 are different, for
local buckling failure mode, compressive strain due to case 2 of liquefaction induced buoyancy
effects (epyc) Was also calculated by utilizing Table 4.4.

Table 5.41: Coordinates and calculated strain values for the two sections located in the buoyancy
zone

Section | Start (m) | End (m) | Length, L;, (m) €b1 Ep2t €p2¢
1 147020 | 147612 592 1.17E+29 | 0.00006 | 0.00002
2 147636 | 149922 2286 6.98E+47 0 0

The results given in Table 5.41 show that in the second section, buoyancy effects resulting from
liquefaction, do not create any tensile or compressive strains. Moreover, for the first section,
accompanied with tensile strains due to internal pressure and temperature changes, there is no net
compressive strain. Therefore the pipeline passing 592 m length of buoyancy zone is safe for local
buckling failure mode. Only the tensile failure mode is checked for that section of the buoyancy
zone in terms of reliability.

From Equation 4.41, safety margin corresponding to tensile failure mode due to case 2 of
liquefaction induced buoyancy effects was obtained. The reliability analysis gave a probability of
survival value of nearly 1 (see Table 5.42), like the others mentioned above, indicating that this
failure mode of liquefaction induced buoyancy also does not create any risk to Turkey-Greece
Natural Gas Pipeline in terms of ultimate limit state. Thus, survival probability of the pipeline due
to liquefaction induced buoyancy effects (Ps_ ) is 1. However, for the pipeline considered, the
most critical length of buoyancy is approximately 61 m. For this length of buoyancy, estimated
strain value, both tensile and compressive, due to buoyancy effects is 0.00564. Taking into
account that local buckling strain capacity for the pipeline having a wall thickness of 11.9 mm is
0.00456, compressive strains due to buoyancy, in the order of 0.00564, may create damage to the
pipeline. However, as previously stated, such a length of liquefaction induced buoyancy is not
expected along the route of the pipeline.

Table 5.42: Strain capacity, strain demands due to internal pressure, temperature changes, and
case 2 of liquefaction induced buoyancy effects, mean safety margin, reliability index and
survival probability of the pipeline corresponding to tensile failure mode due to liquefaction
induced buoyancy effects in the first section of the buoyancy zone

Section | &g €p €1 €2t | Miguov| PBuo P
1 0.04 ] 0.00044 ] 0.00012 | 0.00006 | 0.03938 | 8.2936 | 1.000000

5.3.2.3 Load due to Fault Crossing
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Fault crossing is one of the primary concerns in earthquake resistant design of buried continuous
pipelines. Permanent ground displacements in several meters may be observed due to surface fault
displacements, and this may create serious damages to buried pipelines unless necessary
precautions are taken. Turkey-Greece Natural Gas Pipeline is evaluated also with respect to the
effects of surface faulting in order to determine the reliability of the pipeline against this effect.

In Figure 5.3, main faults in the vicinity of the pipeline are shown. When the route of the pipeline
with respect to these faults is examined, it is seen that the pipeline intersects with faults at five
locations. These faults and their characteristics are given in Table 5.43. Three fault crossings,
Karasu (see Figure 5.12), Edincik (see Figure 5.13) and Saros-Gazikdy (see Figure 5.14), were
taken into account in the design phase by BOTAS and the characteristics of these faults are
obtained from BOTAS (2003). The other two fault crossings, Karacabey (see Figure 5.15) and
Karabiga (see Figure 5.16), were not considered in the design phase. However, the intersection of
the pipeline with these two faults, whose types are unspecified (MTA, 2011), are also taken into
account in this study and the information on the characteristics of these faults is cited from the
active fault map of General Directorate of Mineral Research and Exploration (MTA, 2011).

Table 5.43: Information on fault crossings and characteristics of the faults that intersect the route
of Turkey-Greece Natural Gas Pipeline (BOTAS, 2003)

Fault . Estimated Displacement,
15211::2 KP | Fault Type | Length f,[f;‘:ft‘fl‘i 8; (mm)
(km) Lateral Vertical
Karasu Normal +
Fault 5.750 Right 542 6.3+0.7 0+100 500+£200
Zone Lateral
Edincik Right
Fault 65.500 | Lateral + 3045 6.6+0.4 800+200 0+100
Zone Normal
Saros- 90+15 01000 (due
Gazikdy Right | (45at to the local
145.750 7.4+0.6 5000+£1000 | movements
Fault Lateral land, 45
Zone in sea) of the lateral
fault)
From moment
Karacabey 2.800 | Unspecified 10 magnitude-fault From displacement-
Fault length relationship moment magnitude
. (Wells and relationship (Wells and
Karabiga | | ¢ 100 Unspecified| 10 Coppersmith, Coppersmith, 1994)
Fault 1994)

Since fault types are not specified for Karacabey and Karabiga faults, these are assumed to be of
strike slip type. The lengths of these faults, which are estimated from the fault maps as 10 km for
both of them, are substituted into Wells and Coppersmith (1994) rupture length - magnitude
relationship for strike slip type of faults, and the moment magnitudes were estimated as 6.28. This
equation is shown below.

M =516+ 1.12logSRL (5.12)
where,
M = moment magnitude
SRL = surface rupture length
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Figure 5.12: Karasu fault crossing (as modified from BOTAS, 2003)
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Figure 5.13: Edincik fault crossing (as modified from MTA, 2011)
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Figure 5.15: Karacabey fault crossing (as modified from MTA, 2011)
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Figure 5.16: Karabiga fault crossing (as modified from MTA, 2011)

Then, for these two faults, incorporating moment magnitudes calculated from Equation 5.12, into
Wells and Coppersmith (1994) average displacement — moment magnitude relationship for strike
slip type of faults, average fault displacements were estimated. This equation is given below and
the calculated displacements are listed in Table 5.44.

log(AD) = —6.32 + 0.90M (5.13)

where,
AD = average fault displacement

Table 5.44: Mean and standard deviation of the fault displacement, mean crossing angle, pipe
wall thickness, and backfilling soil type for each fault crossing

Mot G5t Wy e .
Fault Name K Soil Type
(mm) | (mm) | () | (mm) P
Karasu 500 | 129 | 90 | 20.6 | cohesionless
Fault Zone
Edincik rounded
800 | 129 | 90 | 20.6 granular
Fault Zone .
Saros-Gazikdy material
Fault Zone 5,000 | 816 | 90 | 20.6 (RG)
Karacabey Fault | 215 60 | 80 | 11.9 GP
Karabiga 215 | 60 | 70 | 11.9 CcL
Fault
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The uncertainty associated with the empirical equation derived by Wells and Coppersmith (1994)
and given by Equation 5.13 is 0.28 (Wells and Coppersmith, 1994), expressed in terms of
coefficient of variation. Utilizing this uncertainty, estimated standard deviations of expected
displacements for Karacabey and Karabiga faults are given in Table 5.44.

Moreover, the first three faults, Karasu, Edincik and Saros-Gazikdy, are also assumed to be of
strike slip type. The two directional displacements of these faults estimated from geological
investigations and given in Table 5.43 with their uncertainties, are assumed to act in only
horizontal direction. For this purpose, means and variances of these uniformly distributed
displacements are added. The resultant mean displacements with their standard deviations are also
listed in Table 5.44. Apart from displacement properties, mean values of fault crossing angles and
wall thicknesses, and types of backfilling soil are also given in the same table. In this table,
Karacabey and Karabiga fault crossing angles are assumed to be 80 and 70 degrees by utilizing
Figures 5.15 and 5.16, respectively.

After estimating fault displacements, reliability of the pipeline with respect to fault crossing is
computed for each of the five faults according to Newmark Hall (1975) and Kennedy et al. (1977)
methods, as explained in Chapter 3 in detail. In the reliability analyses, the statistics of basic
variables defined in Table 5.44 and Table 5.45 will be used. It is to be noted that values given in
Table 5.45 are the same as those used in previous analyses corresponding to wave propagation
and lateral spreading effects. All variables are assumed to be normally distributed and the
corresponding correlation coefficient matrices, utilized in Kennedy et al. (1977) method, are
given in Tables 5.46 and 5.47, for cohesionless and cohesive type of soils, respectively.

Table 5.45: Statistics of basic variables utilized in evaluating the fault crossing effects

Basic Variables | N X n 5 A Q
S (MPa) 1.10 448 492.8 10.037]0.040 | 0.054
P (MPa) 1.05 7.50 7.875 10.100(0.020|0.102
r; (mm) 1.00| 445.3 445.3 10.040|0.020 | 0.045
t (mm) 1.00 Table 5.44 0.060 | 0.020 | 0.063
v 1.00 0.3 0.3 0.023 0.023
E (MPa) 1.00| 201,000 | 201,000 |0.033 0.033
a;(1/°C) 1.00| 1.17E-05 | 1.17E-05 | 0.100 0.100
AT (°C) 1.00 10 10 0.150 0.150
H (mm) 1.00| 1657 1657 |0.100 0.100
vy (N/mm?) 1.00 | 1.89E-05 | 1.89E-05 | 0.200 0.200
B 100  Table544  |0.100 0.100
O¢ (mm) 1.00 Table 5.44

Soil Type
¢ (MPa) CL 1.00| 0.038 0.038 10.490(0.0310.491
O CL 1.00| 0.981 0.981 ]0.045 0.045
CL 1.00| 26.5 26.5 0.190{0.030{0.192
0 ) GP |1.00] 38 38 [0.150 0.150
RG 1.00 30 30 0.100 0.100
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Table 5.46: Correlation coefficient matrix, utilized in Kennedy et al. (1977) method for
cohesionless type of soils

Syl i |t | P| Vv |E|oa|Ar|oe | H| v |L
Sy (1.0]0.0{0.0{0.0/00(0.0]0.0{/0.0(0.0]0.00.0/|0.0
r; (00]1.0(0.0[{0.0{0.0/0.0/0.0{0.0{0.0{0.0]0.0(-1.0
t 10.0/0.0|1.0/0.0{0.0/0.0{0.0/0.0/0.0{0.00.0]|1.0
P |00{00(00{1.0/0.0/0.0{0.0{0.0{0.0]0.0]|0.0]0.0
v (0.0]0.0(00({00]1.0]0.0/0.0{0.0{0.0]|0.0]0.0|0.0
E [00]00(00{0.0|0.0/1.0{0.0{0.0{0.0|0.0]|0.0]1.0
o, |0.0/0.0|0.0/0.0{0.0{0.0|1.0/0.0[{0.0{0.0|0.0]0.0
Ar]0.010.00.0/0.0{0.0/0.0{0.0|/1.0/0.0|0.0|0.0]0.0
¢ (0.0]0.0(00[{00]00]0.0/0.0{0.0[{1.0{0.0]0.0]0.2
H|{0.0]0.0(00({00{0.0]|0.0/0.0{0.0{00]|1.0]0.0(-1.0
vy 10.0/0.00.0{0.0{0.0{0.0]0.0/0.0[{0.0]0.0(1.0/|-1.0
0.0|-1.0/1.0/0.0{0.0]{1.0{0.0]|0.0/0.2(-1.0|-1.0] 1.0

&

Table 5.47: Correlation coefficient matrix, utilized in Kennedy et al. (1977) method for cohesive
type of soils

Syl |t |P|Vv | |E|ou|A || H| vy | c|oa]|L
Sy11.0{0.0{0.0/0.0{0.0/0.0{0.0(0.0(0.0|0.0{0.0|0.0]0.0]0.0
r; 10.0{1.0(0.0/0.0/0.0{0.0{0.0/0.0/0.0|0.0]|0.0|0.0]0.0]0.0
t 10.0(0.0/1.0/0.0[0.0{0.0/0.0{0.0[{0.0[{0.0]0.0]|00]|0.0]1.0
P (0.0/0.0{0.0({1.0/0.0/0.0{0.0[{0.0(/0.0|0.0|0.0]0.0]0.0[0.0
v 10.0{0.0(0.0/0.0/1.0{0.0{0.0/0.0/0.0|0.0]|0.0|0.0]0.0]0.0
E [0.0/0.0/0.0{0.0[{0.0[1.0/0.0{0.0{0.0({0.0]0.0]|0.0|0.0]1.0
o [0.0]0.0/0.0/0.0{0.0{0.0/1.0/0.0[{0.0({0.0|0.0]|0.0|0.0]0.0
Ar|0.0[{0.0({0.0/0.0{0.0{0.0/0.0/1.0{0.0|0.0|0.0]|0.0|0.0]0.0
¢ 0.0/0.0{0.0{0.0/0.0/0.0{0.0[{0.0[1.0|/0.0|0.0]0.0]|0.0]0.0
H|0.0{0.0{0.0/0.0/0.0]0.0{0.0/0.0{0.0]1.0]0.0|0.0]0.0]-1.0
Y

c

0.0/0.0{0.0{0.0/0.0/0.0]0.0{0.0/0.0{/0.0|1.0]0.0]{0.0(-1.0
0.0{0.0{0.0/0.0{0.0/0.0{0.0/0.0{0.0]0.0]0.0|1.0]-1.0]-1.0
a, (0.0/0.0(0.0[{0.0(0.0/0.0{0.0{0.0(0.0]0.0|0.0|-1.0]1.0]0.0
L.|00{00(1.0/0.0/00{1.0[{0.0/0.0/0.0|-1.0|-1.0(-1.0] 0.0 | 1.0
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For the Newmark Hall (1975) method, from Equation 3.15, unanchored length, L,, was calculated
for each fault crossing. Then this calculated length was compared with the actual length of
anchorage. Using the shorter of those obtained, tensile strain due to fault crossing effects (enxy)
was calculated from Equation 3.14 for each fault crossing. As can be seen from Table 5.48, in all
situations actual anchorage lengths are shorter than those calculated. In the first three fault
crossings, since actual anchorage lengths were determined in the design phase and therefore
known, they are treated deterministically, on the other hand in Karacabey and Karabiga fault
crossings, actual anchorage lengths are assumed to be the given values with their uncertainties as
presented in Table 5.48. The mean calculated strain values (exy) are also listed in the same table.

Table 5.48: Fault displacements, calculated and actual anchorage lengths, and calculated mean
values of tensile strains due to fault crossing effects according to Newmark Hall (1975) Method

Fault War Gs¢ Calculated | Actual OLa ¢
Crossing (mm) | (mm) | py, (mm) | p, (mm) | (mm) NH
Karasu 500 129 1,330,198 150,000 0 0.000003
Edincik 800 129 1,330,198 150,000 0 0.000007
Saros-Gazikdy | 5,000 816 1,330,198 400,000 0 0.000040
Karacabey 215 60 643,574 50,000 5,000 |0.000750
Karabiga 215 60 846,136 50,000 5,000 |0.001470

Then from Equation 4.41, considering loads due to internal pressure (ep), temperature changes
(er) and fault crossing effects (exn), and tensile strain capacity (eg) of 0.04, safety margins
(M nurc) are formed. After reliability analyses, reliability index and survival probability (Ps nu)
of the pipeline were calculated for each fault crossing as tabulated in Table 5.49.

Table 5.49: Strain capacity, strain demands due to internal pressure, temperature changes, and
fault crossing effects, safety margins, reliability indexes and survival probabilities of the pipeline
corresponding to tensile failure mode due to fault crossing effects according to Newmark Hall
(1975) method

Fault Crossing | &z &p €1 ENH M, narc | Bue P nu
Karasu 0.04 1 0.000249 | 0.000117 { 0.000003 | 0.03963 | 8.3373 | 1.000000
Edincik 0.04 | 0.000249 | 0.000117 | 0.000007 | 0.03963 | 8.3370 | 1.000000

Saros-Gazikdy | 0.04 | 0.000249 | 0.000117 | 0.000040 | 0.03959 | 8.3350 | 1.000000

Karacabey |0.04|0.000440 | 0.000117 | 0.000750 | 0.03869 | 8.2924 | 1.000000
Karabiga 0.04 | 0.000440| 0.000117 { 0.001470 | 0.03797 | 8.2914 | 1.000000

A similar procedure is also carried out for the Kennedy et al. (1977) method. First, using
Equations from 3.17 to 3.20, and utilizing First Order Second Moment Method, mean effective
length (L) and standard deviation of effective length (o) for each fault crossing are calculated.
In the computation of standard deviation, o, the contribution of “5 cos §” term in Equation 3.17
is neglected in order to simplify the calculation of an approximate estimate of o, from the
complex series of equations. Without this simplification it is almost impossible to obtain o,
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analytically. This is justified since in most fault crossing, f = 90° and hence the expected value
of 8¢ cos f ~ 0. Then substituting mean effective length into the corresponding strain equation in
Table 4.4, tensile strain due to fault crossing effects according to Kennedy et al. (1977) method,
€, was calculated for each fault crossing. The results are listed in Table 5.50.

Table 5.50: Fault displacements, calculated means and standard deviations of effective lengths,
and mean values of tensile strains due to fault crossing effects according to Kennedy et al. (1977)
method

Fault Crossing | pss (mm) | 65 (mm) | py. (mm) | 61, (mm) €K
Karasu 500 129 128,393 | 43,653 |0.00047
Edincik 800 129 170,221 | 50,436 |0.00063

Saros-Gazikoéy | 5000 816 511,140 | 151,860 |0.00188

Karacabey 215 60 112,975 | 25,272 |0.00086
Karabiga 215 60 65,654 21,103 |0.00243

Similar to Newmark Hall (1975) method, reliability analyses are carried out according to
Kennedy et al. (1977) method. First, from Equation 4.41, considering operational loads (ep and
er), and loads due to fault crossing effects (ex), and tensile strain capacity (eg) of 0.04, safety
margins (M, krc) are formed. After reliability analyses, reliability index and survival probability
(Ps x) of the pipeline were calculated for each fault crossing according to Kennedy et al. (1977)
method as listed in Table 5.51.

Table 5.51: Strain capacity, strain demands due to internal pressure, temperature changes, and
fault crossing effects, safety margins, reliability indexes and survival probabilities of the pipeline
corresponding to tensile failure mode due to fault crossing effects according to Kennedy et al.
(1977) method

Fault Crossing | &g €p €1 €K M, xrc | PBu P
Karasu 0.04 | 0.00025 | 0.00012 | 0.00047 | 0.03916 | 7.3110 | 1.000000
Edincik 0.04 | 0.00025 | 0.00012 | 0.00063 | 0.03901 | 7.7052 | 1.000000

Saros-Gazikoy |0.04 | 0.00025 | 0.00012 | 0.00188 | 0.03775 | 3.4082 | 0.999673

Karacabey |0.04]0.00044 |0.00012|0.00086 | 0.03858 | 8.3672 | 1.000000
Karabiga 0.04|0.00044 | 0.00012 | 0.00243 | 0.03702 | 1.9848 | 0.976417

In order to come up with a single value for the reliability of the pipeline corresponding to each
fault crossing, this reliability is estimated based on the assumption that both methods are equally
applicable to this case study. Thus, the average of the survival probabilities computed for each
fault crossing according to both methods, given in Table 5.52 as P pc, will be the survival
probability of the pipeline with respect to tensile failure due to the effects of the corresponding
fault crossing.
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Table 5.52: Characteristic earthquake magnitudes of the faults, survival probabilities of the
pipeline with respect to effects of these fault crossings according to Kennedy et al. (1977) and
Newmark Hall (1975) methods, and average of these survival probabilities

Fault Crossing | M P Py nu P rc
Karasu 6.3 | 1.000000 | 1.000000 | 1.000000
Edincik 6.6 | 1.000000 | 1.000000 | 1.000000
Saros-Gazikdy |7.410.999673 | 1.000000 | 0.999837
Karacabey | 6.3 |1.000000 | 1.000000 | 1.000000
Karabiga 6.310.976417 | 1.000000 | 0.988208

The results have indicated that the pipeline has the highest risk at Karabiga fault crossing. This
conclusion can be interpreted as reasonable because for this fault crossing there is not any
countermeasure taken against seismic damage due to this effect. Taken into account that the
backfilling soil is composed of cohesive soil, wall thickness has not been increased, and crossing
angle is less than 90 degrees, such a result is not surprising. Additionally, although
countermeasures were taken in order to mitigate against seismic damage to the pipeline
throughout the Saros-Gazikdy fault crossing, corresponding reliability of the pipeline is not at
high levels as a result of the significant fault displacement value.

5.3.3 Survival Probability of the Pipeline Subjected to Different Earthquake Effects

Survival probabilities for the Turkey-Greece Natural Gas Pipeline with respect to seismic wave
propagation, liquefaction induced lateral spreading, liquefaction induced buoyancy and fault
crossing effects have been computed in the previous subsections. In this section, these survival
probabilities will be combined in order to estimate an overall survival probability of the pipeline
taking into consideration all of these earthquake effects. In doing so it is to be noted that survival
probabilities corresponding to reliability indexes which are computed above 7, are all assumed to
be 1 in all cases.

The survival probability of the pipeline due to all of these earthquake effects is estimated for two
different levels of ground motion which are stated in Section 5.3.1. These are Functional
Evaluation Earthquake (FEE) and Safety Evaluation Earthquake (SEE) ground motions. As
mentioned before, the pipeline should be fully operational in case an earthquake in the first level,
FEE, occurs, whereas only repairable damage is allowed in case the second level of earthquake,
SEE, takes place. It is to be noted that FEE and SEE correspond to earthquakes having 10% and
2% probabilities of exceedence during an economic lifetime of 50 years, respectively.

The survival probabilities for different earthquake effects are compiled as follows:
Reliability of the pipeline against local buckling failure mode is adopted as the reliability of the
pipeline subjected to wave propagation effects as stated in Section 5.3.1. Accordingly,

conservative estimates of survival probabilities of the pipeline due to seismic wave propagation
effects, P wp, are given in Table 5.54 for both levels of earthquake.
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Conservative estimates of survival probabilities of the pipeline due to liquefaction induced lateral
spreading, P, 1.5, are taken from Table 5.39. In this table, survival probabilities corresponding to
M=7.0 and M=7.4 are assumed to correspond to FEE and SEE, respectively.

Since the pipeline is safe against liquefaction induced buoyancy effects as explained in Section
5.3.2.2, survival probabilities of the pipeline due to liquefaction induced buoyancy, P s, are
taken as 1 for both levels of ground motion.

In evaluating fault crossing effects (see Table 5.52), fault crossings, whose effects occur due to
M<7, are assumed to correspond to FEE. Four faults fall into this category, whereas Saros-
Gazikoy fault crossing, with M=7.4 and greater than 7, is assumed to conform SEE. Accordingly,
survival probabilities of the pipeline due to fault crossing effects corresponding to independent
(Ps* gc) and perfectly correlated (Ps' pc) events for Functional and Safety Evaluation Earthquake
ground motions are estimated as given in Table 5.53. Then from this table, the probabilities
corresponding to P¢* gc are taken as the conservative estimates of the survival probabilities of the
pipeline due to fault crossing effects, P pc, for FEE and SEE.

Table 5.53: Survival probabilities of the pipeline due to fault crossing effects corresponding to
independent and perfectly correlated fault crossings for Functional and Safety Evaluation
Earthquake ground motions

Survival Probabilities FEE SEE

P* pc 0.988208 | 0.988047
P, rc 0.988208 | 0.988208

Finally, all of these conservative estimates of survival probabilities due to each earthquake effect
are combined assuming these earthquake effects are either independent (Ps* gg) or perfectly
correlated (Pg' gg) with each other. For this purpose, the resulting survival probabilities for each of
these earthquake effects are listed in Table 5.54.

Table 5.54: Conservative estimates of survival probabilities of Turkey-Greece Natural Gas
Pipeline due to each earthquake effects, survival probabilities of the pipeline corresponding to
independent and perfectly correlated earthquake effects for Functional and Safety Evaluation
earthquake ground motions

Survival Probabilities| FEE SEE
Ps_we 0.982666 | 0.426646
Ps ris 0.935124 | 0.925886
Ps 1 1.000000 | 1.000000
Ps_rc 0.988208 | 0.988047
Ps*_xe 0.908079 | 0.390303
Ps' re 0.935124 | 0.426646
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For the Functional Evaluation Earthquake: The survival probability of Turkey-Greece Natural
Gas Pipeline subject to these earthquake effects is computed to be between 0.908079 and
0.935124. In other words, the failure probability of Turkey-Greece Natural Gas Pipeline due to
earthquake induced effects is bounded between 0.064876 and 0.091921.

For the Safety Evaluation Earthquake: The survival probability of Turkey-Greece Natural Gas
Pipeline subject to these earthquake effects lies between 0.390303 and 0.426646. Stated in other
words, the failure probability of Turkey-Greece Natural Gas Pipeline due to these earthquake
effects is bounded between 0.573354 and 0.609697.

These results show that failure probabilities of the pipeline against seismic threats are in the order

of 8% for FEE and 59% for SEE. These high failure probabilities also indicate that the pipeline is
under significant risk in the regions of high seismicity.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

Buried continuous pipelines are generally used in the transportation of energy sources, such as
natural gas, crude oil, etc. Therefore they are important structures which should sustain their
functions properly, and without any interruption. These pipelines are separated from other types
of pipelines because they are made of steel pipes, which are tough and ductile, and these pipes are
connected to each other with strong arc welded joints. That is why these pipelines are called as
continuous pipelines.

Buried continuous pipelines are subjected to different kinds of loads. Load due to internal
pressure is the main load for pipelines transporting natural gas. Together with this load, load
resulting from temperature changes can be considered as the other operational load since it
becomes effective when the pipeline is under operation. The other load effects, for example earth
load and live load, may be taken into account at special situations such as road, railroad or river
crossings, which are not considered in this study. In this study, only the above mentioned
operating load effects are taken into consideration in addition to loads due to earthquake induced
effects.

There may be a number of earthquake effects that buried continuous pipelines are subjected to
since they traverse a large geographical region and encounter a wide variety of soil conditions.
These earthquake effects are split into two in terms of the state of soil deformations, which are
transient and permanent. Seismic wave propagation affects the pipeline in the form of transient
soil deformations, whereas liquefaction induced lateral spreading, liquefaction induced buoyancy
and fault crossing effects to the pipeline take place due to permanent ground deformations (PGD).
In this study, the effects of seismic wave propagation, liquefaction induced lateral spreading
comprising longitudinal PGD and transverse PGD, liquefaction induced buoyancy, and fault
crossing, evaluated by Newmark Hall (1975) and Kennedy et al. (1977) methods, are explained in
detail.

Reliability assessment of buried continuous pipelines subjected to these earthquake effects are the
primary concern of this study. Accordingly, structural reliability of buried pipelines is also
discussed. For this purpose, reliability methods, uncertainty modeling, failure modes of the
pipeline, combination of these failure modes, limit state functions corresponding to these failure
modes, and calculation of survival probabilities are all examined and explained in detail.

In order to implement and illustrate the response and reliability analysis of buried continuous
pipelines against operational and earthquake induced load effects, two case studies are presented.
In the first study, reliability of an existing buried continuous natural gas pipeline (Hatay Natural
Gas Pipeline) is assessed with respect to internal pressure only. In addition to this, safety factors
corresponding to appropriate target reliability indexes are recommended as an alternative to the
existing safety factors in ASME B31.8 code (2010).
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In the other case study, reliability of another existing buried continuous natural gas pipeline
(Turkey-Greece Natural Gas Pipeline) subjected to earthquake effects is assessed. In this case, the
effects of seismic wave propagation, liquefaction induced lateral spreading, liquefaction induced
buoyancy, and fault crossing to the pipeline are examined separately. For each effect and resulting
failure modes, the reliability of the pipeline is assessed and lastly these earthquake effects are
combined and the overall reliability of the pipeline subjected to all of these earthquake effects is
estimated for the two levels of ground motions, namely: Functional Evaluation Earthquake and
Safety Evaluation Earthquake ground motions.

6.2 Conclusions

The most significant conclusions as well as original contributions, recommendations derived from
this study and discussion of the results are presented below:

1. Reliability assessment of buried continuous pipelines subjected to earthquake effects is the
first study carried out in this field in Turkey and may be considered as the most
comprehensive one in the international literature on structural reliability.

2. Uncertainties utilized in reliability analyses are obtained from various sources because of the
limited knowledge about the soil and pipeline properties in the case studies. However, mean
values and coefficients of variation quantifying different sources of uncertainties have been
tried to be consistent with the actual values as much as possible. For example, yield strength
statistics of the Hatay pipeline is obtained from the manufacturer of the pipes installed in this
project.

3. Reliability analyses considering only the internal pressure are carried out for each location
classes according to ASME B31.8 code (2010) for the Hatay pipeline. Also safety factors
corresponding to target reliability indexes are recommended for each of these location classes
as an alternative to the existing safety factors. This work is also the first study in this field in
Turkey.

4. Reliability analyses for the recommendations of new safety factors in the first case study are
carried out taking into account only the internal pressure without considering corrosion and
the third party damages. On the other hand, ASME B31.8 code (2010) and target reliability
indexes, which are calibrated in accordance with this code (Nessim et al., 2009), are
determined in such a way that corrosion and third party damages are included. In the later
studies, if these factors are also considered in the reliability analyses, more accurate results
may be obtained. However, the results in the present study are reasonable especially when the
first two location classes are examined. Because in these location classes, the likelihood of
third party damages is low due to the low population density. Additionally, in all location
classes, corrosion prevention methods, such as cathodic protection, 3 layers of polyethylene
coating of the pipeline, etc., are applied to the pipeline. Accordingly, load due to the internal
pressure can be adopted as the primary load in these location classes, and the contribution of
the other effects mentioned above may be neglected.

5. Pipe costs constitute a significant portion of overall pipeline construction costs. Besides, pipe
costs are directly proportional to wall thicknesses of pipes since the cost of the base metal
(steel) of the pipe increases with tonnage. Thus, thinner wall thicknesses mean significant
amount of cost savings in pipeline construction. Besides, costs of welding in the field
decrease, since welding pipes having thinner wall thicknesses costs less. In the first case
study, the safety factors corresponding to appropriate reliability indexes are computed as
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10.

11.

consistently higher than the code specified safety factors. Therefore existing safety factors
could be replaced with the recommended safety factors in order to attain a uniform level of
safety and prevent the monetary losses resulting from overdesign since the wall thicknesses
computed from using recommended safety factors are less than those computed based on
existing safety factors specified in ASME B31.8 (2010).

Except landslide and settlement, nearly all earthquake effects to buried continuous pipelines
are examined and evaluated in assessing safety in terms of reliability. Seismic wave
propagation, liquefaction induced lateral spreading, liquefaction induced buoyancy, and fault
crossing effects to buried continuous pipelines are explained and illustrated in a case study in
detail. Such a comprehensive reliability study based on real life data has been carried out for
the first time in Turkey as well as internationally.

The results of the wave propagation effects to buried continuous pipelines indicate that the
pipeline is safe in the tensile failure mode having a resisting strain capacity of 0.04. However,
the safety evaluation is different for local buckling failure mode. This type of failure becomes
more likely if the pipeline is buried in cohesive soils in high seismicity regions. The failure
probabilities computed were quite high confirming this statement in such locations. If wall
thickness of the pipeline is increased and the backfilling soil is selected of the cohesionless
type instead of local cohesive soil, the seismic wave propagation effects can be reduced in
these most hazardous regions.

Liquefaction induced lateral spreading may create a risk to pipelines when they traverse
liquefaction susceptible regions. In the second case study such a region is evaluated in terms
of its effects to an existing buried continuous pipeline. Lateral spreading may be of two types
with respect to the orientation of the pipeline, namely: Longitudinal PGD and transverse
PGD. Longitudinal PGD effects are more dangerous with the increase of the length of PGD
zone, whereas for the transverse PGD effects, the opposite of this is valid. When the results
of lateral spreading effects to the pipeline is examined, longer sections of the pipeline are
found more susceptible to adverse effects of longitudinal PGD than transverse PGD.
Moreover, the pipeline is safe against transverse PGD effects throughout all sections of the
pipeline. However, since the exact direction of PGD is not known, treating these PGD effects
equally likely, and taking the average of the survival probabilities of the pipeline due to each
effect, is considered as a reasonable approach for this case. Because of the above mentioned
reasons, decreasing the lengths of the pipe sections (assumed as four in the case study) and as
a result, increasing number of sections, will not change the results significantly. Therefore,
the lengths and number of sections selected in the second case study in the lateral spreading
zone are reasonable.

Liquefaction induced buoyancy generally can be treated as a serviceability limit state for
buried continuous pipelines instead of ultimate limit state. The case study also confirms this
statement since this effect does not create any risk to the pipeline in terms of ultimate limit
state. However, it is calculated that for a critical buoyancy length of 61 m, the pipeline may
seriously be harmed due to this type of earthquake effect.

Fault crossings are generally considered as the most significant earthquake effect to buried
continuous pipelines in literature. Thus, mitigation countermeasures against this effect
deserve the most attention in pipeline construction. In the second case study, involving the
reliability assessment of Turkey-Greece Natural Gas Pipeline, when the pipeline is examined
in terms of its response to this effect, it is observed that at the crossings where such
countermeasures are taken by BOTAS, the pipeline shows good performances, whereas at the
crossing of the Karabiga fault, which was not taken into account in the design and
construction phases, it displays a more critical response.

Two methods, Newmark Hall (1975) and Kennedy et al. (1977), are explained and utilized in
the reliability analyses of buried continuous pipelines subjected to fault crossing effects.
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Since these methods are applicable to strike slip type of faults and to the pipelines in tension,
then the faults, which exhibit two directional behavior in the route of the pipeline considered,
are assumed to be of strike slip type. With the improvement of the analytical methods,
applicable to all type of faults, more accurate results may be obtained. However, the results in
this study are reasonable in terms of the direction of resulting strains, since the normal and
oblique (in this study it refers to the faults exhibiting both strike-slip and normal type of
behavior at the same time) faults, which cause tensile strains in the pipeline, are assumed to
be of strike slip.

Reliability analyses have been carried out by using the following algorithms: AFOSM code
written by the author in Mathcad program, constrained optimization algorithm described by
Thoft-Christensen and Baker (1982) in Mathcad, Low and Tang (2004) method using MS
Excel solver. All of these algorithms yield to the same results when limit state functions are
formed from simple equations, such as the one corresponding to the evaluation of internal
pressure as the only load effect. However, since limit state functions corresponding to
earthquake loads are composed of complex equations, only the code written in Mathcad
program by the author can be utilized. The other two algorithms were not applicable to such
complex equations.

All of the earthquake effects are considered together with the operating loads, which are
loads due to internal pressure and temperature changes. Lastly, survival probabilities of the
pipeline subjected to all these effects are combined in such a way that different earthquake
effects are assumed either to be mutually independent or perfectly correlated with each other.
In this way bounds were established for the true survival probability for both of the ground
motion levels, which are Functional Evaluation Earthquake and Safety Evaluation
Earthquake ground motions. The results have indicated that the Turkey-Greece Natural Gas
Pipeline is under significant degree of risk under both levels of ground motion.

These undesirable performances may be reduced by taking countermeasures in the design and
construction phases. As mentioned before, increasing wall thicknesses, improving the pipe
material strength, avoiding cohesive types of backfilling soil, and also changing the route of
the pipeline to avoid fault crossings, liquefaction susceptible and/or high seismicity regions,
are the recommended countermeasures in order to enhance the reliability of the buried
continuous pipelines subjected to earthquake effects.

This study also enables the assessment of the insurance premiums for buried continuous
pipelines against earthquake induced effects. In other words, reliability based safety
assessment of the pipelines subjected to earthquake effects is a significant step for the
realistic estimation of the insurance premiums of these pipelines against seismic hazards.
This study can be extended to serve for this purpose.

It is hoped that the work, carried out in relation with this thesis, initiates and encourages the
research work in the reliability based design of buried continuous pipelines in Turkey. In
future studies, reliability based safety factors corresponding to selected reliability indexes
may be developed for the design of pipelines with respect to hazards resulting from fault
crossings, liquefaction susceptible regions and/or high seismicity regions, where the route of
the pipeline cannot be altered, and such hazards cannot be avoided. The present study can
also be extended to include the other load effects resulting from road, railroad and river
crossings, and pipe bends. Furthermore, a Turkish code for the design of buried continuous
pipelines taking into consideration the specific conditions of Turkey, can be drafted.
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APPENDIX A

SOIL INDUCED FORCES

A.1 Axial Soil Force

The maximum axial soil force per unit length of pipe that can be transmitted to the pipe is (ALA,
2001):

1+
t, = nDca, + tDHy'

tan g’ (A.1)
where:
D = outside diameter of pipe
c = soil cohesion representative of the soil backfill
O = adhesion factor (curve fit to plots of recommended values in Figure A.1)
=0.618 — 0.123¢ — 2222 4 2% yhere ¢ is in kPa/100
cc+1 c>+1
H = depth to pipe centerline
Y = effective unit weight of soil
K, = coefficient of pressure at rest
=1—sing’
0% = internal friction angle of soil
&’ = interface angle of friction for pipe and soil
=fe’
f = coating dependent factor relating the internal friction angle of the soil to the friction
angle at the soil-pipe interface (see Table A.1)
Table A.1: Friction factor, f, for various external coatings
Pipe Coating f
Concrete 1.0
Coal Tar 0.9
Rough Steel 0.8
Smooth Steel 0.7
Fusion Bonded Epoxy 0.6
Polyethylene 0.6

113



1.6
| \

—_—ASCE (1984)
— —Tomlinson (1957)

™.
\ = = = Rizkalla et al. (1996)
™ o

Balboa

14

1.2

<
s N \ A Potrero Canyon
c 1 — < ¢ Paulinetal (1998)
o o » Rizkalla et al. (1996) Data
L; 08 -F_\ \ e Proposed Equation
g RS
E 06 I \\\\\
@ .
< e . H ’\_ -\
04 = —— T
0.2 S Rl LE S B iae
' & 0o X X
X
0
0 25 50 75 100 125 150

Undrained Shear Strength, kPa

Figure A.1: Plotted values for the adhesion factor, o,

A.2 Lateral Soil Force

The maximum lateral soil force per unit length of pipe that can be transmitted to the pipe is (ALA,
2001):

P, = NepcD + Ngny'HD (A.2)
where,
Nen = horizontal bearing capacity factor for clay (0 for c = 0)
—a+bx+——+—2_<9 wherethe parameters are in Table A.2
(x+1)2  (x+1)3
Ngh = horizontal bearing capacity factor (0 for ¢ = 0°)

=a+bx+cx? +dx®+ex*  where the parameters are in Table A.2

Table A.2: Closed form fit parameters to published empirical (plotted) results in Figure A.2

Factor | ¢ | x a b c d e

Nch | 0 |H/D| 6.752 1 0.065 |-11.063 7.119 -

Ngh |20|H/D| 2.399 |0.439| -0.030 | 1.059E-03 |-1.754E-05
Ngh |25|H/D| 3.332 |0.839| -0.090 | 5.606E-03 |-1.319E-04
Ngh |30 |H/D| 4.565 | 1.234| -0.089 | 4.275E-03 |-9.159E-05
Ngh |35|H/D| 6.816 {2.019| -0.146 | 7.651E-03 |-1.683E-04
Ngh |40 | H/D|10.959|1.783| 0.045 |-5.425E-03 |-1.153E-04
Ngh |45|H/D|17.658|3.309| 0.048 |-6.443E-03 |-1.299E-04

Note: N, can be interpolated for intermediate values of ¢ between 20° and 45°
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APPENDIX B

SITE AND SOIL CLASSIFICATIONS

Table B.1: Site class definitions (Cited from NEHRP, 1997)

Average Properties in top 30 m
. . Undrained | Uncorrected
Site Subsurface Profile Name Soil Sheal: shear Standard
Class Wave Velocity, .
V, (m’s) strengthi Su | penetration
s (KN/m”) | resistance (N)
A Hard rock V> 1500 - -
B Rock 760 <V < 500 - -
C Very dense soil and soft rock 360 < V<760 S.>98 N> 50
D Stiff soil profile 180 <V <360 | 49<8S,<98 | 15<N<50
Soft soil profile V<180 S, <49 N<I15
E Soft soil with PI”? > 10 and ) S <24 )
Natural Moisture Content > 40% !
Soil vulnerable to potential failure or collapse under seismic loading (i.e. liquefiable
soil, quick and highly sensitive soil, collapsible weakly cemented soil)
F) Peat or highly organic clays (H>3m, where H = thickness of soil)
Very high plasticity clays (H>7.5m with plasticity index > 75)
Very thick medium or soft stiff clays (H>35m)
Notes:
i)  PI=Plasticity Index of the soil

ii)

The soil requires site specific investigation
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Table B.2: Unified soil classification system

Soil .
Classification Explanation
GW Well-graded gravels, gravel-sand mixtures, little or no fines
GP Poorly-graded gravels, gravel-sand mixtures, little or no fines
GM Silty gravels, gravel-sand-silt mixtures
GC Clayey gravels, gravel-sand-day mixtures
SW Well-graded sands, gravelly sands, little or no fines
SP Poorly graded sands, gravelly sands, little or no fines
SM Silty sands, sand-silt mixtures
SC Clayey sands, sand-clay mixtures
Inorganic silts and very fine sands, rock flour, silty of clayey fine sands
ML or clayey silts with slight plasticity
CL Inorganic clays of low to medium plasticity, gravelly clays, sandy
clays, silty clays, lean clays
OL Organic silts and organic silty clays of low plasticity
MH Inorganic silts, micaceous or diatpmgceous fine sandy or silty soils,
elastic silts
CH Inorganic clays of high plasticity, fat clays
OH Organic clays of medium to high plasticity, organic silts
PT Peat and other highly organic soils
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