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Abstract
Post-earthquake investigations have shown that almost all seismic damages to buried pipelines were
due to permanent ground deformation (PGD) such as landslides, lateral spreading due to
liquefaction and faulting. Therefore, it is of fundamental importance in the engineering design
practice to accurately evaluate the structural response of buried pipelines subjected to these seismic
hazards, that represent a serious threat to the pipeline safety. Herein, numerical methods provide a
rational design tool for assessing the pipeline performance taking into account the nonlinearities of
the system including the soil-structure interaction effects. At the state of art, two main finite
element modelling approaches are employed for evaluating the soil-pipe interaction, such as the
simplistic beam on Winkler foundation and the more complex continuum model. The former is
incapable to model the realistic soil behaviour for large scale deformations, as well as to capture the
pipeline local instabilities at the section level, such as buckling and ovalization. The latter has
addressed many of the beam on Winkler foundation model deficiencies, nevertheless it presents
significant disadvantages in terms of elevated computational demands and required expertise of the
operator to analyse the models for use in routine engineering applications.
In the present thesis, the seismic performance of a straight buried steel pipeline subjected to strikeslip faulting at its midsection is analysed within the finite element method, using the beam on
Winkler foundation and the continuum approach. Specifically, the effect of different soil and pipe
parameters having a critical role on the pipeline response is analysed, such as the fault inclination
angle, the pipeline burial depth, the soil material, the pipe diameter-to-thickness ratio and the
internal pressure. In order to optimize the computational costs, each end of a limited pipe segment
close to the fault is connected through appropriate constraints to an equivalent boundary spring,
which represents the interaction with the part of the soil-pipeline system beyond the two pipe ends.
In this thesis, the force-displacement relationship of the equivalent boundary spring is obtained
analytically in function of the system nonlinearities, pipeline anchor length, diameter-to-thickness
ratio (D/t), pipe operation loads such as the internal pressure and the loading path either in tension
or compression. To assure the robustness of the continuum model analysis, both soil and pipe
interacting surfaces are assigned with a similar mesh size, unlike the current state of art that usually
adopts a very refined mesh for the pipe and a much coarser mesh for the surrounding soil.
Moreover, to investigate the onset of local buckling, the submodeling technique is introduced,
allowing to focus with a refined mesh on the limited part of the system where the instability occurs,
interpolating the solution at the boundaries from the initial, global model.
The numerical results obtained using both models are accurately compared between each other as
well as recent research literature data, giving better insight on the mechanical behaviour of soilpipeline system under strike-slip movement. Clearly, the buried pipeline performance subjected to
strike-slip faulting is strongly influenced by the soil type, burial depth, pipe diameter-to-thickness
ratio, internal pressure and fault inclination angle. Evidently, for the assumed positive fault
inclination angles, where the pipeline undergoes overall tension, there is good agreement between
pipeline performance in terms of 3% strain limit evaluated using the discrete and the continuum
modelling approach. Instead, for pipeline oriented perpendicularly to the fault trace, the greater
bending moment at the two inflection points causes local buckling if the compressive strains exceed
a critical value which is a function of the pipe strength, slenderness and the surrounding soil
confinement. Moreover, the submodeling and the conventional state of art modelling approach give
comparable estimates of the pipeline performance in terms of the onset of local buckling limit.
Evidently, the internal pressure has a beneficial effect on the pipeline performance with respect to
this limit state.
For relatively small fault inclination angles, the bending moment may be enough to increase the
cross-section distortion at the two inflection points leading ultimately to the achievement of the
15% ovalization limit, especially in pipes with greater diameter-to-thickness ratio. Conversely, for
greater fault inclination angles, the pipeline ovalization increases towards the fault trace, due to the
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predominant effect of the lateral soil pressure. On one hand, the pipeline ovalization is accentuated
by inelastic longitudinal straining and the lateral soil pressure, on the other, it is reduced by higher
levels of internal pressure, as well as lower pipe diameter-to-thickness ratios.
Finally, a series of recommendations are proposed to enhance the seismic design of buried steel
pipelines crossing active faults. In particular, any measure to minimize the soil restraint to the
pipeline movement should be taken, like installing thicker pipes close to the fault area, at shallower
depths, with loose and light weight backfill, as well as appropriate pipe coating or wrapping with
low coefficient of friction. Herein, the anchor points such as pumping stations, elbows or flanges
should be positioned far away enough from the fault trace, as they exert additional axial forces on
the buried pipeline, diminishing its capacity to sustain the fault offset. Moreover, the inclination
angle of the pipeline axis with respect to the fault should be chosen so that the fault displacement
induces tension on it, in order to avoid local buckling and optimise the performance in terms of
cross-section ovalization and axial strains. In addition, it is important to consider appropriate
boundary conditions at the far ends of the soil-pipeline system, as they strongly influence the
performance of the buried pipelines subjected to strike-slip faulting. Specifically, the developed
analytical formulation of the pipe boundaries in terms of an equivalent-axial spring, in function of
the service loads, the system nonlinearities, the loading path and the anchor length is proposed for
use in engineering applications. Lastly, it is concluded that the onset of local buckling can be
suitably analyzed using the advanced submodeling technique that allows to focus with a refined
mesh on the limited part of the soil-pipe system where buckling occurs.
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Chapter 1
1. Introduction
1.1. Design issues of buried pipelines subjected to seismic hazards
Steel pipeline systems traverse large geographical areas characterised by a wide variety of soil
conditions and environmental hazards such as discontinuous permafrost, shallow water iceberg
scouring and earthquakes that can seriously threaten the safety of the pipeline (Newbury, 2010).
The latter may undergo large plastic deformations due to severe loading from the surrounding
environment, leading ultimately to fracture with consequent material leakage.
Buried pipelines installed in seismic regions are susceptible to the effects of Transient Ground
Deformation (TGD) due to seismic wave propagation and Permanent Ground Deformation (PGD)
resulting from earthquake induced soil liquefaction, landslides and surface faulting.
The TGD is originated by the sudden fracture and relative movement across the fault rupture
surface that generates the propagation of the seismic waves inducing strong ground shaking (Barbas
and Weir, 2007; Flores-Berrones and Li Liu, 2003). Instead, the PGD involves irrecoverable large
movement of the ground which can be abrupt as caused by a geological active fault or spatially
distributed as produced by landsliding or lateral soil spreading due to liquefaction. It follows that
PGD generally induces monotonic loading on the buried pipeline, whereas transient ground TGD
due to seismic wave propagation induces cyclic loading on it (Fell and O’Rourke, 2014). It is
recognized that the ground displacement induced by PGD is considerably larger than that induced
by TGD, the former may reach several meters whereas the latter is on the order of a few centimetres
only (Suzuki and Toyoda, 2002).
Post-earthquake investigations have shown that almost all seismic damages to buried pipelines were
due to PGD and there were very few reported cases of modern steel pipelines damaged only by
wave propagation (O’Rourke and Liu, 2012; Bai and Bai, 2014; Liang and Sun, 2000).
The structural response of buried pipelines subjected to seismic induced PGD is strongly influenced
by the properties of the surrounding soil that determine the nature of the soil-pipe interaction and
the resulting loads in the pipeline. Therefore it is of fundamental importance in the engineering
design practice to properly consider the soil-pipeline interaction phenomena. Herein, numerical
methods provide a rational design tool for assessing the pipeline performance taking into account
the system nonlinearities including the effects of soil-structure interaction. At the state of art, two
main finite element modelling approaches are employed for evaluating the soil-pipe interaction,
such as the simplistic Beam on Winkler Foundation Model (BWFM) and the more complex
continuum model. Within the first approach (BWFM), the pipeline is represented as a structural
beam connected to discrete soil springs in the axial, transverse and vertical direction, being the
seismic induced ground movement modelled as displacements applied to the base of the soil
springs. Instead, within the more complex continuum approach, the pipeline is suitably modelled as
a cylindrical shell and the surrounding soil with solid elements, accounting for contact and friction
interaction at the soil-pipe interface, being the ground movement applied at the external faces of the
soil continuum.
The BWFM has the advantage of being simple for use in routine engineering applications, but it
neglects the three-dimensional nature of the soil-pipeline interaction phenomena that may lead to
incorrect estimation of the pipe deformations. Other deficiencies of the soil-spring approach consist
in the incapability to model the realistic soil behaviour for large scale deformations, as well as the
inability to capture the pipeline local instabilities such as buckling and large section ovalization,
leading to over-simplistic structural performance evaluations (Fredj and Dinovitzer, 2010; Liu et al.,
2004a; Liu et al., 2004b; Trifonov, 2015).
Conversely, the continuum model has addressed many of the BWFM deficiencies, being able to
realistically model the physical behaviour of the soil-pipeline interaction phenomena, in particular
for large deformation events. Nevertheless, these models present significant disadvantages in terms
of elevated computational demands and required expertise of the operator to analyse the models,
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extract results of interest and incorporate relatively minor changes, for use in routine engineering
applications (C-Core et al., 2009).
Recently, several researchers have tried to efficiently optimise the required computational costs by
introducing an equivalent-boundary spring connected at each end of the pipe segment crossing the
fault, representing the interaction with the rest of the system. Therefore, the length of the pipe-soil
model needs to be only a little longer than the curved pipeline length where large deformations
occur due to the imposed fault movement (Liu et al., 2004; Erami et al., 2011; Vasouras et al., 2014,
2015; Kaya et al., 2017). Unfortunately, the actual formulation of the equivalent-boundaries does
not consider the effect of the service loads in the pipeline as well as the different behaviour in
compression and tension that is particularly important in the case pipeline subjected to compressive
fault displacements. Moreover, within the current state of art, in order to capture the local buckling
within the continuum approach, the mesh of the pipeline is usually very refined while that of the
surrounding soil is much coarser (Vazouras et al., 2012; Trifonov, 2015, Paolucci et al., 2010).
Herein, doubts may rise on the accuracy and efficiency of the contact algorithm during the pipe-soil
interaction following the imposed fault movement, in particular when the pipeline buckles locally.

1.2. Scope of the work
The present thesis investigates the seismic performance of a buried straight 36 inch X65 steel grade
pipeline subjected to strike-slip fault movement at its midsection, within the finite element
methodology, using the BWFM and the continuum model. Herein, the faulting is chosen as
representative of seismic induced PGD, being the displacement of the sliding part of the fault
mechanically similar other PGD, such as the horizontal movement of the ground due to liquefaction
induced lateral spreading, focusing on the edge of the PGD zone.
Specifically, the effect of different soil and pipe parameters having an critical role on the pipeline
response is analysed, as schematically illustrated in Figure 1.1:
the soil material,
the fault inclination angle β,
the pipeline burial depth Hc,
the pipe diameter-to-thickness ratio (D/t),
the internal pressure Pi.

Figure 1.1 Schematic representation of the soil pipeline system subjected to strike-slip faulting.
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For comparison purposes, the parametric values defining the pipe and soil material, the fault
inclination angle β and the pipe diameter-to-thickness ratio are assumed equal to those adopted in
Vazouras et al. (2010). Specifically, two different soil types are considered: cohesive (soft clay) as
well as frictional (loose sand) under undrained conditions, characterised by different values of
material parameters, like the cohesion c, the friction angle φ, the Young modulus E, the Poissson's
ratio ν, the soil density γ and the earth pressure coefficient at rest K0. Generally, three different
values are assumed for the fault inclination angle β, like 0o, 25o and 45o. Moreover, two values are
considered for pipe wall thickness, such as 9.53 mm ((3/8) in.) and 12.7 mm ((1/2) in.),
corresponding to D/t-ratios equal to 96 and 72 respectively, which cover a wide range of oil and gas
pipeline applications. In addition, two different burial depth Hc are considered equal to 1m and 2m,
given that typically most pipelines are buried at shallow depths below the ground (less than 1.5 m)
for the ease of installation and access during maintenance or repair), as reported in Wijewickreme
(2012). Lastly, the effect of internal pressure is taken into account by considering the case of no
pressure, maximum allowed operating pressure pmax, and an intermediate internal pressure level
equal to 0.56pmax. For each configuration of the pipe-soil system, the pipeline performance is
assessed by individuating PGD level corresponding to the achievement of an ultimate limit state,
like buckling, cross-section ovalization or excessive tensile strain, that can lead to cracking with
consequent material leakage.
To optimize the computational costs, each end of a limited pipe segment close to the fault is
connected through appropriate constraints to an equivalent-boundary spring, that represents the
interaction with the part of the soil-pipeline system beyond the two pipe ends. Herein, the forcedisplacement relationship of the equivalent-boundary spring is obtained analytically in function of
the system nonlinearities, pipeline anchor length, diameter-to-thickness ratio, operation loads such
as the internal pressure and the loading path either in tension or compression. To assure the
robustness of the continuum model analysis, both soil and pipe interacting surfaces are assigned
with a comparable mesh size, unlike the current state of art that usually adopts a very refined mesh
for the pipe and a much coarser mesh for the surrounding soil. Moreover, to investigate the onset of
local buckling, the submodeling technique is introduced, allowing to focus with a refined mesh on
the limited part of the system where the instability occurs, interpolating the solution at the
boundaries from the initial, global model. The numerical results obtained using both models are
accurately compared between each other as well as recent literature research, giving better insight
on the mechanical behaviour of soil-pipeline system under strike-slip fault movement. Finally, a
series of recommendations are proposed to enhance the seismic design of buried steel pipelines
crossing active faults.
This thesis is composed of five chapters. The first chapter presents the research topic and
motivation for the work, introducing the structure of the thesis.
Chapter 2 describes the state of art design practice and research of the buried pipelines subjected to
seismic hazards with emphasis on the modelling aspects of the soil-pipeline interaction and the
assessment of the structural performance.
Chapter 3 presents the finite element modelling of the buried steel pipeline subjected to strike-slip
fault in function of the different system parameters. At first, the numerical modelling of the pipe
and soil material is introduced. Secondly, the analytical formulation the equivalent-boundary spring
is demonstrated and subsequently implemented in the numerical software for the analysis purposes.
Then, the case study is accurately simulated within the finite element methodology using the
discrete BWFM as well as the continuum model. Herein, the submodelig technique is introduced to
analyse the onset of local buckling.
Chapter 4 discusses the numerical results obtained using both modelling techniques. For each
system configuration, the pipeline response is evaluated in terms of strains, ovalization, section
loads, soil reaction, displacements and elongations. Secondly, the pipeline performance in terms of
the 3% strain limit state, 15% ovalization and local buckling is represented in function of the fault
inclination angle for each soil condition, cover depth, pipe diameter to thickness ratio and internal
3
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pressure. Then, the obtained numerical results are accurately compared between each other as well
as recent research literature data, giving a better understanding of the mechanical response of soilpipeline system under strike-slip faulting. Finally, a series of recommendations are proposed to
improve the seismic design of buried steel pipelines crossing active faults.
Chapter 5 summarizes the findings of the research work in terms of contributions to the state of the
art of the seismic design of buried steel pipelines, including future outlooks.
Appendix A reports the evolution of the pipeline response along its axis terms of axial strain,
displacement and force for different levels of the internal pressure and applied displacement in
tension as well as in compression, in the case of infinite and finite anchor length (150m).
Finally, Appendix B reports the structural response of the soil-pipeline system in terms of strains,
cross-section ovalization, displacements, elongations and loads, for all the pipe-soil system
configurations analysed in the present study.

4
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2. State of art of seismic vulnerability and design of buried steel pipelines

2.1. Seismic vulnerability of buried pipelines at fault crossings
Many technical publications worldwide have documented the earthquake induced damage of buried
pipelines and the dramatic consequences for the community, such as destructive fires (1906 San
Francisco, 1995 Kobe), breakdown of water supply (1985 Mexico City, 1999 Taiwan), epidemics
(2001 El Salvador) and even political destabilisation of a country (1972 Managua) (Flores-Berrones
and Li Liu, 2003; O'Rourke and Liu, 1999).
For example, during the San Francisco Earthquake in 1906, the Pilarcitos 30'' × 3/16'' jointed iron
pipeline suffered over 29 breaks north of San Andreas Reservoir where the pipeline was constructed
parallel to the strike-slip fault of San Andreas. The fault displacement measured from 3.6m to 5.6m,
inducing tensile and compressive strains on the pipe that led either to pull-out tearing or telescoping
failure, as illustrated in Figure 1. Over three months were necessary to restore the pipeline, and the
general lack of water in the post-earthquake phase was the primary reason for the fire spread in the
region (O'Rourke et al., 1988; Eidinger, 2004; Eidinger et al., 2006).
Following the San Fernando earthquake in 1971, with a local Richter magnitude of 6.4, over
2400 breaks in water, natural gas and sewer pipelines were reported at the fault crossing area. In
particular, the Line 115 constructed in 1926 along the Glenoaks Boulevard, consisting of a welded
steel 16'' × 1/4'' pipeline buried in silty sand and gravel at depths of 1.2m to 1.8m, with a maximum
operating pressure of 2.4MPa, suffered 52 breaks, predominantly at welds. About twelve explosion
craters were formed by the sudden release of high pressure gas following tensile failures at the
welded joints or severe compressive wrinkling as illustrated in Figure 2.2-b). Subsequently, sixty
seven percent of the total length of the gas distribution pipeline at the Sylmar Segment of the San
Fernando fault area was substituted, as reported by McCaffrey and O'Rourke (1983).
Certainly, one of the best documented case studies of buried steel pipeline damaged by seismic
induced fault movement is the Thames Water Pipeline following the 1999 Izmit earthquake in
Turkey (Eidinger, 2001; O'Rourke and Liu, 2012).

Figure 2.1 - Failure of Pilarcitos 30 inch pipeline at the San Andreas fault following the 1906 San Francisco
Earthquake: a) Plan view of the pipeline damage from Fault Movement (O'Rourke et al., 1988); b) Pilarcitos 30 inch
pipeline pulled apart 2 feet; c) Pilarcitos 30 inch pipeline telescoped (Eidinger et al., 2006).
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a)

b)

Figure 2.2 - San Fernando Earthquake in 1971: a) Plan view of the failures and explosion craters for gas transmission
pipelines (McCaffrey and O'Rourke, 1983); b) Buckled section of the steel pipe (16inch diameter; 1/4 inch thickness)
buried about 6 feet under the Glenoaks Avenue near Hubbard Street and containing gas for domestic use, at maximum
operating pressure of 2.4MPa (Dikkers et al., 1996).

The Thames water pipeline had been installed only a year before the 1999 Earthquake in Turkey
and crossed the Spanca segment of the North Anatolian fault between the towns of Kullar and Izmit
as llustrated in Figure 2.3. It was made of API Grade B Steel material, having a diameter of 2.2m,
thickness 18mm (D/t=122), operating pressure of 10 bar and designed with a cover depth from the
surface of the soil to the top of the pipeline ranging between 1.335 to 1.775m (Eidinger et al.,
2002).

Figure 2.3 - Map of the Thames water pipeline and the North Anatolian fault (Eidinger et al., 2002)

The pipeline was subjected to about 3m of right-lateral strike-slip fault offset at the north Anatolian
fault oriented at an angle θ=55.5° with respect to the pipe axis, resulting in 1.70m of longitudinal
compressive shortening and 2.47m of transverse offset, as illustrated in Figure 2.4. The days
following the earthquake the pipe was exposed in the fault area and a manhole was cut into the
pipeline permitting to observe the extent of damage.
6
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Figure 2.4 - Pipeline and fault orientation after the Izmit earthquake (Eidinger et al., 2001)

The pipeline wrinkled at three locations due to excessive compression, as reported by Eidinger
(2001):
1) a major wrinkle at station 1+320, just southeast of the fault trace,
2) a second major wrinkle at station 1+337, northwest of the fault and distant about 17,6m
from the first major wrinkle,
3) a third minor bend at station 1+349, due to high bending moments, with the pipe behaving
like a beam on elastic foundation.
The two major wrinkles at stations 1+337 and 1+320 were folded at a depth of about 200mm which
resulted in a reduced net cross sectional area of the pipeline with consequent reduction in flow
capacity due to the increased friction losses at higher flow rates. Moreover, the observed distance
between the two main wrinkles is about eight times the pipeline diameter and they are located
asymmetrically with respect to the fault trace, presumably because of the different soil stiffness at
each side of the fault.

7
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The severely wrinkled pipe leaked at about 1% of its flow capacity, nevertheless it was maintained
in service for the following 7.5 months and then replaced with two parallel pipelines in order to
restore the original flow capacity of the system (Eidinger et al., 2001; O'Rourke and Liu, 2012).
The Chi-Chi earthquake on September 21 1999 in Taiwan of 7.6 magnitude severely damaged
the buried water pipeline system that failed in supplying the Taiwan residents with water for
drinking and fire protection, consequently threatening their safety.
The earthquake was triggered by the Tamaopu-Shuangtung and Chelungpu faults traversing the
country, as schematically illustrated in Figure 2.5-a. In particular, the enormous Chelungpu fault
(about 105 km long), resulted in a large thrust fracture, ranging from 4m to 10 m in different
locations, thus totally destroying the surrounding infrastructure. For example, the water pipeline
near the Shigang dam of 2m diameter, 20mm thickness and buried at about 3.4m, was torn up by
the reverse-slip fault offset of 3m vertical, 1.51 m axial shortening and 6.87m lateral displacement,
as shown in Figure 2.5b. The soil conditions at both sides of the fault were the same and the intense
compression loading induced the formation of two buckles on the pipeline, symmetrically located
with respect to the fault trace (Liu et al, 2004b, Tsai et al, 2000).

Figure 2.5 - a) Map of Tamaopu-Shuangtung and Chelungpu faults triggering the Chi-Chi (Taiwan) Earthquake on
September 21, 1999 (Tsai et al, 2000); b) Deformed cross-section of the Shigang water pipeline damaged by the
Chelungpu fault movement (Liu et al, 2004).

2.2. State of art of international seismic design guidelines of pipelines
Both permanent ground deformation (PGD) and transient ground deformation (TGD) effects are
considered within the modern seismic design codes regarding the pipeline systems (Suzuki et al.,
2008; Suzuki, 2008; Japan Gas Association, 2000; Suzuki and Toyoda, 2002; Barbas and Weir,
2007; Calvi and Nascimbene, 2011).
The main international codes that govern the seismic design of buried pipelines (Calvi and
Nascimbene, 2011) are:
• UNI EN 1998-4 (2006), "Design of structures for earthquake resistance, Part 4: Silos, tanks
and pipelines", EN1998-4: in particular the section 6 and the appendix B give general rules
for the seismic design of the buried pipelines;
• ALA (American Lifelines Alliance) "Guidelines for the design of buried steel pipe", FEMAASCE 2001, regarding the design of buried steel pipeline systems; in particular the seismic
action is synthetically described in the chapter 11. The pipeline for the water transport
8
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follow the ALA 2005 "Seismic design of water pipeline"; to these should be added the ALA
2002 “Seismic design and retrofit of piping systems”;
• FEMA 233 (Federal Emergency Management Agency), “Earthquake resistant construction
of gas and liquid fuel pipeline systems serving or regulated by the federal government”,
1992: it reports the state of art regarding the effects of past earthquakes (San Francisco
1906, Kern County in California 1952, Niigata in Japan and Alaska 1964, San Fernando in
California 1971, Miyiaagi-ken-oki in Japan 1978, Nihonaki-Chuba in Japan 1983) on the
pipeline systems, the existing codes and on the possible interventions during the design
phase;
• FEMA 450 (Federal Emergency Management Agency), “NERPH recommended provisions
for seismic regulations of new buildings and other structures, Part 1: Provisions and Part 2:
Commentary”, 2003;
• International Building Code, IBC 2009.
Moreover, the following guidelines provide a comprehensive guidance for the seismic design of
buried pipelines:
• ASCE “Guidelines for the seismic design of oil and gas pipeline systems”, 1984. The fourth
chapter considers in general the safety requirements, the seismic input, the pipe-soil
interaction and the analysis type; The chapters 5 and 6 deal with the buried pipelines
subjected by elastic and permanent deformations respectively. In addition the section 7.8 of
the ASCE 2009 “Buried flexible steel pipe” n. 119 must be taken into account;
• IITK-GSDMA “Guidelines for seismic design of buried pipelines, previsions with
commentary and explanatory examples” (Indian Institute of Technology Kanpur) 2007;
• JSCE (Japan Society of Civil Engineers), “Earthquake resistant design codes in Japan”
2000, with particular reference to the sixth chapter “Recommended practices for earthquake
resistant design of gas pipelines”;
• PRCI (Pipeline Research Council International), “Guidelines for the seismic design and
assessment of natural gas and liquid hydrocarbon pipelines” 2004;
• Guidelines for the seismic evaluation and upgrade of water transmission facilities, ASCE
Technical Council on Lifeline Earthquake Engineering, Monograph N. 15.
Generally, a two tier design approach is considered in the modern seismic design codes to ensure
the seismic integrity of pipelines for the following ground motion levels (Barbas and Weir, 2007):
• the Strength Level Earthquake (SLE) which is a lower intensity earthquake that has a return
period in the range 100-200 years. In order to meet the performance requirements of the
SLE, the pipelines and critical pipeline facilities should withstand seismic shaking and
permanent ground movements without significant damage and with minimal interruption of
normal operations.
• the Ductility Level Earthquake (DLE) which is a rare, intense earthquake that has a mean
return period on the order of 1000-2000 years. Following the design performance objectives
for the DLE, the pipeline facilities should survive seismic shaking and ground movements
without leaks, collapse, loss of life, significant damage to the environment, but with a
distinct possibility of damage that would interrupt operation and require repairs. Moreover
the functionality of essential control, communications and emergency systems should be
maintained without interruption during and after a DLE event.
The maximum displacement caused by an SLE is on the order of few centimetres while that of a
DLE may be several tens of centimetres. Seismic design of buried pipelines based on the limit state
methods, must follow analytical and modelling procedures which adequately account for the pipesoil interaction under PGD and TGD movements.
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2.2.1. Transient Ground Deformation (TGD)
The transient ground deformation (TGD) results from seismic wave propagation which generally
includes the body waves and the surface waves. Body waves are generated by seismic faulting and
propagate through the earth while, for the simplest case, surface waves are generated by the
reflection and refraction of body waves at the ground surface.
The body waves include the compressional waves (P waves) and shear waves (S waves). The P
waves are the fastest body waves and generate alternating compressive and tensile ground strain
parallel to the direction of propagation. The S waves cause the material particles to oscillate
perpendicular to the direction of propagation. For body waves only the S waves are considered
since they carry more energy and tend to generate larger ground motion than P waves.
The surface waves situation is more complex. Reyleigh and Love waves are two main types of
surface waves generated by earthquakes. The Love waves (L waves) cause horizontal movement of
ground along a horizontal line perpendicular to the direction of propagation. The Reyleight waves
(R waves) induce ground particles to oscillate in an elliptical path in the vertical plane along the
direction of the travelling wave. It is noted that if the R waves are present, they occur after the
arrival of the body waves. For surface waves only R waves are considered since they induce axial
strain in the pipeline significantly higher than the bending strain induced by L waves (Barbas and
Weir, 2007; O'Rourke and Liu, 1999; IITK-GSDMA, 2007).
As the pipelines are typically buried horizontally at shallow depth (1-3 m) below the ground
surface, it is important to evaluate the apparent propagation velocity of both body waves and
surface waves. Since the body waves attenuate with distance more rapidly compared to the surface
waves, the design standards consider velocity of the S waves for the sites within the epicentral
distance of 5 times the focal depth; while the velocity of Rayleigh wave (R-wave) is considered for
sites having epicentral distance more than 5 times the focal depth, as schematically illustrated in
Figure 2.6.

Figure 2.6 - Considerations for S-wave and R-wave in the pipeline design (IITK-GSDMA, 2007).

If the pipe is sufficiently flexible with respect to the surrounding ground, it does not interact
significantly with the ground and thus undergoes the same deformations that, according to the
Newmark model, are longitudinal and transversal (Newmark, 1967; CEN, 2006). In order to
estimate the ground strain and curvature, Newmark developed a simplified procedure based on a
sinusoidal wave travelling with an apparent speed Capparent in the x direction:

x 
U g ( x, t ) = Dmax sin ω  t −
 C

apparent 


(2.1)

where Dmax is the peak ground displacement and ω is the frequency of oscillation.
Therefore the ground strain which is the derivative of the longitudinal displacement with respect to
distance is given by:

ε g ( x, t ) =
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∂U g
∂x

=−

ωDmax
Capparent


x 
cos ω  t −
 C

apparent 


(2.2)
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whose maximum value is:

ε max =

Vmax
Capparent

(2.3)

where Vmax=ωDmax represents the design wave propagation velocity which can be calculated as:
Vmax = PGV × I p

(2.4)

where PGV is the peak ground velocity expected at the site and Ip is the importance factor based on
the class of pipeline and seismic hazard, as specified in Table 2.1:
Table 2.1 - Importance factor for different classes of pipeline Ip (Calvi and Nascimbene, 2011).
Class of pipeline
Wave propagation
Faulting
Landslide
I
0.8
0.8
0.8
II
1.0
1.0
1.0
III
1.2÷1.25
1.2÷1.5
1.2÷1.35
IV
1.5÷1.6
2.3
1.5÷1.6

where,
1) Class I refers to situations where the risk to life is low and the economic and social
consequences of failure are small or negligible;
2) Class II refers to situations with medium risk to life and local economic or social
consequences of failure;
3) Class III refers to situations with a high risk to life and large economic and social
consequences to failure;
4) Class IV refers to situations with exceptional risk to life and extreme economic and social
consequences to failure.
Similarly, the ground curvature, which is the second derivative of the longitudinal displacement
with respect to distance, is given by:

χ g ( x, t ) =

∂ 2U g
∂x

2

=−

ω 2 Dmax
C

2
apparent


x 
sin ω  t −
 C

apparent 


(2.5)

whose maximum value is:

χ max =

Amax
2
Capparent

(2.6)

where Amax=ω2Dmax is the peak ground acceleration perpendicular to the direction of the wave
propagation.
Since bending strain in a pipe due to wave propagation is typically a second order effect, only the
longitudinal axial strains are considered to assess the pipeline integrity against seismic wave
propagation.
It results evident from the expressions (2.3) and (2.6) that the apparent wave propagation velocity is
determinant for calculating the strain in the pipe induced by seismic waves. The wave apparent
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velocity is defined as the horizontal propagation velocity with respect to the ground surface, as
illustrated in Figure 2.7.
a)

b)

Figure 2.7 - Schematic representation of apparent seismic wave propagation of a) S wave and b) R wave (IITKGSDMA, 2007).

The apparent wave propagation velocity for the S waves is calculated as:
Cs _ apparent =

Cs
sin θ

(2.7)

where Cs is the wave propagation velocity of S wave and θ is the angle of incidence of the S wave.
If there is an angle γ in the horizontal plane between pipe axis and the direction of wave
propagation, the component of the ground motion parallel to the pipe axis is:

Cs _ apparent =

Cs
sin θ cos γ

(2.8)

Moreover it is noted that the ground strain is maximum for θ = γ = 45°:

ε max, s =

Vmax
2Cs

(2.9)

For the R waves, the horizontal component of the ground motion is parallel to the propagation path
and thus will generate axial strain in a pipe laying parallel to the direction of wave propagation,
whose maximum value is given by:

ε max, r =

Vmax
Cr

(2.10)

where Cr is the phase velocity of R wave.
Since the R waves always travel parallel to the ground surface, the apparent propagation velocity
Cr_apparent is equal to the phase velocity Cr which is a function of the variation of the shear wave
velocity with depth and, unlike the body waves, is also a function of frequency:
Cr _ apparent = λf

(2.11)

In order to determine the relative strain/displacement between two stations located along the
pipeline and separated by a distance Ls, M. O’ Rourke suggests to consider a wave length equal to
four times their separation distance. Instead many current design codes assume λ = 1.0 km in
absence of detailed information (IITK-GSDMA, 2007; ALA, 2001).
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The calculation of R wave phase velocity is complicated and a simplified procedure proposed by M.
O’Rourke for determining the dispersion curve for layered soil profiles is generally utilized
(O'Rourke and Liu, 1999; IITK-GSDMA, 2007). The normalized dispersion curve for a uniform
layer of thickness Hs, with shear wave velocity CL and Poissons ratio νL, over a half space with
shear wave velocity CH and Poisson’s ratio νH is shown in Figure 2.8.

Figure 2.8 - Normalised dispersion curve for a single layer over a half space (Chen and Scawthorn, 2002).

It is observed that at low frequencies ( Hsf/CL≤0.25), the wavelength is large compared to the layer
thickness and the phase velocity results slightly less than the shear wave velocity of the stiffer half
space. Conversely, at high frequencies ( Hsf/CL>0.5), the wave length is comparable to or smaller
than the layer thickness, and the phase velocity is slightly less than the shear wave velocity of the
layer.
The dashed lines in Figure 2.8 represent the approximated relationship (2.12) of the dispersion
curve for an arbitrary single layer over a half space:

Cr _ apparent

0.875CH ,


0.875CH −C L  H s f


= 0.875CH −
− 0.25 ,
0.25
 CL


C ,
 L

Hs f
≤ 0.25
CL
0.25 ≤

Hs f
≤ 0.50
CL

(2.12)

Hs f
≥ 0.50
CL

This technique can be extended to multiple soil layers, as described in detail in O'Rourke and Liu,
1999; O'Rourke et al., 1984.
According to the Newmark model, no relative displacement was assumed to occur at the pipe-soil
interface and thus the pipe strain was considered equal to the ground strain. However for large
ground motion, slippage typically occurs at the pipe soil interface resulting in pipe strain somewhat
less than the ground strain.
As schematically shown in Figure 2.9, assuming an uniform frictional force per unit length tu at the
soil-pipe interface, the maximum strain induced in the pipeline by friction is given by:

εa =

tu λ
4 AE

(2.13)
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where A is the cross sectional area of the pipe, E is the modulus of elasticity of the pipe material
whereas λ is the apparent wavelength of seismic waves at ground surface.

Figure 2.9 - Friction strain model for wave propagation effects on buried pipelines (Chen and Scawthorn, 2002).

Therefore the axial deformations εmax,s and εmax,r induced by S and R waves respectively should not
exceed the maximum strain induced in the pipeline by friction εa (2.13).
For the case of R waves which typically generate larger ground strains when they are present in a
ground motion record, some modern design codes (IITK-GSDMA, 2007; ALA, 2001) have recently
recommended using Cph=500 m/s and λ=1.0 km in the equations (2.10) and (2.13) respectively.
It is assumed that the onset of local buckling in a steel pipe occurs when the strain is equal to the
following expression:

ε cr = 0.175

t
R

(2.14)

where t is the pipe wall thickness and R is the pipe radius (Calvi and Nascimbene, 2011; IITKGSDMA, 2007; ALA, 2005).
Moreover, the maximum ground strain induced by seismic wave propagation is approximately
0.4%, for a soil layer with a natural period of 0.7, as indicated in the Japanese design standard
(Japan Gas Association, 2000; Barbas and Weir, 2007; Fujita et al., 2008). Clearly, if the ground
strain exceeds the strain limit given by the expression (2.14), the steel pipe buckles locally. In this
case, the friction between the pipe and the surrounding soil should be minimised, i.e. by using an
appropriate pipe coating or wrapping. Polyethylene wrapping is commonly used for corrosion
protection which is also useful in reducing frictional pipe-soil interaction (IITK-GSDMA, 2007).
Another method for reducing the soil-pipeline interaction is using light weight backfill (i.e.
expanded polystyrene) instead of dense backfill, as schematically indicated in Figure 2.10 (Barbas
and Weir, 2007; Suzuki and Sakanoue, 2011).
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Figure 2.10 - Axial strain in pipe resulting from seismic wave propagation (Barbas and Weir, 2007).

2.2.2. Permanent Ground Deformation (PGD)
2.2.2.1. PGD due to landslides and liquefaction induced lateral spreading
The pipeline may cross the PGD zone in any arbitrary direction, however the pipe response due to
PGD is typically examined for two critical conditions such as parallel crossing and perpendicular
crossing as shown in Figure 2.11.
a)

b)

c)

Figure 2.11 - Permanent Ground Deformation: a) oblique crossing, b) longitudinal crossing, c) perpendicular crossing
(IITK-GSDMA, 2007).

When the pipeline is subjected to ground displacement parallel to its pipe axis, the design ground
displacement in longitudinal direction is given by:

δ Ld = δ L I p

(2.15)

where Ip represents the importance factor based on the classes of pipeline, as indicated in Table 2.1,
while the spatial extent of the PGD zone is defined by the length L, width W and maximum
longitudinal ground displacement δL, as shown in Figure 2.11-b and Figure 2.12-a.
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a)

b)
Final Soil Position

Initial Soil Position

Pipeline

PGD

Final Soil Position

PGD

Width of PGD zone (W)

Width of PGD zone (W)

Initial Soil Position

δL (1−cos 2wπx )

δL

Pipeline
Length of PGD zone (L)
Length of PGD zone (L)

PGD

δL

x

x

Figure 2.12 - Pipe response to PGD: a) in the longitudinal pipe direction and b) normal pipe direction.

Generally, two types of inelastic models are used for buried pipelines subjected to a block pattern of
longitudinal PGD, as first suggested by O’Rourke (O'Rourke and Liu, 1999):
1) Case 1: The amount of ground movement δ Ld is large and the pipe strain is controlled by the
length L of the PGD zone, as illustrated in Figure 2.13-a. Then the maximum axial strain in the
pipe can be calculated as:
t L 
n  tu L 
1+
ε a1 = u
2πDtE  1 + r  2πDtσ y 


r






(2.16)

where L is the length of the permanent ground deformation zone, σy is the yield stress of pipe
material, n and r are the Ramberg-Osgood parameters, E is the modulus of elasticity of the pipe
material, tu is the peak friction force per unit length of pipe at soil pipe interface, D is the
outside diameter of the pipe and t is the thickness of the pipe.
2) Case 2: The length L of PGD zone is large and the pipe strain is controlled by the amount of the
ground movement δ Ld , as illustrated in Figure 2.13-b. Then, the peak pipe strain for both tension
and compression can be calculated as:

ε a2

 t L
t u Le 
1 + n  u e
=
πDtE  1 + r  πDtσ y







r






(2.17)

where, Le is the effective length of the pipeline over which the friction force tu acts, and can be
evaluated from the following equation:
t L2   2  n  tu Le 
= ∫ ε a dx ⇒ δ = u e 1 + 


2
πDtE   2 + r  1 + r  πDtσ y 
0


δ Ld

Le

d
L

r






(2.18)

The design value of axial deformation due to the earthquake is given by:
d
ε seismic
= min(ε a1 , ε a 2 )
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a)

b)

Figure 2.13 - Inelastic model for longitudinal PGD a) Case 1; b) Case 2 (O'Rourke and Liu, 1999).

Instead, when subjected to transverse ground deformation, a continuous pipeline stretches and
bends as it attempts to accommodate it. The design ground displacement in transverse direction can
be calculated as:

δ Td = δ T I p

(2.20)

where δT is the maximum transverse ground displacement and Ip is the importance factor of the
pipeline, as indicated in Table 2.1.
According to the model proposed by O’Rourke and Liu (O'Rourke and Liu, 1999), a cosine function
is assumed to define the transverse PGD profile (see Figure 12-b) and two cases are considered to
calculate the maximum bending deformation, as illustrated in Figure 2.14.

Figure 2.14 - Analytical model for pipeline subjected to spatially distributed transverse PGD (O'Rourke and Liu, 1999).

1) Case 1: For large width of PGD zone, the pipe behaves like a flexible cable (i.e. negligible
flexural stiffness) and its strain is assumed to be mainly due to the ground curvature (i.e.
displacement controlled). The maximum bending strain εb1 in the pipe, is given by:

ε b1= ±

π 2 Dδ Td
W2

(2.21)

where D is the outside diameter of the pipe, δ Ld is the design transverse ground displacement, t
is the thickness of the pipe and W is the width of the PGD zone.
2) Case 2: For a narrow width, the pipeline is relatively stiff and behaves like a beam fixed at both
margins, and its strain is assumed to be due to loading at the soil-pipe interface (i.e. loading
controlled). The maximum strain in the pipe is given by:
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PuW 2
3πEtD 2

ε b 2= ±

(2.22)

where Pu is the maximum lateral resistance of the soil per unit length of the pipe and E is the
modulus of elasticity of the pipe material.
The design value of bending deformation due to the earthquake is given by:
d
ε seismic
= min (ε b1 , ε b 2 )

(2.23)

Lastly, the maximum pipe strain occurs at a certain width of the PGD zone Wcr which can be
estimated by setting the expression (2.21) equal to the expression (2.22) with δ =δmax:

Wcr = 4

3π 3 EtD 3δ Td
Pu

(2.24)

2.2.2.2. Buoyancy due to liquefaction
When the pipe is buried in saturated sand, the soil surrounding the pipe may liquefy during strong
seismic shaking. Consequently the pipe may deform laterally following the flow of liquefied soil
down a slope or move upward due to buoyancy, as schematically illustrated in Figure 2.15. The net
upward force due to buoyancy is given by the following expression:

Pup =

πD 2
4

(γ soil − γ content ) − πDtγ pipe

(2.25)

where γsoil, γcontent, γpipe are the weight per unit volume of soil of liquefied soil, pipe content and pipe
respectively.
d
For relatively short sections of buried continuous pipeline, the bending stress σup and strain ε seismic
induced by buoyancy forces can be calculated using the following expressions (Calvi and
Nascimbene, 2011; O'Rourke and Liu, 1999):

σ up =

ε

d
seismic

Z=

Pup L2L

(2.26)

10 Z

σ up 

σ 
1 + n  up 
=±
E  1 + r  f y 


π D 4 − (D − 2t )4
32

r






(2.27)

(2.28)

D

where LL is the length of pipe span in the buoyancy zone and Z is the section modulus of the pipe
cross section.
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Figure 2.15 - Resultant buoyancy load on pipe (IITK-GSDMA, 2007; ASCE, 2001).

A pipe surrounded by liquefied soil is much less likely to be damaged by spatially disturbed
transverse PGD as compared to a non liquefied soil, for the same amount of PGD and width of the
PGD zone (O'Rourke and Liu, 1999). Therefore, for design purposes, it is conservatively assumed
that a pipe subjected to spatially distributed transverse PGD is located in a competent non liquefied
soil overlaying the liquefied layer.

2.2.2.3. Surface faulting
Faulting consists in seismic induced PGD associated with the relative displacement of adjacent
parts of the earth's crust. Faults are classified according to the direction of motion as strike-slip,
normal-slip and reverse-slip, as schematically illustrated in Figure 2.16. If the normal or reverse
fault occurs in combination with the strike-slip fault it is termed oblique fault.
a)

b)

c)

Figure 2.16 - Fault movement classification: a) normal, b) strike-slip, c) reverse (Calvi and Nascimbene, 2011).

Specifically, a pipeline crossing a normal fault or a strike-slip fault with an acute angle of
intersection between the fault trace and the pipe axis β (see Figure 2.17) is subjected to bending and
axial tensile force and thus can reach failure due to tensile rupture. Instead, a pipeline crossing a
reverse fault or a strike-slip fault with an obtuse angle of intersection between the fault trace and the
pipe axis β is subjected to bending and axial compressive force and therefore can reach failure due
to buckling (O'Rourke and Liu, 1999).
The vulnerability of the buried pipelines to fault offset is strongly influenced by the amount of the
fault displacement and the pipe-fault intersection angle.
The magnitude of fault displacement depends mainly on the type of fault, size of earthquake, focal
depth and geology. In absence of rigorous data of the expected fault displacement, the relationships
introduced by Wells and Coppersmith (1994) may be used:
log δ fs = −6.32 + 0.90 M , for strike-slip fault;

(2.29)
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log δ fn = −4.45 + 0.63M , for normal fault;

(2.30)

log δ fr = −0.74 + 0.08M , for reverse fault;

(2.31)

log δ fb = −4.80 + 0.69 M , for a blind fault (i.e. poorly known fault).

(2.32)

where δfs, δfn, δfr, are the average fault displacements of the strike-slip, normal and reverse fault
respectively expressed in meters, whereas M is the moment magnitude of the earthquake. According
to Wells and Coppersmith, the observed fault displacement varies from 0.05 to 8.0 m for strike slip
faults, 0.08 to 2.1 m for normal faults and 0.06 to 1.5 m for reverse faults (Calvi and Nascimbene,
2011; IITK-GSDMA, 2007; Wells and Coppersmith, 1994).
a)

b)

Figure 2.17 - Pipeline crossing: a) Strike slip and b) normal slip fault (IITK-GSDMA, 2007).

As shown in the figure 2.17-a, for a strike slip fault, the components of the fault displacement δfax
and δftr in the axial and transverse direction of the pipeline respectively are given by:

δ fax = δ fs cos β

(2.33)

δ ftr = δ fs sin β

(2.34)

Whereas, for a normal fault (Figure 2.17-b), the components of the fault displacement δfax, δftr and
δfvt in the axial, transverse and vertical direction of the pipeline respectively can be calculated by:

δ fax = δ fn cosψ sin β

(2.35)

δ ftr = δ fn cosψ cos β

(2.36)

δ fvt = δ fn sinψ

(2.37)

where β is the angle of intersection between the fault trace and the pipe axis while ψ is the dip angle
of the fault.
Moreover, in reverse faults, the displacement components are evaluated as in the normal slip fault,
but with a negative slip. Instead for oblique faults, the strike-slip displacement and normal-slip
displacements can be added algebraically in the axial, transverse and vertical direction of the
pipeline axis.
d
d
, δ dftr and δ fvt
along the axial, transverse and vertical direction
The design fault displacements δ fax
of pipeline respectively are given by:
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d
δ fax
= δ fax I p

(2.38)

d
δ ftr
= δ ftr I p

(2.39)

d
δ fvt
= δ fvt I p

(2.40)

where Ip is the importance factor, as indicated in Table 2.1.
The average pipe strain due to fault crossing, on the bases of the Newmark and Hall model
(Newmark and Hall, 1975), can be calculated as:

( ) ( )

d
d
d
1 δ fax 1 δ ftr + δ fvt
ε =
+
2 La 8
L2a
2

2

(2.41)

where La is the unanchored pipe length shown in Figure 2.17, given by:
La = min(L'a , L"a )

(2.42)

where L’a is the distance from any anchorage point provided by bends, elbows or intersections near
the fault zone, while L”a is the effective unanchored length of the pipeline, where the axial restraint
to the pipe is provided by the soil-pipe friction only:

L' 'a =

Eε yπDt
tu

(2.43)

being tu the ultimate friction force acting in axial direction of the pipe, εy the yield strain of the
material, E the Young modulus of pipe material, D the diameter of the pipe and t its thickness.
Further improvements of the Newmark and Hall (Newmark and Hall, 1975) relationship (2.41) have
been developed in subsequent works (Kennedy et al., 1977; Wang and Yeh, 1985; Takada et al.,
2001; Karamitros et al., 2007, Trivonov and Cherniy, 2010).
The procedure based on the Newmark and Hall model (Newmark and Hall, 1975) described above,
allows a first order approximation of the design values, however a non linear finite element based
analysis is recommended for detailed analysis and design (IITK-GSDMA, 2007).
In order to reduce the risk of a pipeline at fault crossing, it is highly recommended to orient the
pipeline in such a way to avoid compression that can lead to buckling failure with consequent
material leakage. Moreover, in the zone of fault crossing, pipelines should be laid in relatively
straight and uniform section, avoiding sharp changes in direction, elevation or in wall thickness as
well as other stress concentrators. The points of anchorage such as bends, elbows and flanges
should be provided away from the fault zone to the extent possible, in order to allow the pipeline to
conform to the fault movement with a minimum strain level. In addition, a hard and smooth pipe
wrapping (i.e. epoxy coating), or a suitable backfill soil (i.e. loose to medium granular soil) may be
used near the fault zones in order to minimize the soil restraint on the pipeline during the fault
displacement (IITK-GSDMA, 2007).

21

Chapter 2
2.3. Current technical assessment of the soil-pipeline interaction
The earthquake induced ground movements generate normal and friction forces at the soil-pipe
interface with consequent demand of axial forces, bending moment and associated strains in the
buried pipeline. Thus, the seismic performance of buried pipelines is strongly dependent on the
nature of the soil-structure interaction and resulting force-displacement relationship at the soil-pipe
interface, commonly referred to as 'soil springs' or 'p-y curves' by the structural and geotechnical
engineers. For analysis purposes, ground deformation with respect to the pipeline axis, is usually
decomposed into a longitudinal and transverse component, the latter being further decomposed into
separate transverse-horizontal and transverse-vertical component. Regarding the latter, distinction
must be made between the cases of upward and downward pipe movement, since the associated
interaction forces are typically much lower in the former case.
Another important distinction needs to be made between the pipeline buried in competent nonliquefied soil and pipelines embedded in a liquefied soil layer.
For the design of buried pipelines in competent non-liquefied soil, the interaction relations are
established following the prescriptions of the American guidelines (ASCE 1984; ALA 2001; PRCI
2004; ALA 2005) who were the first to present these relations in a comprehensive and user friendly
framework. They are based on the experimental and analytical investigations conducted in pipes
and other geotechnical systems like piles, anchor plates or strip footings, typically characterised by
simple two-dimensional loading conditions.
Within these guidelines, the force-displacement relationship of the aforementioned soil springs is
defined for simplicity in terms of elasto-plastic functions, and thus uniquely determined by the
corresponding force and displacement value at yield, as schematically illustrated in Figure 2.18.
Therefore, in order to evaluate the structural response of the pipeline under ground movement, the
pipeline is modelled as a beam, while the soil restraint in each orthogonal direction, is suitably
represented by nonlinear independent springs lumped at discrete location along the pipeline.
Depending on the analysis type, the seismic induced ground displacement profile is imposed at the
base of the soil springs, and the resulting pipe and soil deformation state is gradually established
(Bai and Bai, 2005).

Figure 2.18 - Idealized representation of a buried pipeline as a nonlinear Winkler foundation model and corresponding
nonlinear soil springs (ASCE, 2001).

2.3.1. Axial Soil Spring Model
Relative soil-pipeline movement in the longitudinal direction results in the development of friction
stresses at the soil-pipe interface, in function of the soil conditions and the pipe external coating
characteristics. Within the 1984 ASCE guidelines, the axial force-displacement relationships are
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provided in terms of elasto-plastic functions for the case of sand and clay materials, similarly to the
procedure already developed for assessing the load transfer at the pile interface with the
surrounding soil.
In the case of cohesionless material like sand, the longitudinal resistance to the pipe movement σt is
due to friction interaction at the soil-pipe interface, in function of the interface angle of friction
between pipe and soil δ and of the normal pressure σn. The latter is taken as the average of the
vertical (σv0) and lateral (σh0) soil pressures at rest acting on the buried pipeline, as schematically
illustrated in Figure 2.19.

 σ h0 + σ v0 
 tan δ
2



σ t = σ n tan δ = 

(2.44)

Figure 2.19 Schematic representation of the normal and friction stresses acting on the soil-pipeline interface as a result
of the vertical and lateral soil pressures at rest.

Then, the maximum axial soil force per unit length of pipe tu is obtained by integrating the friction
stresses σt along the area of contact between the soil and the pipeline:

 σ (θ ) + σ v 0 (θ ) 
1 + K0 
1 + K0 
tu = ∫  h 0
 tan δRdθ = ∫ R
γ (H − R sin θ ) tan δdθ = πDγH 
 tan δ
2
2 

 2 
0
0 
2π

2π

(2.45)

where, D is the outer diameter of the pipe, γ is the effective unit weight of the soil, H is the depth to
pipe centerline, φ is the internal friction angle of the sand, K0 is the coefficient of lateral soil
pressure at rest (=1−sinφ, for normally consolidated soil).
Lastly, the interface angle of friction between pipe and soil δ is directly proportional to the internal
friction angle φ, according to a coating dependent factor f ≤1. If the outer surface of the pipeline is
very rough, slippage occurs at the soil-soil interface, directly beyond the soil-pipe interface, and
effective friction angle δ is equal to the soil friction angle φ (f =1). Otherwise, if the pipe external
surface is smooth, the slippage occurs at the soil-pipe interface with an effective friction angle δ
less than the soil friction angle φ (f <1). In Table 2.2 are indicated the values of f reported in the
ALA 2001 guidelines.
The peak longitudinal resistance has the same analytical form of other cohesionless soil springs,
being proportional to a “depth times density” term (γH), a geometry term (πD) and a dimensionless
term related to the soil friction angle φ, as already noted in O'Rourke and Liu (2012).
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Table 2.2 - Friction factor f for various external coatings (ALA 2001; O'Rourke and Liu 2012).
Pipe Coating
f
Concrete
1.0
Coal Tar Coating
0.9
Rough Steel
0.8
Smooth Steel
0.7
Epoxy Coated Polyethylene
0.6

Similarly to the procedure followed for evaluating the axial soil reaction in piles, the longitudinal
resistance for pipelines embedded in frictionless materials like clay tu, is proportional to the pipeline
diameter D, the soils undrained shear strength Su, and the adhesion factor α. The latter has been
firstly introduced within the ASCE 1984, as a decreasing function of Su, on the basis of tests and
studies conducted on piles.
tu = π ⋅ D ⋅ α ⋅ S u

(2.46)

An adhesion factor larger than one at the pipe interface is unrealistic since slip can occur at the
adjacent soil-soil interface, as noted in O'Rourke and Liu (2012). In Figure 2.20 are shown some
measured adhesion data from previous studies, as well as the adhesion factor curves recommended
within the 1984 ASCE and the 2001 ALA Guidelines. The latter curve represents an upper bound to
the measured data and is expressed within the 2001 ALA Guidelines as an equation that better fits
the plot illustrated Figure 2.20 (ALA 2001; O'Rourke and Liu 2012):

α = 0.608 − 0.123c'−

0.274 0.695
+
c' 2 +1 c'3 +1

(2.47)

where c' is given by the soil cohesion value c expressed in ksf or kPa/47.88 kPa.

Figure 2.20 - Plotted values for the adhesion factor, α (ALA, 2001).

The peak longitudinal resistance expressed in equation (2.46) has a similar analytical form to other
frictionless soil springs, being proportional to Su, a geometry term (πD) and a dimensionless term
(α). If a soil presents both cohesion and friction characteristics, then the peak longitudinal
resistance is given by the sum of the expressions (2.45) and (2.46):
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 1 + K0 
tu = πDγH 
 tan δ + π ⋅ D ⋅ α ⋅ S u
 2 

(2.48)

Instead, the recommended values of displacement at yield ∆u are 3mm, 5mm, 8 mm and 10 mm for
dense sand, loose sand, stiff clay and soft clay respectively (ALA 2001).

2.3.2. Transverse Soil Spring Model
Relative soil-pipeline movement in the horizontal plane orthogonally to the pipe axis, results in the
development of transverse-horizontal forces at the soil-pipe interface. Practically most of the tests
and numerical analysis for assessing the transverse-horizontal soil-pipe interaction have been 2D
plain strain. For example, in the Audibert and Nyman (1977) tests, a rigid pipe was embedded in a
soil box and subjected at its ends to a horizontal load applied by a hydraulic jack, recording the
correspondent horizontal pipe displacement. Furthermore, it was possible to inspection the soil mass
deformation during the tests through one of the large sides of the testing box, which was equipped
with a transparent plexiglass window. They observed that the soil failure mechanism depends on the
pipe depth-to-diameter ratio (H/D). Specifically, they reported for shallow burial depths (H/D<3),
the development of a logarithmic-spiral passive wedge in front of the pipe and a narrow nearly
vertical active zone in the back (O'Rourke and Liu, 2012; Audibert and Nyman, 1977). As
schematically illustrated in Figure 2.21, by solving the equilibrium in the vertical and horizontal
direction of the passive soil wedge, it is possible to determine the maximum lateral resistance Fmax
on a pipe with shallow burial in cohesionless material:

Fmax

γ

D
φ  sin β + µ cos β

= pu =  H +  tan  45o + 
2
2
2  cos β − µ sin β

2

(2.49)

where β =45°−φ /2 and µ=tanφ represent the wedge angle and soil friction coefficient respectively.

Figure 2.21 Simplified model for assessing the transverse soil spring in cohesionless soil at shallow burial depths
H/D<3 (O'Rurke and Liu 2012).
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Clearly, the maximum resistance in the expression (2.49) has the expected analytical form of a
depth times density term γ(H+D/2), a geometry term (H+D/2) and a dimensionless term related to
the soil friction angle φ.
For moderate burial depths (3≤H/D≤12), Audibert and Newman (1977) report the development of a
three wedge failure mechanism, with a front passive wedge, a central soil wedge at top of the pipe
and an active wedge behind the pipe, all extending from the pipe up to the ground surface, as
schematically illustrated in Figure 2.22-a. Instead, for deep burial depths (H/D>12), the passive
wedge degenerates into a confined zone of soil flow completely below ground, as schematically
illustrated in Figure 2.22-b.

Figure 2.22 - Soil failure mechanisms resulting from lateral movement of pipe: a) moderate burial depths (3≤H/D≤12)
and b) deep burial depths (H/D>12) (Audibert and Newman, 1977).

According to the 2001 ALA Guidelines, the maximum transverse-horizontal soil force per unit
length of the pipe in a general terrain with friction and/or cohesion characteristics, is estimated by
the following formula:
Pu = N ch cD + N qhγHD

N ch = a + bx +

(2.50)

c
d
+
≤9
2
(x + 1) (x + 1)3

(2.51)

( ) ( ) ( )

(2.52)

N qh = a + b( x ) + c x 2 + d x 3 + e x 4

where, Nch and Nqh are the horizontal bearing capacity factor of clay (zero for c=0) and sand (zero
for φ = 0 o ), respectively and are determined in terms of the angle of internal friction, H/D ratio and
several constant parameters, as shown in Table 2.3.
Factor
Nch
Nqh
Nqh
Nqh
Nqh
Nqh
Nqh
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Table 2.3 x
H/D
H/D
H/D
H/D
H/D
H/D
H/D

Parameters for the evaluation of Nch and Nqh (ASCE, 2001).
a
b
c
d
e
6.752
0.065
-11.063
7.119
-3
-5
2.399
0.439
-0.030
1.059 x 10
-1.754x 10
-3
-4
3.332
0.839
-0.090
5.606 x 10
-1.319 x 10
-3
-5
4.565
1.234
-0.089
4.275 x 10
-9.159 x 10
-3
-4
6.816
2.019
-0.146
7.651 x 10
-1.683 x 10
-3
-4
10.959
1.783
0.045
-5.425 x 10
-1.153 x 10
-3
-4
17.658
3.309
0.048
-6.443 x 10
-1.299 x 10
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The above equations represent an approximation to the results published in a graphical form by
Hansen (1961) for assessing the ultimate resistance of rigid piles against transversal forces, as
illustrated in Figure 2.23.

Figure 2.23 - Horizontal bearing capacity factor for sand Nqh and clay Nch (ALA 2001).

Instead, the displacement at yield ∆p can be determined by the following expressions, as indicated
in the 2005 ALA guidelines:
0.07

0.03
∆p = 
0.02

0.03

to 0.10(H + D 2 ) for loose sand

to 0.05(H + D 2 ) for medium sand
to 0.03(H + D 2 ) for dense sand

(2.53)

to 0.05(H + D 2 ) for stiff to soft clay

On the other hand, the 1984 ASCE Guidelines, adopt the horizontal bearing capacity factor for sand
proposed by Trautmann and T. O'Rourke (1985) for evaluating the maximum transverse-horizontal
soil resistance, as shown in Figure 2.24. The variation of the Hansen Nqh factor with H/D is similar

27

Chapter 2
to that of Trautman and O'Rourke for sands with φ=30°, but for sands with φ=45°, the Hansen
factors are more than twice compared to the Trautmann and T. O'Rourke factors for the same H/D
ratio (O'Rourke and Liu, 2012).

Figure 2.24 - Horizontal bearing capacity factor for sand as a function of depth to diameter ratio of buried pipelines
(O'Rourke and Liu 2012; ASCE 1984).

Recently, full scale buried pipe tests conducted at Cornell University and Rensselaer Polytechnic
Institute have shown that the actual soil-pipe behaviour is much more complex than the
abovementioned 2D plane strain experimental and analytical models. Ha et al. (2008) performed
different centrifuge tests for investigating the 3D behaviour of High-Density PolyEthylene (HDPE)
under fault displacement oriented at variable angle α with respect to the pipe axis. They observed
that the passive soil failure zone developed at each side of the fault was concentrated within about
3.5 pipe diameters (=1.5m) from the fault and consequently the soil springs far from that region
were weaker and more flexible than those close to the fault, as shown in Figure 2.25. They reported
that the peak resistance for locations close to the fault was reasonably consistent with the resistance
predicted form the 1984 ASCE Guidelines.

Figure 2.25 - p-y relationship of pipe–soil interaction for locations close and away from the fault (Ha et al., 2008).

Instead, the observed yield displacements were much larger than those recommended within the
guidelines. The reason for this was partially attributed to the fact that the total offset is a
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combination of an abrupt contribution near the fault and a shear type deformation within each
block, resulting in smaller soil displacement, as schematically illustrated in Figure 2.26.

Figure 2.26 - Schematic representation of the observed soil movement with respect to the pipe deformation (O'Rourke
and Liu, 2012; Ha et al., 2008).

2.3.3. Vertical Upward Soil Spring
Relative upward soil-pipeline movement orthogonally to the pipe axis, results in the development of
vertical forces at the soil-pipe interface. According to the 2001 ALA Guidelines, the vertical
upward peak resistance of soil per unit length of pipeline can be calculated by the following
equation:
Qu = N cv cD + N qvγ HD

(2.54)

H
N cv = 2  ≤ 10
D

(2.55)

 φH 
N qv = 
 ≤ Nq
 44 D 

(2.56)

φ

N q = eπ tan φ tan 2  45° + 
2


(2.57)

where, Ncv is the vertical uplift factor of clay (zero for c=0) and Nqv is the vertical uplift factor of
sand (zero for φ = 0 o ). The above equations represent an approximation to published results in a
graphical form, as those illustrated in Figure 2.27.
For burial depths less than five times the pipe diameter (H/D<5), the peak resistance of frictionless
soils expressed in equation (2.54), corresponds to the failure load of a portion of soil with two
vertical shear failure planes extending vertically from the spring-line on each side of the pipe, up to
the ground surface, as illustrated in Figure 2.28-a. For larger burial depths (H/D>5), the failure
mechanism would be a bearing capacity failure immediately above the pipe and the Ncv limit
indicated in equation (2.55) would cover that failure mechanism, as indicated in O'Rourke and Liu
(2012).
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Instead, the peak resistance for cohesionless soils, expressed in equation (2.54) corresponds to the
weight of a reversed triangle of soil with its apex at the centerline, of height H, and base at the
ground surface equal to 2Hφ/44, as schematically illustrated in Figure 2.28-b.

Figure 2.27 - Vertical uplift capacity factor for sand Nqv and clay Ncv as a function of the depth to diameter ratio for
buried pipelines (ASCE 1984; ALA 2001).
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Figure 2.28 - Schematic representation for the vertical uplift resistance of a) clay and b) sand (O'Rourke and Liu,
2012).

According to the 2001 ALA Guidelines, the displacement at yield ∆qu corresponding to the peak
uplift soil resistance can be calculated as:
0.01H to 0.02 H for dense to loose sand ≤ 0.1D
∆ qu = 
0.1H to 0.2 H for stiff to soft clays ≤ 0.2 D

(2.58)

2.3.4. Vertical Downward Soil Spring
Relative downward soil-pipeline movement orthogonally to the pipe axis, results in the
development of vertical forces at the soil-pipe interface. In this case the pipeline is considered as a
cylindrically shaped strip footing and the peak soil resistance is given by the bearing capacity of a
footing, a well-known problem in soil mechanics. The 1984 ASCE and the 2001 ALA Guidelines
propose the same relationship:

Qd = N c cD + N qγ HD + N γ γ

D2
2


(φ + 0.001)  − 1

N c = [cot (φ + 0.001)]eπ tan (φ + 0.001) × tan 2  45 +
 
2

 


(2.59)

(2.60)

φ

N q = eπ tan φ tan 2  45 + 
2


(2.61)

Nγ = e0.18φ − 2.5

(2.62)

(this is a curve fit to plotted values of Nγ in Figure 2.29)

where Nc, Nq and Nγ are the bearing capacity factors and γ is the total unit weight of the soil which
plotted values are indicated in Figure 2.29.
According to the 2001 ALA Guidelines, the displacement at yield ∆qd corresponding to the peak
downward soil resistance Qd can be evaluated as 0.1D and 0.2D for granular soils and cohesive soils
respectively.

31

Chapter 2

Figure 2.29. Ploted values of the Bearing Capacity factors for Sand Nq, Nc and Nγ ( ALA 2001).

2.4. Modelling of buried steel pipeline subjected to strike slip faulting
2.4.1. Analytical models
In order to evaluate the pipeline response due to fault movement, different analytical models have
been developed in the past decades, starting from the pioneering work of Newmark and Hall in
1975 that formally analysed the fault crossing problem in connection with the design of the TransAlaskan Pipeline. Their simplified model consists in a straight buried pipeline subjected to a strikeslip displacement δf at its midsection, inclined at an angle β with respect to the fault trace, as
schematically illustrated in Figure 1. The pipeline is assumed fixed in the ground at the two anchor
points located at a distance La from the fault trace where it is able to deform axially due to the
imposed fault movement. The pipe is considered as a cable by neglecting its bending stiffness and
only the axial soil-pipeline interaction is taken into account. Then, the elongation of the pipe ∆L is
calculated as the geometrical change in length of the pipeline between the two anchor points as a
result of the fault displacement δf, while its average strain ε is evaluated as the ratio of the pipeline
elongation ∆L and its initial length between the two anchorage points 2La. The pipe elongation ∆L
is obtained analytically by applying the law of cosines to the triangle formed by the initial and
deformed pipe segment between the two anchorage points, as schematically illustrated in Figure
2.30:

δ f2 + (2 La )2 + 2 ⋅ δ f ⋅ 2 La cos β = (2 La + ∆L )2
32

(2.63)

Chapter 2
dividing both members of the expression (2.63) by 8La and neglecting the term in ∆L2, through
simple arithmetic operations, the expression for calculating the average strain in the pipe ε, in
function of the fault displacement δf and inclination angle β is obtained as follows:

δf
δf
∆L
≅
cos β + 2
ε=
2 La 2 La
8 La
2

(2.64)

Strike-Slip Fault
Anchor
Point

La

La
Anchor
Point

β

Pipeline

Anchor
Point

La

La

δf cos β
β
δf
Frictional resistance
mobilized along the
deformed pipe

δf sin β

2La+∆L
Anchor
Point

Figure 2.30 - Schematic representation of the Newmark-Hall model for pipeline crossing a right lateral strike-slip fault.

In case no constrains are located near the fault, like thrust blocks, bends and so on, the effective
unanchored length of the pipeline, characterized by frictional sliding at the soil-pipe interface, is
estimated by:
La = Le + L p

(2.65)

where Le and Lp are the pipe lengths over which the elastic and the plastic strains develop
respectively. In particular, considering a pipeline of diameter D and thickness t, with an elastoplastic constitutive behaviour, characterised by a yielding strain εy, elastic and plastic modulus Ee
and Ep respectively, the values of Le and Lp are evaluated by:
Le = Eiε yπDt tu

(2.66)

L p = E p (ε − ε y )πDt tu

(2.67)

being tu the axial friction force per unit length at the pipe-soil interface.
In this case, an iterative procedure is necessary to determine the axial strain ε that produces an axial
elongation equal to the geometrical change in length of the pipeline between the two anchor points
∆L as a result of the fault displacement δf.
According to the Newmark and Hall approach, pipeline failure is assumed to occur when the
average tensile strain value of 4% is exceeded (Newmark and Hall, 1975).
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By considering the average strain as a failure criteria and neglecting the lateral soil-pipe interaction,
this procedure overestimates the tolerable fault movement for pipelines (O'Rourke and Liu, 2012).
Kennedy et al. (1977) extended the Newmark and Hall's approach for determining the pipeline
response to fault movement, by taking into account the lateral soil-pipe interaction, the resulting
curvature and associated bending strains. The model consists in a shallow buried pipeline crossing a
right lateral strike-slip fault at an angle β≤ 90° with respect to the direction of the fault movement,
anchored at a distance L1 and L2 on either side of the fault, as schematically illustrated in Figure
2.31. Similarly to the Newmark and Hall's model, the anchor points are defined as the points where
the soil-pipeline interaction is negligible and the pipeline merely follows the soil movement.
It is assumed that due to the lateral component of fault displacement ∆y, the pipeline is pushed by
the surrounding soil that exerts a uniform contact pressure on the pipe pu, resulting in pipeline
bending with associated constant curvature κ that extends over a length LcL at both sides of the fault.
Within this central region, significant relative lateral soil-pipeline displacements occur while
beyond it the pipe is assumed straight and undisplaced laterally with respect to the surrounding soil.
The pipe elongation is resisted by the friction forces at the soil-pipe interface f that subject the pipe
in the region adjacent to the fault, to increasing axial forces associated with large inelastic section
deformations and consequent loss of bending stiffness. Under this conditions, the pipeline behaves
like a cable, resisting the soil lateral pressure pu through the axial tension acting along the deformed
pipe rather than by developing bending moment.

θcL
Strike-Slip Fault

Direction of Relative
Fault Movement
RcL

L1

L2

Anchor
Point

Initial Pipe Position

β
f Soil Friction Force

β

∆y

Pl Soil Lateral Pressure

∆x
∆y

2
LcL

LcL

Displaced Pipe

Figure 2.31 - Schematic representation of the Kennedy et al. (1977) model for pipeline crossing a right lateral strikeslip fault.

Similarly to the Newmark and Hall's approach, an iterative procedure is used to determine the axial
stress in the pipeline that produces an axial elongation equal to the required elongation calculated
on the basis of the known fault movement, as follows:
1. estimate the maximum axial stress σM and corresponding axial force FM in the pipe at fault;
2. assume a constant radii of curvature RcL in the curved portion, which can be evaluated by using
an analogue to the internal pressure in a cylinder, as indicated in the equation (2.68):
RcL =
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κ

=

FM
Pl

(2.68)
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where κ is the pipeline curvature, FM the pipe axial force at fault and Pl the peak lateral soil
pressure.
3. determine the length LcL over which lateral displacement occurs due to curvature κ from
equation (2.69) and the total required pipeline elongation ∆Lr calculated on the basis of the
known fault movement δf, using the equation (2.70):

LcL = (∆y ⋅ RcL )

(2.69)

∆y 2
∆Lr = ∆x +
3LcL

(2.70)

12

Alike the Newmark-Hall approach, the first term of equation (2.70) is the elongation due to the
axial component of the fault movement ∆x, whereas the second term is the elongation due to
arc-length effects induced by the lateral component of the fault movement ∆y. Moreover, unlike
the Newmark-Hall model, where the arc-length term is based upon a triangle approximation, the
Kennedy et al. term is based on an assumed circular arc (O'Rourke and Liu, 2012).
4. determine the total pipeline elongation available ∆La as the summation of the elongations in the
straight and curved zones, obtained by integrating the axial strain along the pipe εx (accurately
approximated by the Ramberg-Osgood function):

σ x 

 α  σ x
1+ 
εx =

Ei   r + 1  σ y







r






(2.71)

∆La = ∆Ls1 + ∆Ls 2 + 2∆Lc

(2.72)

where Ei is the initial modulus of elasticity, σy the effective yield stress, α and r are the RambergOsgood coefficients, while ∆Ls1, ∆Ls2, ∆Lc are calculated from the following equations:

[

]

  B + BL1 

C
(Bs )r + 2 − (BL1 )r + 2 
∆Ls1 = ∫ ε x dx = ε y  LsL1  s
+
2
 hs (r + 2)
 

0
Ls 1

[

]

s2


C
 B + BL 2 
(Bs )r + 2 − (BL 2 )r + 2 
∆Ls 2 = ∫ ε x dx = ε y  LsL 2  s
+
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 hs (r + 2)


0

L

[

]

  B + Bs 

C
(BM )r + 2 − (Bs )r + 2 
∆Lc = ∫ ε x dx = ε y  LcL  M
+
2
 hc (r + 2)
 

0
Lc

(2.73)

(2.74)

(2.75)

where:
LsL1 = L1 − LcL ; LsL 2 = L2 − LcL

BM =

σM
σy

;

Bs = BM −h c LcL ; BL1 = Bs − h s LsL1 ; BL 2 = Bs − h s LsL 2

(2.76)

(2.77)
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hc =

fc

Apσ y

;

hs =

fs

Apσ y

;

C=

α
r +1

(2.78)

being fc and fs the longitidinal friction at the curved and straight section respectively.
5. compare ∆Lr and ∆La and modify σM, repeating steps 1-4 until the two expressions are
sufficiently close.
Following the above mentioned studies, Wang and Yeh (1985) have introduced a more refined
analytical model for pipelines crossing strike-slip faults, by taking into account the pipe flexural
rigidity. Their model consists of a straight buried pipeline subjected to any strike-slip fault
displacement ∆f at its midsection, that may cause either tension or compression pipe failure, without
consideration of buckling. Focusing only on the left half of the deformed pipe due to problem
antisymmetry, the model is assumed to consist of a constant curvature segment and a semi-infinite
beam on elastic foundation segment joined at point B, as schematically illustrated in Figure 2.32.
Hence, within the large deformation zone AB, the point of inflection A is displaced one-half of the
total fault displacement ∆f.

Figure 2.32 - Schematic representation of the Wang and Yeh. (1977) model for pipeline crossing a strike-slip fault.

The resistant capacity of the buried pipeline to the fault movement is evaluated by checking first the
axial stress σA at the inflection point A, following an iterative procedure that satisfies the force
equilibrium and compatibility requirements.
In case the determined axial stress σA exceeds the ultimate strength of the material σ2, the pipe is
considered to fail axially. On the contrary, if the axial stress at point A is below σ2, the axial force
FB and bending moment MB for point B are calculated. If MB is less than the first yield moment My1,
the completed solution of the problem is obtained, otherwise, the Young's modulus, E is replaced by
an effective reduced (secant) modulus E', and a second iterative series starts until E' converges.
Finally, the adequacy of design based on the axial force-bending moment interaction design criteria
at point B is determined.
Although more advanced than the previous proposed methodologies, the Wang and Yeh model has
been criticized for considering the axial force only to reduce the pipeline ultimate moment capacity,
overlooking its unfavourable contribution to the bending stiffness. Furthermore, the most critical
combination of axial and bending strains develops close to the fault trace within the high curvature
zone and not at its ends (points B and D in Figure 2.32), as assumed by their method. Lastly, the
stress based design criteria adopted in their analysis may not be appropriate for displacement
controlled problems like the one at hand, where strain design criteria are more suitable (Karamitros
et al., 2006).
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More recently, Karamitros et al. (2006) have further improved the previous existing models by
computing axial and bending strains along the pipeline using the elastic-beam theory, taking into
account the bending stiffness and the actual stress distribution of pipeline cross-section.
Their model applies to pipeline-fault intersecting angles β≤ 90° inducing pipeline elongation and it
does not account for the effects of local buckling and section deformation, being based of the beamtheory assumption of plane cross-sections.
Following the concept introduced by Wang and Yeh (1985), the pipeline within the unanchored
length is partitioned into four segments defined by the point B at the intersection of the fault trace
with the pipeline axis, and its closest points with zero transverse displacement A and C, as
illustrated in Figure 2.33.
Specifically, the computation consists in the following six steps:
1. The segments within the unanchored length AA' and CC' are analysed as beams on elastic
foundation in order to obtain the relation between the shear force, bending moment and rotation
angle at the points A and C;
2. Considering the boundary conditions determined in step 1, the segments AB and BC are
analyzed according to the elastic-beam theory in order to obtain the maximum bending moment
and its location within the high-curvature zone;
3. The axial force on the pipeline, at the intersection point with the fault trace B, is obtained from
the requirement for compatibility between the geometrically required and the stress-induced
(available) pipeline elongation;
4. Bending strains are calculated as a combination of bending strains according to the elastic beam
theory and bending strains induced by second-order effects. Thus, the Karamitros et al.
approach is applicable for both small as well as larger fault offsets envisioned by the Kennedy et
al. procedure;
5. The maximum pipeline longitudinal strain is computed from the demand for equilibrium
between the externally applied axial forces and the integral of the developed stresses on the
pipeline cross-section;
6. Lastly, in order to account for the non-linear behaviour of the pipe steel within the applied
elastic beam theory, an updated secant Young's modulus is computed, given the stress and strain
distribution within the cross-section and steps 2-6 are repeated until convergence is reached.

Figure 2.33 - Schematic representation of the Karamitros et al. (2006) model for pipeline crossing a strike-slip fault.
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Finally, Karamitros et al. (2006) compared the analytical predictions of their methodology to those
of previous methodologies, as well as to the results of a series of benchmark numerical analysis,
concluding a good overall performance of their model.
The Karamitros et al. model (2006) was furthermore extended to asymmetrical fault crossing
conditions by Trifonof and Cherniy (2010) who introduced a number of essential refinements.
According to the methodology introduced by Wang and Yeh (1985), they adopted a four-segment
partitioning of the pipeline within the unanchored length, delimited by the anchor points A' and C',
as schematically illustrated in Figure 2.34. Similarly to the Karamitros et al. (2006) model, point B
represents the pipeline intersection with the fault trace, while the points A and C are the closest
points of the pipe axis with zero transverse displacements.
Specifically, like Karamitros et al. (2006), the "straight" segments AA' and CC' are analysed as
beams on elastic foundation in order to obtain the relation between the shear force, bending moment
and rotation angle at the points A and C. Instead, the two pipe segments in the high curvature zones
AB and BC, are modelled as beams under combined bending and tension, thus accounting directly
in the equations of equilibrium for the effect of the axial force on the bending stiffness. Moreover,
unlike previous studies, they considered the contribution of the transverse fault displacement for
accurately estimating the axial elongation of the pipeline.

Figure 2.34 - Schematic representation of the Trifonof and Cherniy (2010) model for pipeline fault crossing.

Similarly to the Karamitros et al. model, the analysis is performed iteratively as a series of elastic
solutions using a secant modulus of the pipe steel. In the iteration loops, firstly, the axial force at the
intersection of the pipeline with the fault trace is obtained from compatibility between the
geometrically required and the stress-induced (available) pipeline elongation. For simplicity, the
calculated value of the axial force at the intersection of the pipeline with the fault trace is assumed
constant over the segments AB and BC. Secondly, the axial strain in the cross-section with
maximum bending moment and associated bending strain is evaluated using the equilibrium
condition between the applied axial force and the one obtained by integration of the stresses over
the cross-section. Lastly, convergence is sought between the maximum bending moment evaluated
from the elastic beam theory, and the moment obtained by integrating the stress distribution over
the pipe cross-section with maximum bending moment. If the convergence criterion is not satisfied,
moment equilibrium condition is used to calculate the secant moduli for the segments AB and BC
which are applied on the next iteration.
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Clearly, the direct approach adopted by Trifonov and Cherniy (2010) for simulating second order
effects has led to a complex system of equations at a significant cost of simplicity, compared with
the Karamitros et al. (2006) approach.
Vazouras et al. (2015), observed that local buckling is the governing limit state of the pipeline for
non positive or small values of the angle β formed between the fault trace and the normal to the
pipe axis. Therefore they developed a simplified procedure for estimating under which conditions
the compressive strain induced in the buried pipeline due to strike-slip fault movement could cause
local buckling. Their model was an enhancement of the simplified model proposed previously by
the same authors (Vazouras et al., 2010; 2012), by considering the boundary effects of the pipeline
segment away from the large displacement zone.
As schematically illustrated in Figure 3.35, the pipeline is assumed to deform in an S-shaped
configuration within a segment length L1, described in terms of the of the fault displacement d and
inclination angle β by the following function:

u(x ) =


d
πx 
cos β 1 − cos 
2
L1 


(2.79)

where x=0 and x=L1 are the conditions at the two ends of the S-shaped pipe segment.
Moreover, they assumed a linearly distributed axial displacement due to stretching within this
segment, given by the following formula:
v( x ) =

d sin β
x
L1

(2.80)

Figure 2.35 - Schematic representation of the strike-slip fault induced deformation of the pipeline axis, for the
development of the simplified formulation for local buckling, according to the Vazouras et al. (2015) simplified model.

Using elastic beam theory, the axial compressive strain εc at the critical location, is computed as the
difference between the calculated maximum bending strain εb and the tensile membrane strain εm
which is assumed to be uniformly distributed along the pipeline segment:

 d 2u ( x ) 
D π 2  d cos β  D 

ε b = −
⋅
=

 
2

4  L  L 
 dx  max 2

(2.81)
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(2.82)

(2.83)

where D is the pipeline diameter and ω is equal to half of the ratio between the axial stiffness of the
straight pipe Kt, beyond the ends the central pipe segment (x<0 or x> L1) and the stiffness of the
central pipe segment between x=0 and x=L1, k1=EA/L1:
1 K t K t L1
=
2 k1 2 EA

ω= ⋅

(2.84)

where E and A represent the pipeline steel Young modulus and cross-section area respectively.
The value of fault displacement d0 at which the compressive εc is maximum, obtained by
differentiating the equation (2.83) with respect to the fault displacement d, and the corresponding
maximum value of compressive strain εC,max, are given by the following expressions:
d0 =

2 
D 4 L tan β 
D + − 1 2
>0
cos β 
ω
π


ε C , max

[(D L )π
=
1

(1 + ω ) − 4ω tan β ]2
4π 2ω (1 + ω )

(2.85)

2

(2.86)

Interestingly, the value of compressive strain εc decreases with increasing fault displacements d>d0.
Moreover, the condition of no local buckling occurs if the maximum compressive strain εC,max is
lower than the buckling compressive strain εcr, as expressed by the following inequality:

ε C ,max ≤ ε cr

(2.87)

where, as prescribed by the Eurocode 8, the buckling critical strain εcr can be written in the form:
 t 

D

ε cr = α 

(2.88)

being α a constant (typically ranging between 0.4 and 0.5) that depends primarily on the soil
confinement, the presence of internal pressure and on the entity of initial imperfections, and
secondarily, on the pipeline material grade.
Inserting the equations (2.86) and (2.88) into equation (2.87), they obtained the "no buckling"
condition in terms of the diameter to thickness ratio D/t, the parameter α, and the length-overdiameter ratio L1/D of the S-shaped deformed pipeline and the dimensionless parameter ω, as
follows:
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α 4π 2ω (1 + ω )
D D
≤  =
t  t  lim (D L1 )π 2 (1 + ω ) − 4ω tan β

[

]

2

(2.89)

The simplified formulation of the limit value (D/t)lim expressed in the closed form (2.89) indicates
how the onset of pipeline buckling depends on the soil conditions (which have direct effect of the
values of D/L1 ratio), the pipeline material grade (that influences the value of the dimensionless
parameter α), the inclination angle β as well as the end effects which determine the value of ω.
The authors suggest that their model could be employed for preliminary design purposes, as well as
for useful conclusions of qualitative nature related to more complex analysis results performed
using the finite element method, like those described in their study (Vazouras et al., 2012).

2.4.2. Finite element modelling
The analytical models, like those described in the previous paragraph, provide a simple and useful
tool for conducting a preliminary design assessment of the pipeline structural performance.
However such procedures are limited by the underlying idealizations and simplistic assumptions,
making them uneasy to use in cases where non-uniform boundary conditions or spatial variation in
characteristics of the pipeline and soil media are present.
Herein, numerical methods provide a rational design tool for assessing the pipeline performance
taking into account the soil-structure interaction effects, as recommended by the current seismic
design guidelines of buried pipelines (ASCE 1984; ALA 2001; ALA 2005). These type of analysis
present some disadvantages in terms of computational demands and required analytical skills of the
operator but, in turn, allow to determine the pipeline structural response with significant accuracy.
In the past decades, three main finite element modelling procedures, in increasing level of
complexity, have been commonly employed by researchers and engineers for evaluating the soilpipeline response under earthquake induced ground movements, as described below.

2.4.2.1. Level 1: structural Beam on Winkler Foundation Model (BWFM)
According to the BWFM, the pipeline is represented as a structural beam connected to independent
soil springs in the axial, transverse and vertical direction. It is recommended to use specialized
beam elements that can account for internal pressure, temperature variation, cross-section
ovalization and calculate the corresponding hoop stresses and strains, hence improving the accuracy
of results compared with the standard beam elements. Moreover the pipe mesh near discontinuities
should be fine enough so that the stress-strain field is accurately evaluated.
The soil continuum is discretized by independent spring elements connected to each node of the
beam pipeline, representing the soil reaction to the pipe movement in each orthogonal direction.
The force-displacement relationship of the soil springs is defined by elasto-plastic or hyperbolic
functions like those prescribed in the ALA-ASCE guidelines. During the analysis, the seismic
induced ground movement is modelled as displacements applied to the base of the soil springs.
Eidinger (2001) employed the beam on nonlinear Winkler model to evaluate the structural
performance of the Thames water pipeline damaged at the North Anatolian fault crossing during the
1999 Kocaeli (Izmit) Earthquake. The total length of the pipeline modelled was 430m and the
geometric and mechanical properties assigned to the nonlinear beam elements were based on the
effective Thames water pipeline. The in-situ soils conditions were considered to define the soil
springs using the elasto-plastic relations indicated in the 1984 ASCE Guideline. The total fault
offset of 3m was applied statically at the base of the soil springs, using equilibrium iteration. As
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shown in Figure 2.36, it was possible to locate the position of the wrinkles along the pipe and
compare the predicted results with the real case study (Eidinger, 2001).

Figure 2.36 - Variation of Strain along the Pipeline Near the Fault, obtained using the beam on Winkler foundation
model (Eidinger, J. 2001).

Odina and Conder (2010), employed the BWFM to study the effects of the Lüder’s plateau in
evaluating the structural integrity of a buried pipeline subjected to fault movement, as schematically
illustrated in Figure 2.37.

Figure 2.37 - a) FE Pipe Model Coordinate System and b) 3D Pipe-Soil Interaction FE Model used in Odina and
Conder (2010).

Moreover, Karamitros et al. (2011) proposed an analytical methodology for evaluating the pipeline
response under normal fault movement and compared their results with those obtained from
numerical analysis in Abaqus using the BWFM. Similarly, Trivonov and Cherniy (2010) performed
nonlinear finite element analysis of buried steel pipeline under normal faulting in Ansys by using
beam and spring elements to model respectively the pipeline and the pipe–soil interaction, as
prescribed within the ALA-ASCE Guidelines.
Evidently, most of the available numerical analysis programs consider the soil springs always acting
parallel to the three orthogonal directions relative to the pipeline axis in the initial undeformed
configuration, independently of the pipeline rotation during the imposed ground displacement
(Wijewickreme, 2012; Konuk et al., 2006). This reflects the deficiency of the soil-spring approach
to model the realistic soil-pipeline interaction under large scale deformations, where the pipeline
undergoes large rotations with respect to its initial undeformed configuration.
Moreover, the BWFM is not able to capture the pipeline local instabilities such as local buckling
and large section ovalization, being essentially based on the beam theory assumption of plane crosssections (Liu et al., 2004-a; Takada et al., 1998).
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2.4.2.2. Level 2: Shell-Spring model
In order to overcome the aforementioned limitations of the BWFM and more accurately evaluate
the stress and strain concentrations in the pipeline, shell elements may be employed to model the
pipe, while the surrounding soil can be simulated with nonlinear springs. The soil springs are
connected to each node of the shell pipeline and their force-displacement relationship is determined
in function of the projected area of the cross section in the corresponding direction, as schematically
illustrated in Figure 2.38.
Internal (or external) pressure is suitably modelled as a uniformly distributed load on the internal
face of all shell elements, while the fault movement is applied as an imposed displacement at the
free ends of the soil springs (Antoniou et al., 2015; Gantes et al., 2008; Gantes and Bouckovalas,
2013; Takada et al., 1998; Xie et al., 2011).

Figure 2.38 - a) Transverse soil springs in a in a typical cross section of the shell pipeline; b) 3D view of the shellspring model (Gantes et al., 2008).

The first to adopt the shell-spring model for analysing the pipeline performance subjected to fault
movement were Takada et al. (1998). They analysed a 0.762m diameter and 0.019m thickness steel
pipeline with a yield stress of 366 MPa and a hardening stress of 550MPa at 5% strain. The total
length of the modelled pipeline was chosen equal to 30 times the pipe diameter, due to the elevated
computational costs, and the pipeline response was analysed under normal and reverse fault
movement with a dip angle of 45°. The soil was discretized with spring elements in the axial and
transverse directions, as schematically illustrated in Figure 2.39. As a result of the finite element
analysis, the authors obtained the axial and hoop strain distribution on the pipeline and showed the
variation of the maximum axial strain in the pipeline with the fault movement. In the case of normal
fault, the maximum axial strain occurred at the fault plane, whereas for the reverse fault the
compressive strain increased rapidly at the buckling position. They introduced the concept of
"allowable fault movement", defined as the fault displacement corresponding to the maximum
allowable strain for the pipe material which was assumed equal to 5% both in tension and
compression. Moreover, they presented the relation between the allowable fault displacement and
the soil stiffness for different values of fault dip angle, observing a decrease of the allowable fault
movement for increasing soil stiffness. Similarly, the obtained allowable fault displacement curves
at different fault dip angles showed that the fault dip angle was an important parameter that deeply
affected the seismic performance of buried pipelines.
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Figure 2.39 - Schematic representation of the finite element modelling of the a) cross section of the soil pipe system; b)
normal fault movement; c) reverse fault movement (Takada et al., 1998).

Subsequently, Takada et al. (2001) employed a beam–shell hybrid model to develop a new
simplified method for evaluating the bending angle and critical axial strain in the pipeline at fault
crossings. In their model, the central segment of the pipeline within 30m at both sides of the fault,
was modelled with shell elements, whereas the remaining part was modelled as a beam, allowing to
reduce the computational costs and avoid the error associated with the enforced boundaries at the
ends of the shell segment. Moreover, Liu et al. (2004-a; 2004-b; 2014) analysed the performance of
a buried pipeline subjected to fault displacement, modelling the pipe segment near the fault,
subjected to large relative displacements, with shell elements and the surrounding soil with springs
in the three orthogonal directions connected at each node of the shell pipeline. Away enough from
the fault, the observed pipeline behaviour was elastic and the relative soil-pipe displacement in the
lateral direction was negligible so that the pipeline resulted only loaded axially by the soil friction.
Differently from other previous methods, they evaluated analytically the force-displacement
relationship of the soil-pipe system away from the fault, which was subsequently applied in terms of
a nonlinear axial spring at the two ends of the shell model, as schematically illustrated in Figure
2.40 (Liu et al., 2004-b). The proposed shell-spring model with the equivalent boundary was
employed by the authors to assess the seismic performance of two water steel pipelines with large
diameters damaged at fault crossing during the Kocaeli and Chi-Chi Earthquake.
Karamitros et al. (2007) employed a hybrid shell-beam model with nonlinear springs simulating the
soil, to validate their analytical methodology for assessing the pipeline response subjected to strikeslip fault crossing movement.
Liu et al. (2008) analysed the seismic response buried steel pipeline at fault crossings in terms of
axial strains, using a hybrid beam-shell model, similarly to Karamitros et al. (2007), and accounting
for the effect of pipe internal pressure as well as the fault intersection angle.
Gantes et al. (2008), presented a methodology for evaluating the seismic performance of a buried
steel pipeline subjected to earthquake induced down-slope ground movement which was applied for
the design of the oil pipeline from Thesaloniki to Skopje. First, they employed a beam-spring model
in order to have a preliminary estimate of the pipeline response to the ground movement and thus
identify the areas of higher stress concentration. The region undergoing large deformation was then
modelled with shell elements using a hybrid beam-shell model, in order to assess more accurately
the pipeline strain and take into account the effects of internal pressure, as illustrated in Figure 2.41.
The soil was modelled with elasto-plastic springs according to the recommendations of the 1984
ASCE Guideline, connected to every node of the pipeline in each orthogonal direction, whereas the
ground movement was modelled as an imposed displacement at the free ends of the soil springs.
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Figure 2.40 - Schematic representation of shell FEM models for an pipe crossing the fault according Liu et al. (2004-b):
a) hybrid shell-beam model; b) shell model with equivalent boundary.

Figure 2.41 - Kinematic coupling of the beam and shell part in the hybrid beam-shell model (Gantes et al., 2008).

Gantes and Bouckovalas (2013), presented a study for evaluating the effects of the seismic induced
fault movement on a part of the Turkey-Greece-Italy gas interconnector (TGI), using a similar
hybrid shell-beam model as indicated in Gantes et al. (2008).
Saberi et al. (2011) performed numerical simulations to evaluate the seismic response of buried
steel pipeline with right angle elbow subjected to earthquake induced wave propagation and used
the hybrid shell-beam model with the equivalent boundary spring proposed by (Liu et al., 2004), as
illustrated in Figure 2.42.
Xie et al. (2011) performed numerical simulations of centrifuge tests conducted for investigating the
behaviour of High Density PolyEthylene (HDPE) pipe subjected to strike-slip faulting movement,
for different fault inclinations, pipeline geometry and soil conditions. The numerical simulation
results obtained by using a hybrid shell-spring model were compared with those from the beamspring model, concluding the adequacy of the latter to capture the salient response of the pipe to the
imposed ground movement. Xie et al. (2013) extended the aforementioned work to the study of the
seismic response of buried HDPE pipelines subjected to normal faulting. Specifically, they
presented in parallel with the experimental testing, a comparison with numerical simulation results
where the pipeline was modelled as a shell and the surrounding soil either with discrete springs or
continuum solid elements.
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Figure 2.42 - a) Schematic representation of the hybrid beam-shell model simulating the elbow subjected to seismic
wave propagation; b) Arrangement of lateral soil springs around of pipe perimeter in the shell model (Saberi et al.,
2011)

2.4.2.3. Level 3: Three dimensional continuum model
The continuum modelling represents a more advanced numerical approach considering the pipe-soil
system as a three dimensional continuum and thus being able to realistically model the physical
behaviour of the soil-pipeline interaction, in particular for large deformation events (Lele et al.,
2011; Odina and Tan, 2009; Wijewickreme, 2012). Commonly, an elongated prism of the soilpipeline system is considered, where the pipe and the surrounding soil are modelled with shell and
solid continuum elements respectively, accounting for contact and friction interaction at the soilpipe interface. The analysis is often conducted in three steps. Gravity is applied first in order to
establish the initial stress and strain state of the soil-pipeline system that satisfies the boundary
conditions, followed by the application of the operation loads. Finally, the seismic induced ground
displacement is suitably imposed at the boundaries of the system.
Material nonlinearity is considered for both the pipeline and the soil. Generally, the steel pipe
material model is defined within the von Mises plasticity with isotropic hardening, suitably
calibrated through an uniaxial stress-strain curve from a tensile test. Instead, the soil material is
frequently determined using the Mohr–Coulomb constitutive model, characterized by different
parameters, like the cohesion, the friction and dilatation angle, the elastic modulus E and Poisson’s
ratio v. The soil-pipeline interaction is simulated through a contact algorithm taking into account the
interface friction and allowing for separation between the two contact surfaces.
It is recommended that mesh of both the soil and pipeline components is sufficiently refined the
regions where maximum stresses and strains are expected, so that excessive deformations like pipe
buckling can be accurately simulated. Finally, a displacement-controlled analysis is performed
increasing gradually the imposed ground displacement. On each loading step, the global equilibrium
equations are solved iteratively permitting to assess the pipe ad soil deformation state at each
increment.
Kokavessis and Anagnostidis (2006) proposed the use of contact elements for coupling the pipeline
with the surrounding soil under seismic ground movements, noting that the contact elements, unlike
the spring elements, allow for the imposed loads to follow the pipeline as it deforms. Specifically,
they analysed the effect of soil settlement on buried pipelines within the finite element
methodology, modelling the pipeline, the surrounding soil and their mutual interaction with shell,
solid and contact elements respectively.
Odina and Tan (2009), assessed the seismic performance of buried pipeline under strike-slip fault
movement using either the discrete BNWF or the continuum model concluding that the choice of
the analysis approach affects the outcome of the seismic fault assessment. In the continuum model
both the pipeline and the surrounding soil were modelled with solid elements while the soil-pipeline
interaction was defined as a contact problem between two deformable bodies, as schematically
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illustrated in Figure 2.43. The pipeline part away from the fault was modelled with beam elements
and connected via kinematic coupling type restraints to the correspondent extremity of the solid
pipeline. Instead, the soil finite element model was split into two separate blocks of equal size, so
that during the analysis one block could be held fixed in space while the other one was translated
perpendicularly to pipeline axis, simulating the strike-slip fault movement. According to the
authors, a more realistic mechanical response of the pipeline was established using the continuum
approach, which could be utilised, in addition to the BNWF model, to confirm that the calculated
strains are within allowable limits.

Figure 2.43 - a) Schematic representation of the continuum finite element model of buried pipeline subjected to strikeslip fault movement; b) von Mises stress contour plot of the deformed pipe following the imposed ground movement
(Odina and Tan, 2009).

Vazouras et al. (2010), investigated the mechanical behaviour of a buried steel pipeline subjected to
strike-slip fault movement perpendicularly with respect to the fault trace, using the continuum finite
element modelling approach. The authors considered an elongated prismatic model whose
dimensions in directions x, y and z were equal to 60, 10 and 5 times the pipe diameter respectively,
whereas the burial depth was assumed 2 times the pipe diameter, as schematically illustrated in
Figure 2.44. Considering the material and geometric nonlinearity of the system, the pipeline was
modelled as a cylindrical shell and the surrounding soil with solid elements, accounting for contact
and friction interaction at the soil-pipe interface. The analysis were conducted in two steps, starting
first with the application of the gravity loading, subsequently followed by the imposed ground
movement. The vertical boundary nodes of the first block and the end nodes of the steel pipeline
were fixed in the horizontal direction, whereas the external nodes of the second moving block and
the corresponding end nodes of the pipeline were assigned a uniform displacement due to fault
movement. In order to avoid the numerical problems associated with the discontinuity at the
vicinity of the fault, the ground movement was considered to occur within a narrow transverse zone
of width equal to 0.33m. Moreover, the mesh of both the soil and pipeline was refined in the region
near the fault where maximum stresses and strains were expected. The effects of different soil
conditions, pipe pressure and diameter to thickness ratio, on the structural response of X65 and X80
steel pipelines were examined, with particular emphasis on the pipe wall failure due to local
buckling or tensile rupture.
The aforementioned work was extended in Vazouras et al. (2012) for buried steel pipelines crossing
the vertical fault plane at various angles, evaluating the pipeline performance in terms of axial strain
and cross sectional deformation, in function of different soil and pipeline characteristics. The
obtained numerical results were presented graphically in terms of the critical fault displacement at
which a specific performance criteria (onset of local buckling, maximum tensile strain and
maximum section ovalization) was reached, in function of the fault crossing angle.
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Figure 2.44 - Finite element model of the: a) soil formation with tectonic fault; b) soil cross-section; c) steel pipeline
(Vazouras et al. 2012) .

Vazouras et al. (2015) investigated the pipeline performance under strike–slip fault movement,
refining the numerical methodology presented in the previous publications by substituting the fixed
boundaries at the pipeline ends with an equivalent nonlinear spring. The latter accounted for a finite
or infinite length of the pipeline beyond the shell model and was obtained analytically in a closedform solution, considering the elastic deformation of the system as well as the development of
sliding once the shear strength was reached at the pipe–soil interface.
Focusing on the fault modelling aspects, Trivonov (2015) performed numerical analysis of a steel
pipeline buried in shallow trench, subjected to strike-slip fault movement perpendicularly to the
pipe axis, as schematically illustrated in Figure 2.45. A new approach for modelling the
discontinuity at the fault was proposed, considering the soil medium split into two separate volumes
interacting in the normal direction along the fault plane through spring elements that connected the
opposite nodes of the soil blocks. Comparisons with the continuum approach described in Vazouras
et al. (2010, 2012) were performed, concluding that the fault representation influences the stressstrain evolution in the pipeline, nevertheless this effect is not critical in terms of limit state
predictions and critical fault offset estimates.

Figure 2.45 - a) Structural model of the pipeline crossing a strike-slip fault; b) mesh topology in the transverse section
of the soil volume (Trivonov, 2015).

2.5. Seismic performance limit states of continuous buried pipelines
The performance limit states of corrosion-free continuous pipelines are: rupture due to elevated
tensile strain, local buckling due to excessive compressive strain and beam-buckling behaviour in
the case of shallow burial depths (O' Rourke and Liu, 2012; Karamanos et al., 2014). Different limit
state criteria are often recommended depending on the type of seismic hazard, given the
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characteristic monotonic and cyclic nature of the permanent and transient ground deformation
respectively (Fell and O’Rourke, 2014; O' Rourke and Liu, 2012).

2.5.1. Tensile limit state
The tensile resistance capacity of continuous pipeline is mainly controlled by the strength of the
pipeline lap or butt welds, that commonly represent the weakest locations due to weld defects,
stress/strain concentrations, reduced ductility and potential of corrosion at joint coatings made in the
field. Therefore, current design guidelines recommend allowable tensile strains which are generally
less than a third of the minimum required elongation (%).
In the past decades different values for the allowable tensile capacity of steel pipe with butt welds
have been proposed. For example, Newmark et al. (1975) proposed an ultimate tensile strain of 4%
for the design of buried steel pipeline at active fault crossing, while, like Kennedy et al. (1977), the
1984 ASCE Guidelines, recommend maximum design tensile strain limits on the order of 3% to
5%. Both the 2001 ALA Guidelines and the 2004 Pipeline Research Council International (PRCI)
Guidelines for Gas and Liquid Hydrocarbon Pipelines, prescribe the maximum tensile strain in
function of the desired pipeline performance. The tensile strain limit for the normal operability and
pressure integrity performance goal, are respectively, 2% and 4% in the 2001 ALA Guidelines, and
1 to 2% and 2 to 4% in PRCI Guideline. In the case of seismic induced faulting, the 2005 ALA
Guidelines suggest that the maximum tensile longitudinal strains for butt welded steel water
pipeline should be kept to about 0.25 times ultimate strain of the steel, or no more than 5%. If lap
welded steel pipe is used instead, the maximum allowable strain in the main body of the pipe should
be kept to 2%, anyway no more than 4% in order to maintain the pressure boundary. Moreover, the
EN 1998-4 code for the seismic design of buried pipeline systems prescribes an allowable tensile
strain of 3%. Wijewickreme et al. (2005) indicate 3% and 10%, respectively, as the pipe strains
corresponding to 10% and 90% probability of tensile failure. Finally, it is observed that the
recommended allowable tensile strains for both onshore and offshore pipe are not functions of the
steel grade nor the weld strength, as shown in Table 2 (O’Rourke and Liu, 2012).
Table 2.4 - Recommended maximum tensile strain for PGD: Onshore steel pipe with good quality butt welds
(O’Rourke and Liu, 2012; CEN, 2006).
Newmark et 1984 ASCE
2001 ALA Steel
2004 PRCI
Wijewickreme et
Eurocode 8
Hall (1975)
Guideline
Pipe Guideline
Guideline
al. (2005)
(CEN, 2006)
4%
3 to 5%
4% (pressure
2-4% (pressure
3% (10%
3%
integrity goal)
integrity goal)
probability of
2 % (normal
1-2% (normal
tensile rupture)
operability goal)
operability goal)
10% (90%
probability of
tensile rupture)

2.5.2. Compressive limit state
When the compressive strains in the pipeline exceed a certain threshold, structural instability in the
form of local buckling or wrinkling occurs. There are different stages of buckling starting with the
onset of buckling, followed by the buckle growth, ultimating with the tearing of the pipeline wall.
In the literature, the onset of buckling is considered as the normal post-event operability limit state.
(O'Rourke and Liu, 2012; Fell and O’Rourke, 2014). In general, the compressive strain limits for
steel pipes depend firstly on the diameter-to-thickness ratio (D/t), the presence of internal or
external pressure, and secondly on the material yield stress (Karamanos et al., 2014).
As reported in the 1984 ASCE Guideline, pipe wrinkling may theoretically begin for a compressive
strain equal to 0.3 t/D, however experimental result have shown that actual pipes begin to buckle at
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strains of one-fourth to half of the theoretical value. The onset of local buckling does not imply
structural failure, on the contrary, strains on the order of 4 to 6 times as great can be sustained
before risk of wall tearing at the buckled region.
Moreover, the local buckling strain limit is increased by the internal pressure and this effect is
considered in the expression proposed by Gresnigt (1986), based on experimental results and
subsequently implemented in the Eurocode 3, Part 4-3 (CEN 2002):
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where p is the difference between the pipe internal and external pressure, E the steel Young
modulus, t the pipe thickness and r' is the radius of curvature of the pipe wall in the compressive
zone where buckling will ultimately occur, calculated by the following expression:
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being r the undeformed pipe radius and a the ovalization parameter as schematically illustrated in
Figure 2.46.

Figure 2.46 - Pipe section ovalization (Gresnigt, 1986).

The equations (2.90-2.91) provide strain limits corresponding to the local buckling initiation and are
suitable for the wave propagation hazard and the normal operability performance goal for the PGD
hazard, as observed in O'Rourke and Liu (2012). Instead, higher compression strain limits are
permitted for the pressure integrity limit state, that is the pipe may buckle provided its wall tearing
is avoided.
To prevent local instability, Eurocode 3, Part 4-3 (CEN 2002) for the design of steel pipelines
prescribes the same critical compression strain limits proposed by Gresnigt (1986), assuring in
addition that the ovalization parameter a never exceeds 5% of the external pipe diameter. Instead,
the Eurocode 8, Part 4 (CEN 2006) for the seismic design of buried steel pipeline systems
prescribes an allowable compressive strain equal to the minimum between 1% and 20t/r (%).
The 2001 ALA Guidelines adopt the equation (2.90) to define the operability performance goal for
the PGD hazard, whereas for the pressure integrity performance goal, a strain limit of 1.76t/D is
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adopted, being D the pipe diameter. Moreover, the 2005 ALA Guidelines suggest analogous
compression strain limits for water pipes. Similarly, the PRCI Guideline recommends 1.76t/D for
the pressure integrity performance goal of gas and liquid hydrocarbon pipelines with butt-welded
joints subject to PGD hazards, whereas for the operability performance goal suggest compression
strain limits based on empirical expressions. Finally, Wijewickreme et al. (2005) indicate 0,4t/D
and 2.4 t/D, respectively, as the pipe compression strains corresponding to 10% and 90%
probability of the local buckling limit state, as shown in Table 2.5 (O'Rourke and Liu, 2012).
Table 2.5 - Recommended maximum compressive strain for PGD: Onshore steel pipe with good quality butt welds
(O’Rourke and Liu, 2012; CEN, 2006).
1984 ASCE
2001 ALA
2005 ALA
2004 PRCI Wijewickreme
Eurocode 8: EN
Guideline
Steel Pipe Water Pipeline Guideline
et al. (2005)
1998-4
Guideline
Guideline
0.3 t/D to 0.6
Eqn. (47)
Eqn. (46)
1.76 t/D
0.4 t/D (10%
min {1%; 20t/R(%) }
t/D
(normal
(normal
(pressure
probability of
operation)
operation)
integrity)
limit state)
1.76 t/D
1.76 t/D
2.4 t/D (90%
(pressure
(pressure
probability of
integrity)
integrity)
limit state)

2.5.3. Beam buckling limit state
Beam buckling may occur in those pipelines buried at shallow trenches backfilled with loose
material, where the transverse resistance offered by the surrounding soil is not sufficient to contrast
instability, similarly to the Euler buckling of slender compressed columns, as shown in Figure 2.47.
Typically, the beam buckling load is an increasing function of the burial depth, that is, for pipe
buried at sufficient depths local buckling will occur before beam buckling. Moreover, the relative
transverse movement extends over a substantial length of pipe with consequent moderate
compressive strains. Hence, beam bucking of pipes may be more suitably defined as a serviceability
problem, as the pipe continues to operate without interrupting its transmitting function (O' Rourke
and Liu, 2012).

Figure 2.47 - a) Beam buckling in a desert environment (Saadawi, 2001); b) Schematic representation of the upheaval
buckling mechanism (Palmer and King, 2008).

The analysis procedure reported in Palmer and King (2008) for the design of high pressure and high
temperature hydrocarbon pipelines against beam-buckling may be suitably employed, as indicated
in Karamanos et al. (2014). The results of Meyersohn (1991) may also be used, where a critical
cover depth was determined by setting the lowest beam buckling stress equal to the local buckling
stress, so that any pipe buried with less cover than the critical depth would undergo beam buckling
before local buckling (O' Rourke and Liu, 2012).

51

Chapter 2
2.5.4. Excessive ovalization limit state
In addition to longitudinal straining due to fault movement, the pipe may collapse due to excessive
cross-section flattening resulting from the large applied lateral soil pressure and the bending
moment that may become significant in the plastic range (Kennedy et al., 1977; Konuk et al., 1999;
Gresnigt, 1989; Palmer and King, 2008). It is important to limit the pipe ovalization, in order to
maintain the pipeline operativity and allow the passage of pigs for cleaning and inspection of
eventual material leakage.
Gresnigt (1986) was the first to define the excessive ovalization as a performance deformation limit
state for the design of steel pipelines, imposing an upper limit of 15% for the change in diameter of
the pipe cross-section, as schematically illustrated in Figure 2.48. The same ovalization limit has
been adopted by Vazouras et al. (2012, 2015) in the numerical assessment of the seismic
performance of buried steel pipelines subjected to strike-slip fault movement.

Figure 2.48 - Ovalization limit value for the design of steel pipelines (Gresnigt, 1986)
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3. Finite element modelling of the buried steel pipeline subjected to strike-slip fault

3.1. Definition of the case study and parametric analysis
The present thesis investigates the seismic performance of a straight buried steel pipeline subjected
to strike-slip faulting, through a series of parametric analysis that permit to assess the structural
response of the pipeline in function of various configurations of the soil-pipe system. Specifically,
a straight 36 inch X65 steel grade pipeline subjected to seismic induced strike-slip fault movement
at its midsection is considered. The effect of different soil and pipe parameters having an critical
role on the pipeline response is analysed, like the soil material, the fault inclination angle β, the
pipeline burial depth Hc, the pipe diameter-to-thickness ratio (D/t) and the internal pressure Pi, as
schematically illustrated in Figure 3.1:

Figure 3.1 - Schematic representation of the soil pipeline system subjected to strike-slip faulting

For comparison purposes, the parametric values defining the pipe and soil material, the fault
inclination angle β and the pipe diameter-to-thickness ratio are assumed equal to those adopted in
Vazouras et al. (2010). Herein, two different soil types are considered: cohesive (soft clay) as well
as frictional (loose sand) under undrained conditions, characterised by different values of material
parameters, like the cohesion c, the friction angle φ, the Young modulus E, the Poissson's ratio ν,
the soil density γ and the earth pressure coefficient at rest K0, as indicated in Table 3.1.
Table 3. 1 - Material parameters of the soil types analysed.
Soft clay
Loose sand
Cohesion c
50 kPa
5kPa
0°
30°
Friction angle φ
Young's Modulus E
25 MPa
8 MPa
0.48
0.3
Poissson's ratio ν
3
3
20 kN/m
20 kN/m
Soil density γ
Earth pressure coefficient K0
1.00
0.50

Generally, three different values are assumed for the fault inclination angle β, like 0o, 25o and 45o.
Moreover, two values are considered for pipe wall thickness, such as 9.53 mm ((3/8) in.) and 12.7
mm ((1/2) in.), corresponding to D/t-ratios equal to 96 and 72 respectively, which cover a wide
range of oil and gas pipeline applications. In addition, two different burial depth Hc are considered
equal to 1m and 2m, given that typically most pipelines are buried at shallow depths below the
ground (less than 1.5 m) for the ease of installation and access during maintenance or repair), as
reported in Wijewickreme (2012). Lastly, the effect of internal pressure is taken into account by
considering the case of no pressure, maximum allowed operating pressure pmax, and an intermediate
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internal pressure level equal to 0.56pmax, where pmax is calculated through the following expression,
as recommended in the ASME B31.4 (2002) and ASME B31.8 (2003) codes for pressure piping:
t 

pmax = 0.72 ⋅  2σ y  ,
D


(3.1)

where σy is the steel pipe material yield stress, while t and D are respectively the thickness and
diameter of the pipe. Clearly, the maximum operating pressure pmax is inversely proportional to the
slenderness of the pipeline represented by the diameter-to-thickness ratio. A list of the main
analysis performed, combining the considered parameter values is shown in Table 3.2.
Table 3.2 - List of the mail finite element simulations performed and relative parameter values.
Simulation N.
Soil Type
D/t H (m)
Pi
β(°)
1
soft clay
25
96
2
0
2
loose sand
25
96
2
0
3
soft clay
25
72
2
0
4
loose sand
25
72
2
0
5
soft clay
25
96
2
0.56pmax
6
loose sand
25
96
2
0.56pmax
7
soft clay
25
72
2
0.56pmax
8
loose sand
25
72
2
0.56pmax
9
soft clay
25
96
2
pmax
10
loose sand
25
96
2
pmax
11
soft clay
25
72
2
pmax
12
loose sand
25
72
2
pmax
13
soft clay
45
96
2
0
14
loose sand
45
96
2
0
15
soft clay
45
72
2
0
16
loose sand
45
72
2
0
17
soft clay
45
96
2
0.56pmax
18
loose sand
45
96
2
0.56pmax
19
soft clay
45
72
2
0.56pmax
20
loose sand
45
72
2
0.56pmax
21
soft clay
45
96
2
pmax
22
loose sand
45
96
2
pmax
23
soft clay
45
72
2
pmax
24
loose sand
45
72
2
pmax
25
soft clay
0
96
2
0
26
loose sand
0
96
2
0
27
soft clay
0
72
2
0
28
loose sand
0
72
2
0
29
soft clay
0
96
2
0.56pmax
30
loose sand
0
96
2
0.56pmax
31
soft clay
0
72
2
0.56pmax
32
loose sand
0
72
2
0.56pmax
33
soft clay
0
96
2
pmax
34
loose sand
0
96
2
pmax
35
soft clay
0
72
2
pmax
36
loose sand
0
72
2
pmax
37
soft clay
25
96
1
0
38
loose sand
25
96
1
0
39
soft clay
25
72
1
0
40
loose sand
25
72
1
0
41
soft clay
45
96
1
0
42
loose sand
45
96
1
0
43
soft clay
45
72
1
0
44
loose sand
45
72
1
0
45
soft clay
0
96
1
0
46
loose sand
0
96
1
0
47
soft clay
0
72
1
0
48
loose sand
0
72
1
0
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The analysis are performed within the finite element software ABAQUS (2014), using the discrete
(BWFM) and the continuum modelling approach, taking into account the material nonlinearities of
the system as well as the pipe-soil interaction. For each configuration of the pipe-soil system, the
pipeline performance is assessed by individuating PGD level corresponding to the achievement of
an ultimate limit state, like buckling, cross-section ovalization or excessive tensile strain, that can
lead to cracking with consequent material leakage.

3.2. Material modelling within the finite element methodology
This paragraph describes the adopted pipe and soil material model as well as the definition of the
soil-pipe interaction within the discrete (BWFM) and continuum modelling procedure.

3.2.1. Numerical modelling of the pipe material
The steel pipe material model is defined within the von Mises plasticity theory with nonlinear
isotropic hardening. For comparison purposes, the engineering stress-strain curve employed is the
same as the one adopted in Vazouras et al. (2012), which is obtained from a uniaxial tensile test.
The Young modulus of the steel material is assumed equal to 210 GPa, while the nominal yield
stress is 448.5MPa, followed by a plastic plateau up to 1.48% strain and then, by a strain-hardening
regime. To be implemented in the finite element software Abaqus (2014) for the numerical analysis
purposes, the steel material constitutive relationship has to be defined in terms of true stress and
true plastic strain, as shown in Figure 3.2.
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Figure 3.2 - True stress-true strain relationship of the X65 steel grade pipe material obtained from an uniaxial tensile
test as reported in Vasouras et al. (2012).

3.2.2. Numerical modelling of the soil material and soil-pipe interaction
Within the continuum modelling approach, the soil material is defined using the Mohr–Coulomb
constitutive model implemented in Abaqus/Standard, characterized by different parameters, like the
cohesion, the friction and dilatation angle, the elastic modulus E, and Poisson’s ratio v, as indicated
in Table 3.1. Moreover, the interaction between the pipeline and the soil is modelled as a frictional
contact allowing for finite sliding and separation between the two interfaces. Irrespective of the
surrounding soil type, the soil-pipeline friction coefficient µ is assumed equal to 0.3, considering
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that there is a thin layer of sand around the pipe due to construction process purposes, as adopted in
Vazouras et al. (2010; 2012; 2015).
Conversely, within the discrete model (BWFM), the soil-pipeline interaction is modelled with
nonlinear spring elements connected at each node of the pipeline and simulating the soil reaction to
the pipeline movement in the axial, and lateral direction. Herein, the vertical soil reaction is not
taken into account, since the pipeline displacement under strike-slip faulting occurs essentially in
the horizontal plane and therefore the vertical soil spring remain unloaded.
Herein the soil springs are accurately calibrated using the continuum model as a prototype, by
subjecting the pipe to a monotonic displacement in each orthogonal direction and assessing the
resultant soil reaction. In order to optimize the computational effort, the soil reaction in the lateral
direction is computed using two-dimensional (2D) plane strain analysis, whereas the soil axial
reaction is assessed through three-dimensional (3D) continuum simulations, as schematically
illustrated in Figure 3.3. Within the plane strain analysis, the pipeline as well as the surrounding soil
are modelled with four-node bilinear continuum elements (CPE4). Instead within the 3D continuum
simulations, the pipeline is modelled using four-node shell elements (S4) that account for finite
membrane strains and arbitrarily large rotations. The soil surrounding the pipeline is discretized
using eight-node linear brick continuum elements (C3D8), while the rest of the soil block is
modelled with reduced integration continuum elements (C3D8R).

a)

b)

Figure 3.3 - Finite element mesh for assessing the soil-pipe interaction in the three orthogonal directions: a) 2D plane
strain analysis for the transverse (lateral and vertical) directions; b) 3D continuum analysis concerning the axial
direction.
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The numerical simulations for evaluating the soil reaction to the pipeline movement per unit length
of pipe are conducted in two steps. At first, a geostatic analysis is performed to establish the initial
stress and strain state in the soil-pipeline system, which equilibrates the gravity loading and satisfies
the boundary conditions. In the second step, the pipeline is displaced statically along each
orthogonal direction by applying the same displacement vector to all its nodes, as schematically
illustrated in Figure 3.3. The obtained axial and lateral soil reaction per unit length of the pipeline,
for all the soil conditions considered, are indicated in Figure 3.4, and Figure 3.5, respectively.
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Figure 3.4 - Axial soil reaction per unit length of the pipeline for all the soil conditions considered.
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Figure 3.5 - Lateral soil reaction per unit length of the pipeline for all the soil conditions considered.
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3.3. Analytical evaluation of the soil-pipe system response away from the fault
The present paragraph describes first the mechanical behaviour of the pipeline soil-pipe system
focussing on the region away from the fault that is subjected to axial loading. Secondly, the
definition of the constitutive behaviour of the pipeline and the pipe-soil interaction is presented.
Thirdly, the distribution of the axial forces in the pipeline is evaluated using beam on elastic
foundation theory for the static friction length, and the force equilibrium for the frictional sliding
length. Then, the pipe elongation is assessed by integrating along the pipeline, from the anchor
point to the considered section, the axial strains obtained using the pipe axial forces and its
constitutive behaviour. Subsequently, the axial constitutive behaviour of the operating pipeline is
evaluated using the Von Mises plasticity theory and the influence of the service loads on the
pipeline response under axial loading is investigated. Finally, the developed formulations are
applied to calibrate the equivalent boundary spring for the numerical analysis purposes.
3.3.1. Mechanical behaviour of the soil-pipe system away from the fault
In order to accommodate the dislocation of its axis in the horizontal plane, the pipe is bended and
stretched between two inflection points, characterized by a localization of large deformations in the
pipeline and in the surrounding soil. As schematically illustrated in Figure 3.6, the transverse
component of the imposed fault movement is absorbed within a relatively short central region, so
called "curved length", while beyond it, the relative transverse soil-pipeline interaction is definitely
negligible. (Karamitros et al., 2011; Liu et al, 2004-a). Herein, the pipeline remains straight and the
soil-pipeline interaction is only axial, due to the friction reaction that assumes its limit value over a
large length of the pipeline, where the soil slides relative to the pipe, as schematically illustrated in
Figure 3.7. Beyond this frictional sliding zone, the axial soil-pipe interaction is static and the
pipeline behaves like a beam on elastic foundation, with the soil friction reaction decreasing to zero
at the anchor point. The latter is defined as the point where the pipe expansion stops due to the
achieved equilibrium with either the soil friction resistance or the reaction of local constraints such
as pumping stations, elbows or flanges. The region between the two anchor points is defined as the
"unanchored length" and is significantly larger than the curved length, on the order of 100m at
both sides of the fault trace.

Figure 3.6 - Schematic representation of the pipeline subjected to strike-slip faulting with indication of the "straight
length" region delimited by an anchor point and the "curved length" region.
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Figure 3.7 - Schematic representation of the a) buried pipeline subjected to axial loading and b) force equilibrium in the
axial direction of the pipe element of infinitesimal length dx, where the soil’s resistance to the pipe axial movement is
modelled by a linear spring with stiffness k.

Given that the pipeline behaviour in the "straight length" region is solely axial, it is possible to
evaluate for any pipe section in this zone, the correspondent force-displacement relationship.

3.3.2. Constitutive behaviour of the pipeline and pipe-soil interaction under axial loading
The axial constitutive behaviour of the operating pipeline depends on the service loads such as the
internal pressure and temperature variation. It can be expressed in terms of the engineering strainstress values (εi, σi ), describing a piecewise linear curve represented analytically by the following
formula:

σ = σ i −1 + Ei (ε − ε i −1 ) ,

ε i −1 ≤ ε ≤ ε i ,

i =1,2,...

(3.1)

where Ei=(σi-σi-1)/(εi-εi-1) is the slope of the i-th segment constituting the pipe multi-linear stressstrain relationship, as schematically illustrated in Figure 3.8-a. The calculation of the axial stressstrain response of the pipeline in function of the service loads such as the internal pressure and the
temperature variation is given further in the paragraph 3.3.4.
Clearly, the axial force in the pipeline F can be calculated by multiplying both the members of the
equation (3.1) by the initial transverse area A of the pipeline:
F = Fi −1 + AEi (ε − ε i −1 ) ,

ε i −1 ≤ ε ≤ ε i

,

i =1,2,...

(3.2)

being Fi-1= A⋅σi-1 the axial force in the pipe corresponding to a nominal axial stress and strain equal
to σi-1 and εi-1 respectively.
The axial soil-pipeline interaction is determined by the frictional reaction of the soil f (per unit
length of the pipeline) to the pipeline displacement in the axial direction u, assumed elasticperfectly plastic, as schematically illustrated in Figure 3.8-b, and expressed by the following
formula:
f = k ⋅ u(x )
f = ± fS

,
,

u ≤ u0 , x ≥ L
u > u0 , x < L

(3.3)

being fs the maximum soil friction force per unit length of the pipeline, u0 the relative displacement
between the soil and the pipeline when sliding occurs, k=fs/u0 the rigidity of friction interaction at
the soil pipeline interface, u(x) the pipeline axial displacement respect to the anchor point (x=La)
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and L the distance of the point where frictional sliding starts to occur with respect to the
considered pipe section (x=0). It is observed that the soil reaction per unit length of the pipeline f
is considered positive, if the pipeline undergoes overall tension, otherwise it is assumed as negative,
as indicated by the ± sign in the expression (3.3).
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Figure 3.8 - Schematic representation of the axial constitutive behaviour of the: a) Steel Pipeline; b) Pipe-Soil
Interaction

3.3.3. Evaluation of the axial forces along the pipeline
Firstly, the pipeline axial displacement u(x) in the static friction zone (u<u0), is calculated by
solving the differential equation of a beam on elastic foundation, resulting from the force
equilibrium in the axial direction of the pipe segment of infinitesimal length dx, as schematically
illustrated in Figure 3.7.

dN − (k ⋅ u )dx = 0 ⇒

E1 A

d 2u
− ku = 0
dx 2

,

for u <u0

(3.4)

where A is the pipeline undeformed cross-section area and E1 the Young modulus of the pipe
material.
The general solution of the differential equation (3.4) results:
u ( x ) = C1eαx + C2e −αx , for u <u0

(3.5)

where α is given by:

α=

k
E1 A

(3.6)

while C1 and C2 are the constants of integration that can be determined using the known pipe
displacement values at the boundaries of the static friction zone. Herein, two cases can be
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distinguished, depending on whether the applied pipe displacement at the free end is less than the
relative soil-pipe displacement when sliding starts to occur (∆L<u0), or not (∆L>u0).
Hence, the length of the static friction zone Le results equal to:
 L , for ∆L ≤ u
 a
0
Le = 
 La − L, for ∆L > u 0 , L ≤ x ≤ La

(3.7)

being La the distance of the anchor point from the reference pipe section (x=0), as illustrated in
Figure 3.7.
The solution of the equation (3.5) taking into account the boundary conditions, gives the axial
displacement of the pipeline u(x) along the static friction zone for both cases:


eα ( La − x ) − e −α ( La − x )
,
∆L ⋅
eαLe − e −αLe
u(x ) = 
α ( La − x )
− e −α ( L a − x )
u ⋅ e
,
 0
eαLe − e −αLe

for ∆L ≤ u 0
(3.8)

for ∆L > u 0 , L ≤ x ≤ La

Moreover, the axial deformation ε(x) in the static friction zone can be obtained by differentiating
the pipe axial displacement in the equations (3.8) with respect to the distance x from reference pipe
section (x=0), as follows:

eα ( La − x ) + e −α ( La − x )
α∆L ⋅
,
du ( x ) 
eαLe − e −αLe
ε (x ) =
=
α ( La − x )
dx
+ e −α ( La − x )
αu ⋅ e
,
 0
eαLe − e −αLe

for ∆L ≤ u 0
(3.9)

for ∆L > u 0 , L ≤ x ≤ La

Using the equation (3.9), the axial strain in the pipeline at the anchor point (x=La) results:

α∆L
2

α∆L ⋅ eαLe − e −αLe = sinh (αL ) ,

e
ε a = ε ( x = La ) = 
αu 0
2
αu ⋅
=
,
0
αLe
−αLe

sinh (αLe )
e −e

for ∆L ≤ u 0
(3.10)

for ∆L > u 0 , L ≤ x ≤ La

Clearly, the pipe axial strain at the anchor point εa evaluated through the expression (10) decreases
asymptotically to zero, as the static friction length Le approaches to infinity (Le→∞):

ε a∞ = 0
Le → ∞

(3.11)

whereas the axial strain εL at the pipeline section where soil friction sliding starts can be calculated
from the equation (3.9) by substituting x=L:
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ε L = ε ( x = L ) = αu0 ⋅

eα ( La − L ) + e −α ( La − L )
αu0
=
,
αL e
− αL e
e −e
tanh (αLe )

for ∆L > u0

(3.12)

Evidently, as the static friction length Le approaches to infinity (Le→∞), the pipe axial strain εL
evaluated through the expression (3.12) decreases asymptotically to its numerator:

ε L∞ = αu0 ⋅,
Le → ∞

for ∆L > u0

(3.13)

Instead, the pipe axial force in the static friction zone (u<u0), assuming the pipeline in the elastic
range (F<F1=Aσ1) in order to avoid excessive deformation, can be calculated as:

eα ( La − x ) + e −α ( La − x )
σ
α
A
+
AE
∆
L
⋅
, for ∆L ≤ u0
1
 0
eαLe − e −αLe
F ( x ) = Aσ 0 + AE1 ⋅ ε ( x ) = 
α ( La − x )
+ e −α ( L a − x )
 Aσ + AE αu ⋅ e
, for ∆L > u0 , L ≤ x ≤ La
1
0
 0
eαLe − e −αLe

(3.14)

where σ0 is the initial axial stress at the anchor point due to the effect of internal pressure and
temperature variation, as indicated in the expression (x) in the paragraph 3.3.4.
If the applied pipe displacement at the free end is less than the relative soil-pipe displacement when
sliding starts to occur (∆L<u0), the anchor length and the static friction zone length coincide
(La=Le), while the relationship between the applied pipe displacement ∆L and the corresponding
reaction at the free end F is linear:
F = F ( x = 0 ) = Aσ 0 + AE1 ⋅ ε ( x = 0) = Aσ 0 +

AE1α
∆L,
tanh (αLa )

for ∆L ≤ u0

(3.15)

On the other hand, if the applied pipe displacement at the free end exceeds the relative soil-pipe
displacement when sliding starts (∆L>u0), the pipe section at the onset of friction sliding (x=L) is
assumed elastic in order to avoid excessive plastic deformation, and the associated axial force N0,
results:
N 0 = F ( x = L ) = Aσ 0 + AE1 ⋅ ε L = Aσ 0 ±

AE1αu0
,
tanh (αL e )

with |N0|<|F1|

(3.16)

whereas, at the anchor point (x=La), the axial force Na is given by:
N a = F ( x = La ) = Aσ 0 + AE1 ⋅ ε a = Aσ 0 ±

AE1αu0
,
sinh (αLe )

with |N0|<|F1|

(3.17)

Clearly, the pipe axial force N0 evaluated through the expression (3.16) decreases asymptotically, as
the static friction length Le approaches to infinity (Le→∞):
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N 0∞ = Aσ 0 + AE1αu0 = Aσ 0 ± AE1 f su0
Le → ∞

(3.18)

Moreover, the pipe axial force at the anchor point Na evaluated through the expression (3.17)
decreases asymptotically to Aσ0 as the static friction length Le approaches to infinity (Le→∞):
N a∞ = Aσ 0
Le → ∞

(3.19)

Evidently, the expression (3.19), fully agrees with the formula 7-1 indicated in the 2001 American
guidelines, where the pipeline is assumed sufficiently long for the soil-pipe friction to fully restrain
the pipe.
Instead, the axial force along the pipeline in the region where friction sliding occurs at the soilpipeline interface (x ≤ L), is given by:


AE1αu0 
 ± f S ⋅ (L − x ) , for x < L, ∆L>u0
F ( x ) = N 0 + f S ⋅ (L − x ) =  Aσ 0 ±
tanh (αL e ) 


(3.20)

Furthermore, the axial force F at the pipeline free end when the applied displacement ∆L exceeds
the relative soil-pipe displacement at the onset of sliding (∆L>u0), can be calculated through the
expression (20), assuming x=0:
F = Aσ 0 ±

AE 1αu0
± f S ⋅ (La − Le ) , for ∆L>u0
tanh (αL e )

(3.21)

From the expression (3.21), it results that, for a given anchor length La of a buried pipeline
subjected to an axial load F at its free end, there exists a biunivocal relation between the applied
force F and the static friction length Le developed.
Clearly, as the static friction length Le approaches to infinity (Le→∞), the expression (3.21) for
calculating the pipeline axial force at its free end, becomes a linear function of the developed
friction sliding length L:
F ∞ = Aσ 0 ± AE1αu0 ± f S ⋅ L , for ∆L>u0
Le → ∞

(3.22)

More generally, in the case of anchor point situated at a finite distance La from the pipeline free end
subjected to a certain axial force F, the developed static friction length Le can be obtained by
solving numerically the equation (3.21). Hereafter, the value of the axial force N0 at the pipe
section where friction sliding starts (x= La−Le) can be determined using the equation (3.16).

3.3.4. Evaluation of the elongations along the pipeline
The pipeline elongation ∆L at the reference pipe section (x=0), can be analytically evaluated by
integrating the axial deformations along the pipeline from zero (x=0) to the anchor point
(x=La):
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∆L = ∫ ε ( x )dx
La

(3.23)

0

The expression for calculating the axial strain in the pipeline ε results from the equation (3.2):

ε=

F − Fi−1
+ε i−1 ,
AE i

ε i −1 ≤ ε ≤ ε i ,

i =1,2,...

(3.24)

The pipe elongation ∆L is straightforward in the case of ∆L<u0 where only static friction occurs at
the pipe-soil interface, and can be easily obtained from the equation (3.15):
∆L = tanh (αLa ) ⋅ ∆L∞ ,

∆L < u0

for

(3.25)

where ∆L∞ is the pipeline elongation for an infinite anchor length (La→∞):
∆L∞ = ±

(F − F0 ) = ± (F − F0 ) ,
AE1α

kAE1

for

∆L < u0

(3.26)

where F0 = A⋅σ0 represents the initial axial force in the pipeline in operation, induced by the
temperature variation and internal pressure, before the application of the fault offset, where the
pipeline is assumed fully constrained at its ends.
Clearly, the equation (3.26) can be reformulated in function of the axial strains, observing that
F−F0=AE1⋅ε:

∆L∞ = ±

ε
α

for

,

∆L < u0

(3.27)

Instead, in the case where friction sliding occurs at the soil-pipeline interface (|∆L| ≥ u0), and the
pipeline is still in the elastic range (F ≤F1 ), the elongation of the pipeline ∆L is given by:

∆L = ±u0 ±

F −N0
fS

∫
0

 F − f S x − F0 

 dx ,
AE1



for

|N0| ≤ |F| ≤ |F1|

(3.28)

where N0 is given by the expression (3.16).
Moreover, observing that F−N0=AE1(ε−εL), the expression (3.26) can also be rewritten in terms of
the axial strain ε:

∆L = ±u0 ±

AE1
(ε −ε L )
fS

∫
0


f
 ε − S
AE1



x  dx ,


for

|N0| ≤ |F| ≤ |F1|

(3.29)

where ε L is the axial deformation at the pipeline section where soil friction sliding starts, and can be
calculated using the equation (3.12).
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Solving the integral in the equations (3.28) and (3.29), the elongation of the pipeline ∆L at its free
end can be evaluated in function of the associated axial force F and axial strain ε, respectively:



(F − F0 )2 ,
1

∆L = ±1 −
⋅
u
±
2
 0 2 AE f
1 S
 2 tanh (αLe ) 

for



1
AE1 2
 ⋅ u0 ±
ε ,
∆L = ±1 −
2
2 fS
 2 tanh (αLe ) 

for

| N0| ≤ |F| ≤ |F1|

| N0| ≤ |F| ≤ |F1|

(3.30)

(3.31)

If the anchor point is located far away enough from the pipe free end, so that the anchor length La
and the associated static sliding length Le can be assumed as infinite, the expressions (3.30) and
(3.31) for calculating the axial elongation in function of the axial forces and deformations
respectively, are simplified as follows:
∆L∞ = ±

u0 (F − F0 )
±
,
2
2 AE1 f S

∆L∞ = ±

u0 AE1 2
±
ε ,
2 2 fS

2

for

for

| N0| ≤ |F| ≤ |F1|

| N0| ≤ |F| ≤ |F1|

(3.32)

(3.33)

Clearly, the force-displacement and the strain-displacement relationships given in the expressions
(3.32) and (3.33) respectively are parabolic.
More generally, if the anchor point is situated at a finite distance from the pipe free end, the pipeline
elongation can be rewritten taking into account the expressions (3.30) and (3.32), as well as (3.31)
and (3.33):

∆L = ∆L∞ m


u0 
1

− 1 ,
2
2  tanh (αLe ) 

for

| N0| ≤ |F| ≤ |F1|

(3.34)

The elongation in the pipeline ∆L1 at the onset of the first yielding (F=F1; ε=ε1) can be obtained
form the expression (3.34):

∆L1 = ∆L1∞ m


u0 
1

− 1 ,
2
2  tanh (αLe1 ) 

for

F=F1, ε=ε1

(3.35)

where Le1 is the static friction corresponding to the applied axial force F=F1 at the pipe free end,
whereas the pipeline elongation at first yield for an infinite anchor length ∆L∞1, is evaluated from
the expressions (3.32) or (3.33) in terms of axial forces and axial strains respectively:
u (F − F0 )
∆L = ± 0 ± 1
,
2
2 AE1 f S
∞
1

2

for

F=F1, ε=ε1

(3.36)
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∆L1∞ = ±

u0 AE1 2
±
ε1 ,
2 2 fS

F=F1, ε=ε1

for

(3.37)

More generally, when the axial force at the considered pipe section exceeds the (i-1)-th yielding
point and approaches the i-th (Fi-1 ≤ |F ≤Fi), the pipeline elongation in case of infinite anchor
length, can be calculated as follows, in terms of axial force and axial strains respectively:
F − Fi −1
fS

 F − f S x − Fi −1


+ε i−1  dx =
AE i


0
1
= ∆L∞i −1 ±
F 2 + 2( AEi ε i −1 − Fi −1 ) ⋅ F + Fi −21 − 2 AEiε i−1 Fi −1
2 f S AEi

∆L∞ = ∆L∞i −1 ±

∫

[

∆L∞ = ∆L∞i −1 ±

AE i
(ε −ε i −1 )
fS

∫
0

(


f
 ε − S
AE i



AEi 2
x  dx = ∆L∞i −1 ±
ε − ε i2−1 ,
2 fS


(

)

for

|F1|≤ |F|

(3.38)

)]

for

|F1|≤ |F|

(3.39)

where ∆L∞i-1 is the elongation of the pipeline in the case of infinite anchor length (La→∞), when the
(i-1)th-yielding point reached, and can be evaluated from the equations (3.38) and (3.39) in terms of
the axial force (F=Fi-1) and axial strain (ε =εi-1), respectively:

[

(

∆L∞i −1 = ∆L∞i − 2 ±

1
Fi −21 + 2( AEi −1ε i − 2 − Fi − 2 ) ⋅ Fi −1 + Fi −2 2 − 2 AEi −1ε i − 2 Fi − 2
2 f S AEi −1

∆L∞i −1 = ∆L∞i − 2 ±

AEi −1 2
ε i −1 − ε i2− 2
2 fS

(

)

)]

(3.40)

(3.41)

Instead, in the case of finite anchor length, the pipeline elongation is evaluated again using the
formula (3.34), that is rewritten for clarity:

∆L = ∆L∞ m


u0 
1

− 1 ,
2
2  tanh (αLe ) 

for

|F1|≤ |F|

(3.42)

where ∆L∞ is given by the expression (3.38) or (3.39) and Le is the static friction length
corresponding to the applied force F at the pipe free end, as schematically illustrated in Figure 3.7.
It is straightforward from the expression (3.42) that the pipeline displacement capacity is maximum
in the case of infinite anchor length and decreases for shorter anchor lengths.
Summarizing, the constitutive behaviour of an infinite pipeline (La→∞) in the region beyond the
"curved length", can be expressed in terms of an equivalent axial spring whose force-displacement
relationship is defined by the equation (3.26) if |∆L|<|u0|, otherwise by the expressions (3.32) and
(3.38) if the pipeline is in the elastic or plastic range respectively:
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∆L∞ = ±

(F − F0 ) = ± (F − F0 ) ,

∆L∞ = ±

u0 (F − F0 )
±
,
2
2 AE1 f S

AE1α

∆L < u0

for

kAE1

(3.43-1)

2

∆L∞ = ∆L∞i −1 ±

| N0| ≤ |F| ≤ |F1|

for

[

(

1
F 2 + 2( AEiε i −1 − Fi −1 ) ⋅ F + Fi −21 − 2 AEiε i −1Fi −1
2 f S AEi

(3.43-2)

)]

for

|F1|≤ |F|

(3.43-3)

being εi, σi the i-th nominal strain and stress value respectively defining the steel pipeline axial
response either in tension or compression, A is the cross section area of the pipe, Fi= A⋅σi is axial
force in the pipe corresponding to an axial stress equal to σi, Ei=(σi-σi-1)/(εi-εi-1) is the slope of the ithe segment defining the pipe multi-linear stress-strain relationship and ∆Li is the pipeline
elongation corresponding to the axial force Fi. In particular, E1 and σ1 are respectively the elastic
stiffness of the steel pipeline and its yield stress. Instead, F0 = A⋅σ0 represents the initial
longitudinal force in the pipeline in operation, induced by the temperature variation and internal
pressure, before the application of the fault offset, where the pipeline is assumed fully constrained
at its ends.
Moreover, the same equivalent axial spring described by the equations (3.43), can be expressed in
terms of the axial strain ε, using the equations (3.27) if |∆L|<|u0|, otherwise by the expressions
(3.33) and (3.39) if the pipeline is in the elastic or plastic range respectively:
∆L∞ = ±

ε
α

F = F0 + AE1 (ε − ε 0 )

∆L∞ = ±

,

for

u0 AE1 2
±
ε
2 2 fS ,

for

F = F0 + AE1 (ε − ε 0 )

(

∆L < u0

)

AEi 2
ε − ε i2−1
2 fS
,
F = Fi −1 + AEi (ε − ε i −1 )

∆L∞ = ∆L∞i −1 ±

(3.44-1)

| N0| ≤ |F| ≤ |F1|

(3.44-2)

|F1|≤ |F|

(3.44-3)

for

More generally, the constitutive behaviour of a finite pipeline in the region beyond the "curved
length", can be expressed in terms of an equivalent axial spring whose force-displacement
relationship is defined by the equation (3.25) if |∆L|<|u0|, otherwise by the expression (3.42):
∆L = tanh (αLa ) ⋅ ∆L∞ ,

∆L = ∆L∞ m

for


u0 
1

− 1 ,
2
2  tanh (αLe ) 

∆L ≤ u0
for

(3.45-1)

∆L > u0

(3.45-2)

where ∆L∞ is given by the expressions (3.43) or (3.44).
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Axial Friction

Clearly, the pipeline displacement capacity is maximum in the case of infinite anchor length
(La→∞) and decreases for shorter anchor lengths, as results straightforward from the expressions
(3.45).
Furthermore, it is possible to assess the distribution of the pipe axial force, displacement and strain
in function of the axial position x along the pipeline in the region beyond the "curved length",
characterized by predominant axial behaviour either in tension or compression, as schematically
illustrated respectively in Figure 3.9 and Figure 3.10.

Static Friction

Frictional sliding at soil pipe interface

f=f s
f=f s ⋅ e−√k / AE 1 ⋅(x-L)
fs

∆L

u0
F0

F

N0
x=0

x

x=L

x→+∝

Pipe axial force F(x)
F i =Α · σ i
F 1 =Α · σ 1

N0
F0
x=0

x=L

x

Pipe axial strain ε (x)

εi

ε1
ε0
x

x=0
F− Fi
fS

F 2− F 1
fS

F 1− N 0
fS

x=L

Figure 3.9 - Schematic representation of the a) tensile axial forces and elongations acting in the pipeline segment away
from the fault with respect to the reference section (x=0); b) variation of the axial forces and c) axial strains along the
pipeline.
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Static Friction

Frictional sliding at soil pipe interface

f=f s
f=f s ⋅ e−√k / AE 1⋅(x-L)
fs

∆L

u0
F0

F

N0
x=0

x

x=L

x→+∝

Pipe axial force F(x)
F0
N0
x=0

x=L

x

F 1 =−Α ·σ 1
F i =−Α ·σ i
Pipe axial strain ε (x)
x=0

F − Fi
fS

F 2− F 1
fS

F 1− N 0
fS
x=L

x

ε0
ε1

εi

Figure 3.10 - Schematic representation of the a) compression axial forces and elongations acting in the pipeline
segment away from the fault with respect to the reference section (x=0); b) variation of the axial forces and c) axial
strains along the pipeline.

For an infinite pipeline (La→∞), the distribution of the longitudinal force, strain and elongation
along its axis, subjected to either tensile or compressive axial loading, can be evaluated in function
of the applied displacement ∆L, and associated axial force F at the pipe free end, using the
following expressions:
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 F + AE α∆L ⋅ e −α ⋅ x , for ∆L ≤ u
1
0
 0

∞
−α ( x − L )
F (x ) =  F0 + AE1αu0 ⋅ e
, for ∆L > u0 , L ≤ x ≤ La

 F m f S x, ∆L > u0 , x ≤ L

ε ∞ (x ) =

F ∞ ( x ) − Fi −1
+ε i −1,
AE i

for Fi −1 ≤ F ≤ Fi ,

i = 1,2,...

ε (x )
, for F < N 0

 α
 u
AE1 2
∆L∞ ( x ) = ± 0 ±
ε ( x ), for F < F1
 2 2 fS
 ∞
AEi 2
ε ( x ) − ε i2−1 , for Fi −1 ≤ F ≤ Fi ,
∆Li −1 ±
2 fS


(

(3.46-1)

)

(3.46-2)

(3.46-3)

i >1

where the value of the sliding friction length L is obtained exactly using the expression (3.22)
Instead, for a finite pipeline the longitudinal force, strain and elongation along its axis, can be
evaluated as follows:

eα ( La − x ) + e −α ( La − x )
F
AE
L
, for ∆L ≤ u0
+
∆
⋅
α
 0
1
eαLa − e −αLa


eα ( La − x ) + e −α ( La − x )
F ( x ) =  F0 + AE1αu0 ⋅
, for ∆L > u0 , L ≤ x ≤ La
αLe
−α L e
e
−
e

 F m f x, for ∆L > u , x ≤ L
S
0



ε (x ) =

F ( x ) − Fi −1
+ε i −1,
AE i

for Fi −1 ≤ F ≤ Fi ,

tanh[α (L − x )]⋅ ∆L∞ ( x ), for
a

∆L( x ) = 

u 
1
∞
,
−
1
∆L ( x ) m 0 
2  tanh 2 (αLe ) 


i = 1,2,...

(3.47-1)

(3.47-2)

F ≤ N0 ;
for

F > N0

(3.47-3)

where the value of the static friction length Le is obtained by solving numerically the equation
(3.21).

3.3.5. Analysis of the stress-strain state of the buried pipeline in operation and evaluation of
its axial constitutive behaviour
A pipeline in operation is subjected temperature differential and internal pressure that induce the
development of longitudinal stress as well as hoop stress in the pipe.
The longitudinal stresses are mainly caused by the Poisson effect following the pipeline
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circumferential expansion due to internal pressure as well as the temperature variation.
In fact, when subjected to internal pressure, hoop stresses develop in the pipeline associated with a
circumferential extension, that in turn induces a longitudinal contraction of the pipe as a result of
the Poisson effect. If the pipeline is sufficiently long for the pipe-soil friction to fully restrain the
pipe, or attached to fixed objects that tend to anchor it to the ground, the longitudinal contraction
due to internal pressure is prevented and longitudinal tensile stress arise in the buried pipeline.
Secondly, the temperature increase produces an expansion of the pipeline in all directions.
Specifically, if longitudinal expansion is prevented as a result of the axial constraint provided by the
pipe-soil friction, longitudinal compressive stress will be induced in the pipe. Therefore the hoop
stress σy and the longitudinal stress σx in a fully restrained operating pipeline can be calculated by
(ALA, 2001; Palmer and King, 2008):

σ y = pi D 2t

,

(3.48)

σ x = νσ y − Eα (T2 − T1 )

,

(3.49)

being pi the pipe internal pressure, D the pipe diameter, t the pipe thickness, ν the Poisson ratio of
the steel material, E the Young modulus of the steel material, T2 the service temperature, T1 the
installation temperature and α the coefficient of thermal expansion.
Being the third principal stress in the radial direction generally neglected, the pipe wall stress-state
results to be biaxial, with both circumferential and longitudinal stress components, which lead to
plane stress conditions. In order to evaluate how near the combined stress approaches yielding, the
equivalent stress σeq, based on the Von Mises plasticity theory may be used, which is given for
plane stress conditions by the following expression:

σ eq = σ x2 + σ y2 − σ xσ y

(3.50)

Modelling the plastic behaviour of the pipe steel material within the Von Mises plasticity with
isotropic hardening, the yield surface remains the same shape but expands with increasing stress,
in function of the equivalent plastic strain εpeq. Hence, the yield surface for plane stress conditions
and isotropic hardening is given by the following equation:
f (σ x , σ

y

)=

σ x2 + σ y2 − σ xσ

y

( )

( )

− σ e ε eqp = σ eq − σ e ε eqp = 0

(3.51)

where σe(εpeq) is the yield stress which is a function of the equivalent plastic strain εpeq.
Herein, the equivalent plastic strain εpeq is related to the equivalent stress σeq by the same plastic
stress-strain relationship (flow curve) obtained from the data of a simple tensile test. The latter are
generally represented in terms of engineering strain-stress values (εi, σi), and describe a piecewise
linear curve represented analytically by the following formula:

σ = σ i −1 + Ei (ε − ε i −1 ) ,

ε i −1 ≤ ε ≤ ε i ,

i =1,2,...

(3.52)

where Ei = (σi-σi-1)/(εi-εi-1) is the slope of the i-th segment constituting the pipe multi-linear nominal
stress-strain relationship.
In order to be used within the plasticity theory, the pipe material constitutive relationship has to be
defined in terms of true stress σt and true strain εt, that are related to the engineering stress σn and
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strain εn through:

σ t = σ n (1 + ε n )

(3.53)

ε t = ln(1 + ε n )

(3.54)

The evolution of the yield locus for the pipeline under increasing axial loading is schematically
illustrated in Figure 3.11. Herein, two loading scenarios are represented:
1) Pipeline with no internal pressure pi=0, subjected to increasing axial loading, either in
tension or in compression.
2) Pipeline with internal pressure pi≠0, subjected to increasing axial loading, either in tension
or in compression.

Figure 3.11 - Schematic representation of the Von Mises yield surfaces under isotropic hardening, and the pipe stresses
following axial loading in the case of no internal pressure (pi=0) and internal pressure (pi≠0).

The response of the pipeline subjected to axial loading, in terms of axial stress-strain relationship,
for the cases of no internal pressure and internal pressure is schematically illustrated in Figure 9-a
and 9-b respectively. Clearly, in the case of non-operating pipeline (pi=0), the axial stress-strain
response coincides with the pipe material constitutive relationship obtained from the data of a
simple tensile test, expressed in terms of true stress σo true strain εo:

σ o = σ io−1 + Eio (ε o − ε io−1 ) ,

ε i −1 ≤ ε ≤ ε i ,

i =1,2,...

(3.54)

being Eoi = (σoi-σoi-1)/(εoi-εoi-1) the slope (or tangent modulus) of the i-th segment constituting the
pipe multi-linear true stress-true strain relationship, as schematically illustrated in Figure 9-a.
Moreover, the relationship between the tangent modulus of the true stress-true strain curve Eoi and
the plastic modulus Hoi of the true stress-true plastic strain curve (flow curve) is given by:
1
1
1
= + o ,
o
Ei
E Hi

for

i >1

where E is the Young modulus of the pipe material.
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Figure 3.12 - Axial stress-strain evolution in the pipeline subjected to axial loading either in tension or compression for
the case of a) no internal pressure (pi=0) and b) internal pressure (pi≠0).

Using the Prandtl-Reuss equation, in the case of plane stress conditions, the true axial strain
increment dεx is related to the true axial stress increment dσx by:

1
(dσ x −νdσ y ) + dε eq σ x − 1 σ y 
E
2 
σ eq 
p

dε x =

(3.56)

Introducing the plastic modulus Hi = ∂σeq/∂εeq, the equation (3.56) can be written as follows:
dε x =

1
(dσ x −νdσ y ) + 1o dσ eq σ x − 1 σ y  , σ io−1 ≤ σ eq ≤ σ io
E
H i σ eq 
2 

(3.57)

substituting the expression (3.50) into the equation (3.57), and observing from the expression (3.48)
that σy is constant, results:
2

1 

σ x − σ y 
1
1
2 
dε x = dσ x + o ⋅ 2
dσ x ,
2
E
H i σ x + σ y − σ xσ y

(

)

(3.58)

σ io−1 ≤ σ eq ≤ σ io

Equation (3.58) can be integrated exactly for σ io−1 ≤ σ eq ≤ σ io , leading to the analytical expression
for evaluating the true axial strain-stress values (εx, σx) for an operating pipeline:

ε x = ε ip−1 +

(σ

x

)

 2σ x − σ y
3σ y 
− σ ip−1


arctan
−

2 H io 
Eio
3σ y




 2σ p − σ y
 − arctan i −1


3σ y




 , σ io−1 ≤ σ eq ≤ σ io



(3.59)

where ε ip−1 and σ ip−1 represent respectively the true strain and true stress value of the (i−1)-th
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yielding point defining the stress-strain curve of the steel pipeline subjected to axial loading in
operating conditions, as schematically illustrated in Figure 3.11 and 3.12-b.
Finally, the response of the operating pipeline under increasing axial loading, either in tension or in
compression, can be analytically evaluated in terms of axial true strain-true stress values, using the
equations (3.48), (3.50) and (3.59), as follows:

σ y = pi D 2t

(3.60-1)

σ 0p = νσ y − Eα (T2 − T1 )

(3.60-2)

ε 0p = 0

(3.60-3)

(σ )

σ ip = σ y 2 ±
ε 1 = ε 0p +

(σ

ε ip = ε ip−1 +

ε x = ε 0p +

εx = ε

p
i −1

o 2
i

− σ 0p
E

p
1

(σ

(σ

p
i

x

(σ
+

x

− 3σ y2 4 ,

)

for

i ≥1

for

σ x = σ 1p

)

 2σ ip − σ y
3σ y 
− σ ip−1


−
arctan

Eio
2 H io 
3σ y



)

− σ 0p
,
E

for

(3.60-4)

(3.60-5)

p


 − arctan 2σ i −1 − σ y


3σ y




 , for



i >1

σ x ≤ σ 1p

)

 2σ x − σ y
3σ y 
− σ ip−1


−
arctan

Eio
2 H io 
3σ y



(3.60-6)

(3.60-7)


 2σ p − σ y
 − arctan i −1


3σ y




 ,



for σ x > σ 1p

(3.60-8)

where Eoi = (σoi-σoi-1)/(εoi-εoi-1) is the slope (or tangent modulus) of the i-th segment constituting the
pipe multi-linear true stress-true strain relationship, while Hoi is the associated plastic modulus that
can be calculated using the equation (3.55):
H io =

E ⋅ Eio
,
E − Eio

for

i >1

(3.61)

Lastly, the nominal strain-stress values (εn, σn) corresponding to the true stress-strain curve (εt, σt)
calculated through the equations (3.60), can be obtained from the expressions (3.53) and (3.54), as
follows:

ε n = exp(ε t ) − 1

(3.62)

σ n = σ t (1 + ε n )

(3.63)

Finally, using the equations (3.60), the discrete nominal stress-strain values defining the response of
the X65 steel grade pipeline under axial loading are evaluated in the case of no internal pressure
(pi=0), intermediate internal pressure (pi=0.56pmax) and maximum internal pressure (pi=pmax), as
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indicated in Table 3.3. Moreover, a plot of the aforementioned engineering stress-strain curves is
shown in Figure 3.13.
Table 3.3 - Discrete values defining the response of the operating pipeline under axial loading, in terms of nominal
stress-nominal strain.
p=0

p=0.56pmax

F<0
i=0
i=1
i=2
i=3
i=4
i=5
i=6
i=7

F>0

F<0

p=pmax
F>0

F<0

F>0

εn

σn (MPa)

εn

σn(MPa)

εn

σn(MPa)

εn

σn(MPa)

εn

σn(MPa)

εn

σn(MPa)

0.0
-0.0021
-0.0146
-0.0476
-0.0909
-0.1304
-0.1667
-0.2308

0.0
-450.4
-461.9
-521.1
-616.8
-705.3
-788.9
-946.4

0.0
0.0021
0.0148
0.0500
0.1000
0.1500
0.2000
0.3000

0.0
448.5
448.5
472.7
509.7
533.3
547.9
560.0

0.0000
-0.0018
-0.0136
-0.0449
-0.0866
-0.1249
-0.1603
-0.2234

53.1
-334.6
-344.7
-401.5
-493.5
-577.4
-656.0
-802.4

0.0000
0.0022
0.0141
0.0474
0.0951
0.1432
0.1914
0.2881

53.1
509.9
509.9
535.2
573.3
596.9
610.9
621.2

0.0000
-0.0014
-0.0114
-0.0386
-0.0762
-0.1118
-0.1453
-0.2059

94.9
-198.6
-207.8
-266.1
-358.5
-439.8
-514.4
-650.4

0.0000
0.0020
0.0121
0.0408
0.0831
0.1266
0.1708
0.2601

94.9
513.5
515.4
549.6
597.7
627.4
645.6
660.8

Pipe Axial Stress-Strain Response
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600

Compression p=0
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Figure 3.13 - Engineering axial stress-strain response of the pipeline subjected to axial loading either in tension or
compression for the case of no internal pressure (pi=0), intermediate internal pressure (pi=0.56pmax) and maximum
internal pressure (pi=1.0pmax).

3.3.6. Influence of the service loads on the pipeline response under axial loading
There exists a biunivocal relation between the force F and the sliding friction length L developed in
a buried pipeline with a given anchor length La, subjected to an axial displacement ∆L at its free end
exceeding u0, as noted previously in paragraph 3.3.4:
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F = Aσ 0 ±

AE 1αu 0
± f S ⋅ L,
tanh[α (La − L )]

for ∆L > u0 ,

(3.64)

Clearly, as the anchor length La increases approaching to infinity (La→∞), the expression (3.64) for
calculating the pipeline axial force at its free end, becomes a linear function of the developed
friction sliding length L. For a certain axial force F at the pipe free end, the corresponding value of
the sliding friction length L can be obtained by resolving the equation (3.64) numerically in the case
of finite anchor length La, and exactly in the case of anchor length long enough to be considered as
infinite (La→∞):

F − Aσ 0 − AE 1αu0
,
La → ∞
fS

L =

for ∆L > u 0 ,

(3.65)

The value of the associated static friction length Le results straightforward:
Le = La − L,

for ∆L > u0 ,

(3.66)

For clarity purposes, the aforementioned relationship between the pipe axial stress at its free end
(σ=F/A) and the developed sliding friction length L, as well as the static friction length Le for
different values of the anchor length La, is illustrated graphically in Figure 3.14. Herein, the case of
a typical soil-pipeline system analysed in the present study is considered with a cross-section area
A=0.027m2, buried in soft clay soil with a friction force per unit length of pipe fs=42.142kN/m and
corresponding displacement at yield u0=0.0045m. As the axial stress F/A increases, the sliding
friction length L approaches asymptotically the anchor length value La, while the static friction
length Le decreases asymptotically to zero, as shown in Figure 3.14.
Moreover, the pipeline elongation capacity at the onset of plasticity ∆L1, can be evaluated in
function of the anchor length La and the internal pressure Pi using the expressions (3.35), (3.37) and
(3.60):

∆L1 (La , Pi ) = ∆L1∞ (Pi ) m

u0
2



1

− 1 ,
2
 tanh [αLe1 (La , Pi )] 

for

F=F1(Pi), ε=ε1(Pi)

(3.67)

with,
∆L1∞ (Pi ) = ±

u 0 AE1 2
±
ε 1 (Pi ) ,
2 2 fS

for

F=F1(Pi), ε=ε1(Pi)

(3.68)

where Le1(La, Pi) represents the static friction length when the first yielding is reached in the
pipeline with anchor length La and operating pressure Pi, ∆L∞1 is the elongation capacity at first
yield of the operating pipeline with infinite anchor length (La→∞), whereas ε1(Pi) is the first
nominal yielding strain in function of the service loads, such as the internal pressure Pi, as indicated
in the expression (3.60-5):
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  1 − 2ν D 

⋅  Pi ±
 4
t 
ε 1 (Pi ) = exp




(1 + ε 1 )
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2
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16  t 
 − 1,



2
1

(3.69)

where ε1 and σ1 are respectively the nominal strain and stress at first yield of the pipeline material
while D and t are respectively the internal diameter and thickness of the pipeline. The pipeline
elongation capacity is maximum in the case of anchor length La sufficiently long to be considered
infinite, as evident from the expression (3.67).

a)

b)
Figure 3.14 - a) Relationship between the pipe axial stress at its free end and the developed sliding friction length L, b)
relationship between the pipe axial stress at its free end and the developed static friction length Le.
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The value of internal pressure Pi that maximizes the axial yielding strain ε1(Pi), and consequently
the pipeline elongation at first yield ∆L∞1, in the case of infinite anchor length, can be evaluated by
solving the derivative of the expression (3.69) set equal to zero. When the pipeline undergoes
contraction (∆L<0), the magnitude of the associated compressive strains evaluated through the
expression (3.69) is a decreasing function of the internal pressure Pi, like the pipe contraction at
first yield ∆L∞1. Instead, when the pipeline undergoes elongation (∆L>0), the axial strain at first
yield and the associated elongation ∆L∞1, are maximum for a value of the internal pressure Pi given
by:

Pi =

2(1 − 2ν )

9 + 3(1 − 2ν )

2

 2t 
 (1 + ε 1 ) ⋅ σ 1 ≈ 0.36 ⋅ Pmax ,
D

(3.70)

where Pmax is the maximum allowable internal pressure.
The relationship between the pipe elongation at first yield ∆L1 and the level of internal pressure
Pi/Pmax for different values of the anchor length La, in the situation where the abovementioned
pipeline is subjected to elongation (∆L>0) as well as contraction (∆L<0), is shown in Figure 3.15.

Figure 3.15 - a) Variation of the pipe elongation at first yielding ∆L1 in function of the internal pressure level Pi/Pmax,
for different values of the anchor length La and elongation paths, either positive (∆L>0) or negative (∆L<0).

Moreover, the variation of the pipe elongation capacity at first yield ∆L1 in function of the anchor
length La, for different conditions of internal pressure pi, and elongation paths either positive
(∆L>0) or negative (∆L<0), is represented in Figure 3.16.
Clearly, the pipeline elongation capacity at first yield increases with the increase of the anchor
length La, remaining practically constant for anchor length values larger than 300m. Therefore, in
order to optimise the pipeline deformation capacity at fault crossing, a minimum anchor length of
approximately 300m should be recommended for the pipeline considered. This conclusion agrees
with the simplified formulation often adopted in the engineering design practice (IITK 2007):
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La =

Aσ 1 0.027m 2 ⋅ 448.5MPa
=
= 288.2m
42.142 kN m
fs

(3.71)

Figure 3.16 - a) Variation of the pipe elongation at first yielding with the anchor length La, for different levels of
internal pressure Pi and straining paths, either positive (∆L>0) or negative (∆L<0).

Instead, the nominal axial stress at first yielding σ1(Pi) can be calculated by summing the initial
axial stress σ0(Pi) and the product of the Young modulus E with the nominal yielding strain ε1(Pi)
evaluated through the expression (3.69):

σ 1 (Pi ) = σ 0 (Pi ) + E ⋅ ε1 (Pi ) = ν

D
Pi + E ⋅ ε 1 (Pi )
2t

(3.72)

More easily, the nominal axial stress at first yielding can be estimated with sufficient accuracy by
using the equation (3.60-4):

σ 1 (Pi ) =

2

3 D
D
Pi ± σ 12 −   Pi 2
4t
16  t 

(3.73)

The value of internal pressure Pi that maximizes the axial yielding stress σ1(Pi), can be evaluated by
solving the derivative of the expression (3.73) set equal to zero. Clearly, when the applied force is
in compression (F<0), the magnitude of the axial stress evaluated through the expression (3.73) is a
decreasing function of the internal pressure Pi. Instead, in the case where the applied force is in
tension (F>0), the value of internal pressure Pi that maximizes the axial yielding stress σ1(pi) is
given by:
Pi =

1  2t 
  ⋅ σ 1 ≈ 0.80 ⋅ Pmax ,
3D

(3.74)

where Pmax is the maximum allowable internal pressure evaluated through the expression (3.1).
Figure 3.17 illustrates the variation of the pipe axial stress magnitude at first yielding σ1 in function
of the normalized internal pressure (Pi /Pmax) in tension (F>0) and compression (F<0). Clearly, the
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axial yielding stress σ1 decreases monotonically with the increase of internal pressure Pi, in the case
of pipeline loaded in compression. Instead, in the case of pipeline loaded in tension (F>0) the axial
yielding stress σ1 increases until the maximum is reached for a pipe internal pressure Pi equal to
80.2% of the maximum allowable internal pressure Pmax.

Figure 3.17 Variation of the pipe axial stress magnitude at first yielding in function of the normalized internal pressure
(Pi /Pmax) in tension (F>0) and compression (F<0).

Finally, the mechanical behaviour of the operating pipeline, subjected to axial loading either in
tension (∆L>0) or compression (∆L<0) is examined using the analytical expressions (3.44), (3.45),
(3.46) and (3.47). Herein, the pipeline response at its free end as well as along its axis is evaluated
in terms of axial force, strain, and displacement, investigating the influence of the pipe internal
pressure Pi and anchor length La.
Specifically, in Figure 3.18 is illustrated the variation of the pipeline axial strain at its free end in
function of the applied axial displacement ∆L for different values of anchor length La and levels of
internal pressure Pi. Similarly, Figure 3.19 shows the evolution of the pipeline axial force at its free
end in function of the applied axial displacement, for different values of anchor length La and
conditions of internal pressure Pi.
The relationship between the applied displacement and the corresponding pipe axial strain and force
is linear before sliding friction starts at the soil-pipe interface, as evident from the equations (3-431), (3.44-1) and (3.45-1). Thereafter, the strain and force-displacement relationship tend to be
parabolic for increasing values of the anchor length La. Clearly, the slope of the aforementioned
curves changes abruptly, when first yielding occurs in the pipeline. Herein, for shorter anchor
lengths La, yielding is reached at lower levels of the applied displacement ∆L in tension as well as
in compression, that confirms the previous considerations regarding the pipeline displacement
capacity at the onset of plasticity (see Figure 3.15). Instead, for anchor lengths La longer than 300m,
the displacement-strain and displacement-force curves practically coincide with the one evaluated
considering an infinite anchor length (La→∞). Evidently, for the same levels of applied axial
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displacement ∆L, the resulting magnitude of the axial strain and force result lower in the case of
pipeline operating with maximum internal pressure Pmax, in tension as well as in compression.

Figure 3.18 - a) Variation of the pipe axial strain ε at its free end in function of the applied axial displacement ∆L for
different values of the anchor length La and conditions of internal pressure: a) Pi=0; b) Pi=0.56Pmax; c) Pi=1.00Pmax.
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Figure 3.19 - a) Variation of the pipe axial force at its free end in function of the applied axial displacement ∆L<0 for
different values of anchor length La and conditions of internal pressure: a) Pi=0; b) Pi=0.56Pmax; c) Pi=1.0Pmax.

Furthermore, for a given level of internal pressure and applied axial displacement, the magnitude of
the axial strains and forces developed in compression is lower compared to that of the strains
developed in tensile case. This different mechanical behaviour of the operating pipeline in
function of the service loads and the loading path either in tension or compression, needs to be
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appropriately taken into account in the modelling of the pipeline boundaries far from the fault, in
terms of an equivalent axial spring. At the state-of art, the seismic performance of the operating
pipeline at fault crossing, subjected to overall tension or compression in function of the fault
inclination angle, is assessed by considering an equivalent boundary spring that ignores the effect of
the service loads and the different loading path.
Finally, the evolution of the pipeline response along its axis terms of axial strain, displacement and
force for different levels of the internal pressure and applied displacement in tension as well as in
compression, in the case of infinite and finite anchor length (150m), is reported in the Appendix A.

3.3.7. Calibration of the equivalent boundary spring for the numerical analysis purposes
Within this thesis, the equivalent boundary spring is calibrated in function of the pipeline material,
cross-section area and axial soil-pipe interaction, using the force-displacement relationship
indicated in the expressions (3.43). Subsequently, this equivalent axial spring is implemented in
ABAQUS (2014) finite element software for the numerical analysis purposes. This modelling
procedure permits to significantly reduce the needed memory and computation time of the
calculator, compared to the one where the entire length of the pipeline is modelled with nonlinear
shell elements and the surrounding soil with solid elements (e. g. Özcebe et al., 2015).
To evaluate the equivalent boundary springs, the friction soil-pipe interaction properties are defined
in terms of axial relative displacement and force per unit length of the pipeline at the onset of
friction sliding, as obtained in the paragraph 3.2.2. and indicated for clarity in Table 3.4.
Table 3.4. Axial relative displacement u0 and force per unit length of the pipeline when friction sliding starts to occur fs.
Cover height H (m)
Soil type
fs (N/m)
u0 (m)

H=2m
Soft Clay
42142.254
0.0045

H=1m
Dense Sand
31379.490
0.0095

Soft Clay
23917.473
0.0037

Dense Sand
17396.735
0.0075

The relationship between the elongation ∆L and the axial force F for the equivalent-axial springs is
assessed for each soil condition, pipeline diameter-to-thickness ratio (D/t=96, D/t=72) and level of
internal pressure (Pi=0, Pi=0.56Pmax, Pi=Pmax) as illustrated graphically in Figure 3.20 and Figure
3.21.
Clearly, in the plastic range the axial stiffness of the equivalent boundary spring decreases
significantly, therefore its force-displacement relationship is mainly characterized by its elastic
behaviour. The latter is defined by the by the value of the axial force F0 at zero elongation, and the
values of the axial force F1 and corresponding elongation ∆L1 at the first pipe material yielding, in
tension and compression. Within this interval, the force-displacement curve is linear for values of
the pipe elongation less than the relative soil-pipe displacement at the onset of friction sliding u0,
and thereafter parabolic, as indicated in the expressions 3.43-1 and 3.43-2 reported previously:
∆L = ±

(F − F0 ) ,

for

kAE1

u 0 (F − F0 )
±
,
2
2 AE1 f S

∆L < u0

(3.75)

2

∆L = ±

for

| N0| ≤ |F| ≤ |F1|

(3.76)

The pipeline elongation capacity is inversely proportional to the axial soil-pipe interaction force at
sliding fS, as evident in the expression (3.77). Therefore, in order to optimise the pipeline structural
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performance, friction with the surrounding soil should be minimized, for example by using loose
and light weight backfill or adopting appropriate coating or wrapping, as recommended within
current guidelines (CEN 2006; IITK 2007).

Figure 3.20 - Force-displacement relationship of the equivalent-boundary springs for different soil conditions and cover
depths H, in the case of pipe diameter to thickness ratio D/t=96 and internal pressure: a) Pi=0; b) Pi=0.56Pmax; c)
Pi=1.0Pmax.
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Furthermore, the pipeline elongation capacity is directly proportional to its cross-sectional area A,
suggesting to adopt a thicker pipe along the region susceptible to large ground deformations (CEN
2006).

Figure 3.21 - Force-displacement relationship of the equivalent-boundary springs for different soil conditions and cover
depths H, in the case of pipe diameter to thickness ratio D/t=72 and internal pressure: a) Pi=0; b) Pi=0.56Pmax; c)
Pi=1.0Pmax.
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3.4. The Beam on Winkler Foundation Model (BWFM)
This paragraph describes first the finite element modelling of the case study using the discrete
Beam on Winkler Foundation Model (BWFM) and then shows the study carried out to evaluate the
accuracy of the mesh discretization adopted.
3.4.1. Analysis of the case study using the discrete BWFM
The seismic performance of a straight buried X65 steel grade pipe segment crossing a strike-slip
fault at its midsection is first investigated using the discrete BWFM, as schematically illustrated in
Figure 3.22. The finite element analysis are performed using ABAQUS finite element software. The
pipeline is modelled using the PIPE31H beam element type, particularly suitable to model long,
slender pipelines with a thin-walled circular cross section, allowing the possibility to specify
external or internal pressure. Furthermore, the software provides for a uniform cross-sectional area
change due to high axial straining of the pipe, by allowing the user to specify an effective Poisson’s
ratio for the section. Herein an effective Poisson’s ratio equal to 0.5 has been adopted, considering
an overall incompressible response of the pipe section, which is appropriate for beams made of
metal like in this case.
60 m
initial pipeline route

Strike-Slip Fault

Equivalent
Boundary Spring

∆x

Equivalent
Boundary
Spring

β

∆y

∆x

∆f

∆f

axial soil spring

∆f

vertical soil spring

∆f

∆f

∆f

∆f
∆f

∆f

∆f

∆f

transverse soil
spring

applied ground displacement

Figure 3.22 - Schematic representation of the beam-spring modelling of the buried pipeline subjected to strike-slip
faulting.

It is noted that the default value of the effective Poisson's ratio for the beam section in Abaqus is set
to 0.0, implying no change in the in the beam cross-sectional area, whereas that of a shell section is
set equal to 0.5 in order to enforce incompressibility of the element. Therefore, it is more
appropriate to adopt an effective Poisson’s ratio for the beam equal to 0.5 instead of the default
value 0.0, as results evident from the response of a pipe cantilever subjected to an axial
displacement at its free end, illustrated in Figure 3.23. Clearly, the axial behaviour of the pipeline
modelled using beam elements (PIPE31H) with an effective Poisson’s ratio equal to 0.5 better
matches the response of the pipeline modelled with shell elements (S4).
Instead, the soil-pipeline interaction is modelled with uniaxial spring elements SPRING2 acting in
a fixed direction and connected at each node of the pipeline.
The length of the pipeline model crossing the fault at its midsection was chosen equal to 60m so
that transverse relative movement between the pipe and the soil at the far ends of the model is
negligible and the pipeline is only stressed axially due to the friction at the pipe-soil interface. Each
end of the beam pipeline is connected through appropriate constraints to an equivalent boundary
spring, that represents the interaction of the model with the rest of the soil-pipeline system, as
described in detail in the previous paragraphs.
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The fault movement is applied statically at the sliding part of the fault, as a horizontal permanent
displacement of the free end of the corresponding soil springs (including the equivalent boundary
spring), while the free ends of the soil springs on the stationary part of the fault are fixed. The
applied fault displacement Δf is considered inclined with respect to the pipeline normal axis, at an
angle β varying from 0o to 45o.

a)
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b)
Figure 3.23 - a) Schematic representation of a cantilever pipeline subjected to an axial displacement at its end; b) forcedisplacement response of an X65 steel grade cantilever pipeline having diameter D=0.9144m, thickness t= 0.009525m
and length L=60m, subjected to an axial displacement at its end, where the pipeline is modelled using shell elements
(S4) or beam elements with effective Poisson's ratio νeff=0.5 or νeff=0.0.

On each loading step the global equilibrium equations are solved iteratively by the NewtonRaphson method permitting to assess the pipe ad soil deformation state at each increment. The
pipeline performance is assessed in terms of the critical fault displacement where the following
main limit states are reached, for each fault inclination angle β:
• longitudinal tensile strain limit of 3%, as recommended within the Eurocode 8, Part 4 (CEN,
2006). In fact large plastic strains make the pipeline more susceptible to material failure with
consequent rupture of the pipe wall and pressure boundary loss.
• onset of local buckling in the pipeline, that can be identified at the pipe cross-section where
compressive axial strain localize and the peak of bending moment occurs.
• excessive ovalization of the pipeline cross section characterized by the critical ovalization
parameter, intended as the ratio of the minimum pipe diameter to its initial diameter, assumed
equal to 15% (Gresnigt, 1986; Vazouras, 2012). Clearly, this limit state can be evaluated only
using the more advanced continuum model, being the beam on Winkler foundation model
incapable to capture any cross-section distortion of the pipeline.
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3.4.2. Discretization accuracy of the BWFM
Within the BWFM, the 60m long pipeline segment at the fault crossing is discretized with 600
beam elements having the same length of 0.1m. To determine the appropriate discretization for the
numerical analysis purposes, a convergence study is carried out on a typical pipe-soil system
configuration, such as the simulation N.1 indicated in Table 3.2. Herein, a 36''×9.525mm X65-steel
grade pipeline buried in clay soil under a cover depth of 2m and subjected to strike-slip fault
movement inclined at 25° with respect to its axis normal is analysed. Specifically, three decreasing
mesh sizes like 1.0m, 0.1m and 0.01m are considered until reaching solution convergence. Indeed,
further refinement of the mesh leads to no change of the solution, particularly in terms of the
longitudinal strains, as shown in Figure 3.24.

Figure 3.24 - a) Evaluation of the pipeline response in terms of longitudinal strains for different mesh sizes (0.01m,
0.1m and 1.0m): a) evolution of the pipeline peak compressive and tensile strains in function of the fault displacement;
b) variation of the strains at the most stressed generator of the pipeline wall for a fault displacement ∆f=1m.
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3.5. The continuum model
This paragraph describes the continuum model adopted in the present thesis to analyse the seismic
performance of the buried steel pipeline subjected to strike-slip fault movement. At first the global
continuum model is illustrated in detail including the modelling of the discontinuity at the fault
trace as well as the soil-pipe interaction. Secondly, the study carried out to evaluate the accuracy of
the mesh discretization is reported. Then, the choice of appropriate dimensions for the soil prism
is carefully explained. Finally, the submodeling technique used in the present thesis to evaluate the
onset of local buckling limit is introduced.

3.5.1. The global continuum model
Besides the discrete model (BWFM) described previously, this thesis adopts a second more
advanced numerical procedure that considers the pipe-soil system as a three dimensional
continuum model, accounting for contact and friction interaction at the soil-pipe interface.
The straight 36'' (0.9144 m) diameter X65 steel grade pipeline is modelled a cylindrical shell using
four-node shell elements (S4) available in ABAQUS (2014) which account for finite membrane
strains and arbitrarily large rotations, resulting suitable for large strain analysis. The soil
surrounding the pipeline is discretized using eight-node linear brick continuum elements (C3D8)
in the region near the fault and surrounding the pipeline, while the rest of the soil block is modelled
with reduced integration continuum elements (C3D8R). The steel pipe material model is defined
within the von Mises plasticity theory with nonlinear hardening, as described in detail in paragraph
3.2.1. Instead, the soil material is described within the Mohr–Coulomb constitutive model,
characterized by different parameters, like the cohesion, the friction and dilatation angle, the elastic
modulus E, and Poisson’s ratio v, as indicated in Table 3.1. The interaction between the pipeline
and the soil is modelled as a frictional contact allowing for finite sliding and separation between the
two interfaces. Irrespective of the surrounding soil type, the soil-pipeline friction coefficient µ is
assumed equal to 0.3, considering that there is a thin layer of sand around the pipe due to
construction process purposes, as adopted in Vazouras et al. (2010; 2012; 2015).
Specifically, the vertical plane containing the fault trace divides the soil prism surrounding the
pipeline in two equal antisymmetric parts as illustrated in Figure 3.25. This discontinuity at the
fault trace interface is suitably modelled as a contact interaction characterised by a cohesive
behaviour in the case of cohesive soil conditions (soft clay), and frictional for the non cohesive soil
conditions (loose sand). Moreover, each end of the shell pipeline is connected through appropriate
constraints to an equivalent boundary spring, which represents the interaction with the rest of the
system beyond the pipe ends as described in detail in paragraph 3.3.
The total length of the soil-pipeline system is assumed equal to 60.0m so that the transverse soilpipe interaction beyond this region is negligible, and the pipeline is only stressed axially due to the
soil friction at the interface. In addition, the width of the soil prism surrounding the buried steel
pipeline is suitably chosen in function of the different soil conditions, so that the pipeline response
is not affected by the application of the boundary displacements.
The mesh of both the soil and pipeline components is refined in the central region, close to the fault
trace, in order to better capture the large deformation behaviour of the system. In order to assure the
robustness of the contact algorithm, and therefore the accuracy of the resulting interaction forces,
both soil and pipe contact surfaces are assigned with a comparable mesh size that guarantees the
solution convergence. This procedure permits to correctly evaluate the large pipe wall deformations
such as cross-section ovalisation, when the pipeline is subjected to excessive tension forces. Instead,
when the pipeline is subjected to compression, it buckles locally and a more refined mesh of the
pipe and the surrounding soil is required in order to accurately capture the evolution of the
wrinkling pattern.
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For this purpose, the submodeling technique implemented in Abaqus/Standard is used, allowing to
focus with a refined mesh on the local part of the model where buckling occurs, based on
interpolation of the solution from the global model into the boundaries of the submodel.
The numerical simulations for assessing the pipeline performance subjected to strike-slip fault
movement are conducted in two steps. At first, a geostatic analysis is performed to establish the
initial stress and strain state of the soil-pipeline system, which equilibrates the gravity loading, the
pipeline internal pressure and satisfies the boundary conditions. Lastly, in the second step, a
uniform horizontal displacement is applied at the lateral external faces of the moving soil part and
the free end of the corresponding equivalent boundary spring, whereas the lateral external faces of
the other soil part, as well as the free end of the corresponding equivalent boundary spring remain
restrained in the horizontal direction. Instead the bottom faces of both soil parts are restrained in the
vertical direction to guarantee the equilibrium. On each loading step the global equilibrium
equations are solved iteratively by the Newton-Raphson method permitting to assess the pipe ad soil
deformation state at each increment.

Figure 3.25 - Continuum finite element model of the soil-pipeline system subjected to strike-slip faulting.

3.5.2. Discretization accuracy of the continuum model
Within the continuum model, the 60m long pipeline segment at the fault crossing is discretized with
24 shell elements around the circumference and the approximately the same mesh size is adopted in
the longitudinal direction close to the fault trace where large deformations occur. Instead, the
surrounding soil is discretized with 32 elements around the circumference whereas the size of the
soil elements in the longitudinal direction is 0.15m close to the fault trace, and coarser towards the
external boundaries, in order to reduce the computational costs.
Similarly to the BWFM, to determine the appropriate discretization, a convergence study is carried
out on a typical pipe-soil system configuration, like the simulation N.1 indicated in Table 3.2.
Herein, a 36''×9.525mm X65-steel grade pipeline buried in clay soil under a cover depth of 2m and
subjected to strike-slip fault movement inclined at 25° with respect to its axis normal is analysed.
Specifically, three increasing levels of mesh refinement in the circumferential and longitudinal
direction of both pipe and soil are considered, as indicated in Table 3.5 until reaching solution
convergence. Indeed, further refinement of the mesh leads to no change of the solution, particularly
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in terms of the longitudinal strains and cross-section ovalization, as shown in Figure 3.26 and
Figure 3.27 respectively.
Table 3.5 - Mesh discretization in the circumferential direction of the pipeline and the surrounding soil.
Number of elements around the circumference
Discretization I
Discretization II
Discretization III
Pipeline
18
24
32
Soil
24
32
44

Figure 3.26 - Evaluation of the pipeline response in terms of longitudinal strains for different mesh refinement levels
defined by the element number along the pipe circumference (N=32, N=24 and N=18): a) evolution of the pipeline peak
compressive and tensile strains in function of the fault displacement; b) variation of the strains at the most stressed
generator of the pipeline wall for a fault displacement ∆f=1m.
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Figure 3.27 - a) Evaluation of the pipeline response in terms of cross-section ovalization for different mesh refinement
levels defined by the element number along the pipe circumference (N=32, N=24 and N=18): a) variation of the
maximum ovalization along the pipeline for a fault displacement ∆f=1m; b) evolution of the maximum pipeline
ovalization in function of the fault displacement;
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3.5.3. Evaluation of the width of the soil prism model
The width of the soil prism surrounding the buried steel pipeline is suitably chosen, so that the
pipeline response is not significantly affected by the application of the imposed boundary
displacements. In order to investigate the influence of the width of the soil prism on the pipeline
response, a parametric study is performed considering different width values such as 10m, 20m and
30m, as illustrated in Figure 3.28. For each value of the soil prism width, the finite element analysis
of the strike-slip fault movement are performed with and without the pipeline. The latter has a
diameter-to-thickness ratio D/t=96 and is assumed buried at a cover depth H=2m in soft clay soil
conditions, perpendicularly to the fault trace.
For each soil prism width, the resulting horizontal stresses with and without the pipeline
corresponding to a fault offset ∆f=1.0m, are compared at the vertical boundary, 5m and 20m distant
from the fault, as illustrated in Figure 3.29. Clearly, the horizontal stress state at the lateral vertical
boundaries of the 10m wide soil prism at a distance from the fault trace equal to 5m, is significantly
influenced by the presence of the buried pipeline during the strike-slip fault movement, as shown in
Figure 3.29-a. Instead, the influence of the pipeline on the horizontal stress state at the lateral
vertical boundaries of the 20m and 30m wide soil prism, is less pronounced, as shown respectively
in Figure 3.29-b and Figure 3.29-c. Therefore, for the numerical analysis purposes conducted
herein, considering a soil prism width equal to 10m seems to be overconservative. Hence, in order
to assess the pipeline performance under strike-slip fault movement using the continuum model, a
soil prism width equal to 20m is adopted in the present thesis, which is a reasonable compromise
between computational costs and numerical efficiency.

Figure 3.28 - Evaluation of the horizontal stress state σh at the vertical soil prism boundaries with and without the
pipeline at a fault displacement ∆f=1.0m for different values of the prism width B: a) B=10m; b) B=20m; c) B=30m.
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Figure 3.29 - Variation of the horizontal stresses at the lateral vertical boundary of the soil prism with and without the
pipeline having a diameter-to-thickness ratio D/t=96 and buried with a cover depth H=2m in soft clay soil conditions, at
a fault displacement ∆f=1.0m, for different values of the prism width B: a) B=10m; b) B=20m; c) B=30m.
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3.5.4. Submodeling technique to analyse the onset of local buckling
When the compressive strains induced in the pipeline by the fault movement exceed a critical value
which is a function of the pipe strength, slenderness as well as of the surrounding soil confinement,
the pipeline buckles locally. In this case, a more refined mesh of the pipe and the surrounding soil is
required in order to accurately capture the evolution of the wrinkling pattern. For this purpose, the
submodeling technique implemented in Abaqus/Standard is used, allowing to focus with a refined
mesh on the local part of the model where buckling occurs, interpolating the solution from an
initial, global model into the boundaries of the submodel, as schematically illustrated in Figure
3.30. Initially, the global analysis results permit to identify the critical region in the pipeline
susceptible to buckling, and obtain the solution of the system around the local region of interest.
Then, the global solution is interpolated automatically into the boundary nodes of the submodel
which is run as a separate analysis from the global one, permitting a level of mesh refinement that
allows acceptable solution accuracy. Herein, the size of the pipe mesh is chosen equal to 5.3cm and
3.5cm respectively in the circumferential and longitudinal direction, whereas the soil mesh is
chosen equal to 4.8cm and 2.5cm respectively in the circumferential and longitudinal direction, in
order to obtain solution convergence.
Moreover, the submodel boundaries are suitably chosen far away from the local area of interest so
that the system response in this region, is not altered significantly by the different choose of the
boundary domain. Specifically, the submodel domain consists in a portion of the pipeline a few
meters long around the buckled location, and a circular prism of radius 2.5m of the surrounding soil
as schematically illustrated in Figure 3.31.
The contact interaction at the soil pipe interface is the same as in the global model, while the
boundary nodes of the submodel are assigned the time-history displacements interpolated from the
global model results. The submodel analysis is then performed separately, in the same number of
subsequent steps as in the global model: at first, a geostatic analysis is performed to establish the
initial stress and strain state of the soil-pipeline system, which equilibrates the gravity loading, pipe
internal pressure and satisfies the boundary conditions. In the second step, the effect of the fault
movement is transferred to the system by interpolating the global solution into the submodel
boundaries.

Figure 3.30 - Schematic representation of the submodeling technique used to analyse the local buckling onset in the
case of pipeline oriented perpendicularly with respect to the fault trace (β=0°).
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Figure 3.31 - Schematic representation of the finite element submodel components: a) soil prism cross-section and
three-dimensional view; b) steel pipeline cross section and three-dimensional view.
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4. Results and discussion
This paragraph discusses the seismic performance of the buried pipeline assessed using the discrete
BWFM and the continuum modelling technique. Firstly, the system response is investigated for
three typical configurations permitting to gain better insight on the mechanical behaviour of the
pipeline in terms of deformations, displacement and loading. Secondly, the resulting pipeline
performance is represented graphically in function of different critical parameters of the system,
such as the soil type, the fault inclination angle, the burial depth and the pipe diameter to thickness
ratio. Then, the result obtained using both modelling techniques are compared between each other
as well as other literature results. Finally, prescriptions in terms of finite element modelling and
design of buried pipelines subjected to strike-slip fault movement are reported, taking into account
the analysis results.

4.1. Analysis of the mechanical behaviour of a typical soil-pipeline system within the
proposed methodology
In the present section is analysed the structural response of a pipeline with a D/t-ratio equal to 96
and no internal pressure, buried in soft clay soil at a cover depth H=2m for different angles β.
Specifically, the pipeline performance is assessed in terms of the critical fault displacement where
the following main limit states are reached:
• longitudinal tensile strain limit of 3%, as recommended within the Eurocode 8, Part 4 (CEN
2006). In fact, large plastic strains make the pipeline more susceptible to material failure with
consequent rupture of the pipe wall and pressure boundary loss.
• onset of local buckling in the pipeline, that can be identified at the pipeline cross-section where
compressive axial strain localize increasing rapidly, and the peak of bending moment occurs.
• excessive ovalization of the pipeline cross-section characterized by the critical ovalization
parameter, intended as the ratio of the minimum pipe diameter to its initial diameter, which is
assumed equal to 15% (Gresnigt, 1986; Vazouras, 2012). It is important to limit the pipe
flattening, in order to maintain its operativity and allow the passage of pigs for cleaning and
inspection of material leakage.
Clearly, the last two limit states can be evaluated only by using the more advanced continuum
model, being the BWFM intrinsically incapable to capture any cross-section distortion of the
pipeline.
4.1.1. Structural response of the pipeline for β=0°
In this paragraph the performance of a pipeline oriented perpendicularly with respect to the fault
trace is assessed using the submodeling, conventional continuum and discrete modelling technique.
Within the conventional continuum technique the pipeline is meshed finely as in the submodeling
analysis, while the surrounding soil is discretized using the same mesh size adopted for the global
model, as illustrated in Figure 3.30.
The fault displacement capacities of the pipeline corresponding to each performance criteria,
obtained using the submodeling, conventional continuum, as well as the discrete (BWMF)
modelling technique are given in Table 4.1. In addition, for comparison purposes are indicated the
results reported in Vasouras at al. (2015), that basically consider analogous mechanical
characteristics of the soil-pipe system.
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Table 4.1 - Fault displacement capacity (m) corresponding to various performance criteria in the case of soft clay soil
conditions, β=0°, H=2.0m, D/t=96, Pi=0.
Finite Element Model
Local buckling
Ovalisation Strain 3%
Strain 5%
Submodel
0.58
1.22
1.34
>4.00
Conventional Continuum
0.56
1.10
0.80
1.10
Discrete BWFM
1.82
>4.00
Conventional Continuum (Vasouras et al., 2015)
0.43
1.96
1.13
>4.00

The evolution of the maximum longitudinal compressive and tensile strains in the pipeline, in
function of the fault offset is illustrated in Figure 4.1-a. Instead, the longitudinal strain variation
along the most stressed generator of the pipe at the compression and tension side close to the
buckled area, is shown respectively in Figure 4.1-b and Figure 4.1-c, for different values of the
imposed fault displacement f.
The onset of local buckling can be identified at the pipe cross-section where the compressive
longitudinal strain increase significantly, that coincides with the location where the peak of the
section bending moment is achieved throughout the analysis. Moreover, given the axisymmetricity
of the problem, the local buckles develop equidistantially from the fault trace, specifically at the
two inflection points where maximum bending moment occurs in the pipeline.
Specifically, the onset of local buckling corresponding to the submodel and conventional continuum
analysis occurs for a fault displacement equal to 0.58m and 0.56m respectively and is situated at a
distance of about 4.31m from the fault trace, as illustrated in Figure 4.1-b. Conversely, this limit
state is reached earlier according to in Vasouras et al. (2015), for a fault displacement equal to
0.43m, as indicated in Table 4.1. At the onset of local buckling, the magnitude of the compressive
strains exceeds that of the tensile strains at the two inflection points, according to both continuum
models, as shown in Figure 4.1-b and 4.1-c. Thereafter, the compressive strains increase abruptly in
the submodel and the conventional continuum model, reaching respectively a maximum magnitude
of 14.5% and 19.3% at a fault offset of 1.94m and 1.84m, decreasing slowly thereupon, as
illustrated in Figure 4.1-a. On the other hand, within the discrete model the peak compressive
strains exhibit a slower increment, achieving a maximum magnitude of 1.9% for a fault offset of
1.52m, diminishing slightly hereafter.
Clearly, the 3% tensile strain and 15% ovalization performance limit state are reached at the
buckled location, well beyond the onset of local buckling, as first noted in Vasouras et al. (2015).
Generally, the tensile strains at the pipe region undergoing local buckling, increase more gradually
than the compressive strains, as shown in Figure 4.1-a. Herein, the 3% strain limit in the submodel
and conventional continuum model analysis is reached for a fault offset equal to 1.34m and 0.80m
respectively. Moreover, this limit state is achieved according to Vasouras et al. (2015) and the
BWFM analysis for a fault displacement of 1.13m and 1.82m respectively, as indicated in Table
4.1.
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Figure 4.1 - Evolution of the strains in the pipeline in function of the fault offset, using the submodeling, conventional
continuum and discrete (BWFM) modelling technique in the case of Soft Clay soil conditions, β=0°, H=2.0m, D/t=96:
a) peak tensile and compressive longitudinal strains; b) longitudinal strains at the compression side of the inflection
point; c) longitudinal strains at the tension side of the inflection point.

Instead, the evolution of the deformed shape of the pipeline and the associated longitudinal strain
contour at the region of local buckling resulting from the submodel and the conventional continuum
analysis, is illustrated in Figure 4.2 for different values of the fault displacement ∆f.
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Figure 4.2 - Evolution of the longitudinal strain contour and deformed shape of pipeline at the region of local buckling
for different values of the fault displacement ∆f, in the case of soft clay soil conditions, β=0°, H=2.0m, D/t=96,
obtained using the submodeling and the conventional continuum technique.

The submodeling procedure gives less conservative results compared to the conventional continuum
modelling technique, in terms of longitudinal strains. Such behaviour can be attributed to the fact
that within the conventional model, the inelastic deformations localize at the bucked area inducing
the development of pipe wall folding, with consequent increase of the compressive and tensile
strains that may ultimately lead to tearing fracture. On the other hand, within the global model
analysis, the developed axial deformations result more spread around the two inflection points, thus
producing a greater elongation of the pipe in this region, compared to the conventional continuum
model, as illustrated in Figure 4.3-a and Figure 4.3-b.
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Moreover, the onset of local buckling in the conventional model, induces a greater rotation and
associated curvature of the pipe section at the inflection point, that produces a greater rotation of the
pipeline around the intersection point with fault trace, as shown in Figure 4.3-c.

Figure 4.3 - a) Variation of the pipeline elongation for different values of fault offset, b) evolution of the elongation of
the pipe segment in the region of local buckling -6m<x<-2m with the fault displacement; c) evolution of the maximum
rotation in the pipeline with the fault offset, using the global and conventional model in the case of soft clay soil
conditions, β=0°, H=2.0m, D/t=96, Pi=0.

Consequently, the pipeline displacements along its initial axial and lateral direction between the
aforementioned modelling techniques result slightly different, as shown in Figure 4.4. Therefore,
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being the pipe displacements and rotations at the boundaries of the submodel driven from the global
analysis, the pipe results more stretched compared to the continuum conventional simulation, with
consequent lower tensile and compressive deformations at the folded buckle.

Figure 4.4 - Variation of displacements along the pipeline for different values of fault offset, using the global,
conventional and discrete (BWFM) model in the case of Soft Clay soil conditions, β=0°, H=2.0m, D/t=96: a) axial
displacement; b) lateral displacement.

Nevertheless the submodel and the conventional continuum technique provide compatible estimates
of the pipeline performance with respect to the onset of local buckling limit. The latter is suitably
individuated by the critical fault displacement corresponding to the achievement of the maximum
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bending moment in the pipeline, as illustrated in Figure 4.5-c. Evidently, the bending moment drops
less abruptly within the submodel than during the conventional continuum simulation, due to the
lower inelastic deformations developed therein.

Figure 4.5 - a) Evolution of the maximum loads in the pipeline in function of the fault offset, using the submodeling,
conventional continuum and discrete (BWFM) modelling technique in the case of Soft Clay soil conditions, β=0°,
H=2.0m, D/t=96: a) peak axial force; b) peak shear force; c) peak bending moment.

Lastly, the 15% ovalization limit state is reached at the buckled region for a fault displacement
equal to 1.22m and 1.10m within the submodel and conventional continuum analysis performed
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within the present study, as shown in Figure 4.6. Instead, this limit state is reached for a critical
fault displacement equal to 1.96m in the study of Vasouras et al. (2015), as indicated in Table 4.1.

Figure 4.6 - Evolution of the ovalization parameter within the submodel and conventional continuum analysis at the
region of local buckling in the case of soft clay soil conditions, β=0°: a) variation of the ovalization parameter along the
pipe axis for different values of fault offset ∆f; b) variation of the ovalization parameter in function of the fault
displacement.
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4.1.2. Structural response of the pipeline for β=25°
In the case of the X65 pipeline having D/t-ratio equal to 96, embedded in soft clay soil conditions
and oriented at an angle β =25o with respect to the normal of the fault trace, the compressive strains
developed during the ground movement result mainly in the elastic range, thus avoiding the risk of
local buckling. Hence, in order to efficiently analyse the performance of the buried pipeline, only
the global model is used, with the accuracy of discretizing both soil and pipe contact surfaces with a
comparable mesh size that guarantees the solution convergence, as described in paragraph 3.5.2.
In Table 4.2 are given the fault displacement capacities of the pipeline corresponding to the
different performance criteria considered, obtained using the continuum as well as the discrete
(BWMF) modelling technique for the pipeline-soil system considered. In addition, for comparison
purposes are indicated the results reported in Vasouras at al. (2015) that assume equivalent
mechanical characteristics of the soil-pipe system. Moreover, Figure 8 illustrates the contour plot of
the pipe longitudinal strains for different values of fault displacement corresponding to each
performance limit state evaluated using the continuum model.
Table 4.2 - Fault displacement capacity (m) corresponding to various performance criteria in the case of Soft Clay soil
conditions, β=25°, H=2.0m, D/t=96, Pi=0.
Finite Element Model
Local buckling Ovalisation
Strain 3%
Strain 5%
Continuum Model
None
1.42
1.78
2.32
Discrete BWFM
None
1.70
2.20
Conventional Continuum (Vasouras et al., 2015)
None
1.28
1.73
2.17

Figure 4.7 - Contour plot of the pipeline longitudinal strain for different values of fault displacement corresponding to
the performance limit states, in the case of Soft Clay soil conditions, β=25°, H=2.0m, D/t=96 (continuum model).

Clearly, to accommodate the lateral offset of its axis, the pipeline is bended between the two
inflection points and stretched longitudinally in tension due to arch-length effect, following the
applied fault displacement, as illustrated in Figure 4.7 and Figure 4.8.
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Figure 4.8 - Soil-pipeline interaction following the strike-slip fault displacement in the case of soft clay soil conditions,
β=25°, H=2.0m, D/t=96 (continuum model).

Evidently, there is a good correspondence between the pipeline displacement capacities with respect
to the longitudinal strain performance criteria, obtained in the present study using both modelling
techniques, and those reported in Vazouras et al. (2015), as shown in Table 4.2.
The Figures 4.9-a, 4.9-b and 4.9-c illustrate respectively the evolution of the maximum longitudinal,
axial and bending strains in the pipeline, in function of the fault offset, using the aforementioned
continuum and discrete modelling technique.
Within both models, the peak compressive strain occurs for a fault offset of about 0.65m,
subsequently decreasing until there are only tensile strains in the pipe for fault displacements larger
than 1.30m, as shown in Figure 4.9-a. Instead, the tensile longitudinal strains continuously increase
with the fault offset and the 3% performance limit is reached for a fault displacement of 1.78m and
1.70m, in the case of continuum and discrete model respectively. Moreover, both models exhibit a
similar pattern of the longitudinal strains in function of the fault offset, with the tensile longitudinal
strains increasing significantly beyond a fault displacement of approximately 1.6m, due to the
advance of the hardening plasticity.
The Figure 4.9-b illustrates the evolution of the maximum axial strains in the pipeline in function of
the fault offset, where the axial stains are calculated as the average of the longitudinal strains at the
opposite springlines. Clearly, the axial strains follow a similar evolution pattern like the
abovementioned longitudinal strains, increasing significantly beyond a fault displacement of 1.6m.
On the other hand, the bending strains are calculated as one-half of the difference between the
longitudinal strains at the opposite springlines. The bending strains increase up to about 1% as the
fault offset reaches 0.75m, remaining approximately constant thereafter, as shown in Figure 4.9-c.
The Figures 4.10-a, 4.10-b and 4.10-c show respectively the variation of the longitudinal, axial and
bending strains along the most stressed generator of the pipeline for different values of the fault
offset. Evidently, the maximum bending strains localise around two inflection points, situated
antisymmetrically at a distance of about 3.75 and 4.00m with respect to the fault trace, for the
continuum and discrete model respectively. Beyond the two inflection points the bending strains
decrease rapidly to zero. Moreover, for small values of the fault displacement, the axial strains
increase linearly with the distance from the fault trace, until two significant peaks develop at the
two inflection points associated with the maximum bending strain. These local peaks are produced
by the interaction between bending and axial strains as a result of the elasto-plastic response of the
pipe section, as noted in Karamitros et al. (2006). In fact, once the maximum longitudinal strain
exceeds the yielding limit, axial strains increase locally so that the integral of the corresponding
longitudinal stresses is equal to the continuously increasing axial force induced by the fault
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displacement. Instead, for larger fault offset, an increasing length of the pipeline around the two
inflection points undergoes extensive plastic deformation, and the inelastic axial strains increase
progressively towards the intersection with the fault trace where their maximum value is reached, as
illustrated in Figure 4.10-b.

Figure 4.9 - Evolution of the strains in the pipeline in function of the fault offset, using the continuum and discrete
(BWFM) modelling technique in the case of Soft Clay soil conditions, β=25°, H=2.0m, D/t=96: a) peak tension and
compression longitudinal strains; b) peak axial strains; c) peak bending strains.
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Figure 4.10 - Variation of the strains at the most stressed generator of the pipeline wall for different values of fault
displacement, using the continuum and discrete (BWFM) modelling technique in the case of soft clay soil conditions,
β=25°, H=2.0m, D/t=96: a) peak longitudinal strains; b) peak axial strains; c) peak bending strains.

Figure 4.11-a illustrates the variation of the ovalization parameter along the pipeline for different
values of fault displacement. Clearly, the pipeline ovalization increases towards the fault trace
where it assumes the maximum value starting from small ground displacements. This is attributed
to the greater lateral soil pressure within the curved length region, as illustrated further in Figure
4.12-b. Instead, Figure 4.11-b shows the evolution of the ovalization parameter in function of the
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fault displacement. Specifically, the 15% ovalization limit is reached for a fault displacement equal
to 1.42m at the intersection with the fault trace. Herein, the pipeline critical fault displacement
capacity with respect to the ovalization performance criteria results slightly higher compared to the
one reported in Vazouras et al. (2015), as indicated in Table 4.2.

Figure 4.11 - Ovalization parameter obtained using the continuum model in the case of soft clay soil conditions, β=25°,
H=2.0m, D/t=96: a) variation of the ovalization parameter along the pipeline for different values of fault displacement;
b) evolution of the pipe ovalization parameter in function of the fault offset.
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The soil reaction to the pipeline movement in the local axial, lateral and vertical direction is
indicated in the Figures 4.12-a, 4.12-b and 4.12-c respectively. According to both models, the
observed axial soil reaction increases within the curved length, due to the higher soil pressure
exerted on the pipe by the lateral component of the soil movement.

Figure 4.12 - Variation of the soil reaction the along the pipeline for different values of fault displacement, using the
continuum and discrete (BWFM) model in the case of soft clay soil conditions, β=25°, H=2.0m, D/t=96: a) in the pipe
axial direction; b) in the pipe lateral direction; c) in the pipe vertical direction.
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Moreover, unlike the BWFM, the continuum model exhibits a decrease of the axial soil reaction at
the fault trace due to loss of contact interaction of the pipeline with the surrounding cohesive soil, as
illustrated in Figure 4.8.
On the other hand, the lateral soil-pipeline interaction occurs mainly along the curved length of the
pipeline within the two inflection points, while beyond them it decreases rapidly to zero, as shown
in Figure 4.12-b. According to both models, the observed axial and lateral soil reaction along the
pipeline exhibit an antisymmetric pattern with respect to the intersection point with the fault trace,
as shown in Figure 4.12.
Figure 4.13-a, 4.13-b and 4.13-c illustrate respectively the variation with the distance from the fault
trace of the pipeline axial force, shear force and bending moment in local coordinates, showing a
very good correspondence between the results obtained using the BWFM and the continuum model.
The perfectly linear variation of the axial force along the pipeline beyond the curved length
exhibited by both models, is due to the constant axial soil reaction that assumes its limit value over
a considerable length, on the order of hundreds of meters from the fault (so called "unanchored
length"). Evidently, the maximum pipe axial force in the BWFM occurs always at the fault
intersection point, whereas in the continuum model it tends to decrease at the fault trace, due to the
aforementioned loss of contact between the pipeline and the surrounding soil for large ground
movements.
The maximum shear force occurs always at the fault intersection point and is relatively higher in the
case of the discrete model as, unlike the continuum model, it neglects the interaction at the fault
interface between the two sliding soil blocks. Clearly, the shear force is given as the integral of the
lateral soil reaction along the pipeline, and consequently it exhibits a symmetric pattern with respect
to the intersection with the fault trace, as illustrated in Figure 4.13-b. Alike the lateral soil reaction,
the shear force and the bending moment induced by the fault displacement concentrate around the
curved length while beyond it decrease rapidly to zero and can be consequently neglected.
Figure 4.14-a, 4.14-b and 4.14-c are show respectively the evolution of the maximum pipe axial
force, shear force and bending moment in function of the fault offset, for the continuum and the
discrete (BWMF) model. The observed peak axial force increases parabolically with the fault offset
up to 1.60m, when the inelastic deformations extend to the pipe section at the fault trace from the
two inflection points. Hereafter, the stiffness of the peak axial force in function of the fault offset
decreases abruptly, meaning that the whole curved length region undergoes inelastic deformation,
as illustrated in Figures 4.10-a and 4.10-b. Moreover, the maximum bending moment in the pipeline
increases until plasticity starts at the two inflection points for a relatively low fault offset, equal to
0.36m and 0.38m respectively within the continuum and discrete model, as indicated in Figure 3.14c. Hereafter, the bending moment decreases progressively until the inelastic deformations extend to
the whole pipe curved length, when the fault displacement reaches 1.60m, remaining mainly
constant afterwards. Evidently, the bending moment backbone curve results from the material and
geometric nonlinearities of the pipe-soil system that are accurately taken into account in the present
study. Furthermore, the variation of the peak shear force in the pipeline in function of the fault
displacement is consistent with the evolution of the peak bending moment, as illustrated in Figure
4.14-b.
The displacement of the pipeline in the initial axial and lateral direction, for different values of the
fault offset, obtained using the discrete and the continuum model is illustrated in Figure 4.15-a and
4.15-b, showing a very good correspondence between the results from both models. The pipeline
displacements in the initial axial direction (global X axis) increase linearly with the distance from
the fault trace, up to the region between the two inflection points (so called "curved length") where
a larger amount of the axial displacement occurs as a result of the increasing plastic deformations.
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On the other hand, the lateral fault offset is absorbed within the curved length, while beyond it no
relative pipe-soil displacement occurs in the lateral direction, as shown in Figure 4.15-b.

Figure 4.13 - Variation of the loads along the pipeline for different values of fault displacement, using the continuum
and discrete (BWFM) model in the case of soft clay soil conditions, β=25°, H=2.0m, D/t=96: a) axial force; b) shear
force; c) bending moment.
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Figure 4.14 - Evolution of the pipe loads in function of the fault offset, using the continuum and discrete (BWFM)
model in the case of soft clay soil conditions, β=25°, H=2.0m, D/t=96: a) axial force; b) shear force; c) bending
moment.
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Figure 4.15 - Variation of displacements along the pipeline for different values of fault offset, using the continuum and
discrete (BWFM) model in the case of Soft Clay soil conditions, β=25°, H=2.0m, D/t=96: a) axial displacement; b)
lateral displacement.

The variation of the pipeline elongation along its axis in function of the fault offset, and the
evolution of the pipeline total elongation with the fault displacement are illustrated in Figure 4.16-a
and 4.16-b respectively. Clearly, the pipeline elongation increases significantly once inelasticity
extends over the whole curved length region, as illustrated in Figure 4.16-a.
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Moreover, for small fault offset the pipeline elongation is approximately equal to the axial
component of the fault displacement. Whereas, as the lateral component of the fault offset
increases, the pipeline elongation due to arch-length effects in the curved length region becomes
more significant, as shown in Figure 4.16-b.

Figure 4.16 - a) Variation of the pipeline elongation for different values of fault offset and, b) evolution of the pipeline
elongation with the fault displacement using the continuum and discrete (BWFM) model in the case of Soft Clay soil
conditions, β=25°, H=2.0m, D/t=96.
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4.1.3. Structural response of the pipeline for β=45°
The performance of the X65 pipeline with D/t-ratio equal to 96, embedded in soft clay soil under a
cover depth H=2m and oriented at an angle β =45o with respect to the normal of the fault trace, is
assessed using the discrete and the continuum model, similarly to the previous case with β =25o.
Table 4.3 indicates the fault displacement capacities of the pipeline corresponding to the different
performance criteria considered, obtained using both modelling techniques. In addition, for
comparison purposes are indicated the results reported in Vasouras at al. (2015) that consider
equivalent mechanical characteristics of the soil-pipe system. Moreover, Figure 4.17 illustrates the
contour plot of the pipe longitudinal strains for different values of fault displacement corresponding
to each performance limit state evaluated using the continuum model.
Table 4.3 - Fault displacement capacity (m) corresponding to various performance criteria in the case of soft clay soil
conditions, β=45°, H=2.0m, D/t=96, Pi=0.
Finite Element Model
Local buckling Ovalisation
Strain 3%
Strain 5%
Continuum Model
None
1.08
1.12
1.52
Discrete BWFM
None
1.06
1.60
Conventional Continuum (Vasouras et al., 2015)
None
1.12
1.08
1.40

Figure 4.17 - Contour plot of the pipeline longitudinal strain for different values of fault displacement corresponding to
the performance limit states, in the case of soft clay soil conditions, β=45°, H=2.0m, D/t=96 (continuum model).

Clearly, there is good correspondence between the results in terms of longitudinal strain
performance obtained using the discrete and the continuum technique. Moreover, the fault
displacement capacity of the pipeline with respect to all the performance limit states as reported in
Vasouras et al. (2015), agrees very well with the corresponding values obtained in the present study
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using the continuum model, as shown in Table 4.3. Lastly, the performance limits are reached
earlier compared to the previous case with β =25o, as the pipeline undergoes higher plastic
deformations due to the greater axial component of the fault displacement.
Similarly to the previous case with β =25o, herein the pipeline is bended between the two inflection
points and stretched longitudinally in tension in order to accommodate the lateral offset of its axis
following the applied fault displacement, as illustrated in Figure 4.17 and 4.18.

Figure 4.18 - Soil-pipeline interaction following the strike-slip fault displacement in the case of Soft Clay soil
conditions, β=45°, H=2.0m, D/t=96 (continuum model).

The Figures 19-a, 19-b and 19-c illustrate respectively the evolution of the maximum longitudinal,
axial and bending strains in the pipeline, in function of the fault offset, using the aforementioned
continuum and discrete modelling technique.
Within both models, the compressive strains remain elastic reaching their peak value for a fault
offset of about 0.45m, decreasing thereafter until the pipeline results subjected only to tensile strains
for fault displacements larger than 0.74m, as shown in Figure 4.19-a. On the other hand, the tensile
longitudinal strains continuously increase with the fault offset and the 3% performance limit is
reached for a fault displacement of 1.12m and 1.06m, in the case of continuum and discrete models
respectively. Alike the previous case with β =25o, herein both models present a similar pattern of
the longitudinal strains in function of the fault offset, with the tensile strains increasing significantly
beyond a fault displacement of about 1.0m, due to the advance of hardening plasticity.
Figure 4.19-b is illustrates the evolution of the maximum axial strains in the pipeline in function of
the fault displacement, that likewise the longitudinal strains, increase considerably after the imposed
fault displacement exceeds 1.0m. Instead, the bending strains increase up to around 1% as the fault
offset reaches 1.0m, remaining approximately constant thereafter, as shown in Figure 4.19-c.
The Figures 4.20-a, 4.20-b and 4.20-c illustrate respectively the variation of the longitudinal, axial
and bending strains along the most stressed generator of the pipeline for different values of the fault
offset.
Alike the previous case with β =25o, for small values of the fault displacement, the axial strains
increase linearly with the distance from the fault trace, until two significant peaks develop at the
two inflection points associated with the maximum bending strain and onset of plasticity. Instead,
for larger fault offset, the inelastic axial strains extend progressively towards the intersection with
the fault trace where their maximum value is reached, as illustrated in Figure 4.20-b.
Moreover, the maximum bending strains localise around the two inflection points, situated
antisymmetrically at a distance of about 3.75 and 3.65m with respect to the fault trace, for the
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continuum and discrete model respectively. Beyond these two inflection points the bending strains
decrease rapidly to zero, as shown in Figure 4.20-c.

Figure 4.19 - Evolution of the strains in the pipeline in function of the fault offset, using the continuum and discrete
(BWFM) modelling technique in the case of soft clay soil conditions, β=45°, H=2.0m, D/t=96: a) peak tension and
compression longitudinal strains; b) peak axial strains; c) peak bending strains.
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Figure 4.20 - Variation of the strains at the most stressed generator of the pipeline wall for different values of fault
displacement, using the continuum and discrete (BWFM) modelling technique in the case of soft clay soil conditions,
β=45°, H=2.0m, D/t=96: a) peak longitudinal strains; b) peak axial strains; c) peak bending strains.

Figure 4.21-a is shows the variation of the ovalization parameter along the pipeline for different
values of fault displacement. Alike the previous case with β =25o, herein the pipeline ovalization
increases progressively towards the fault trace where it assumes the maximum value even for small
ground displacements when it is mainly in the elastic range. Such behaviour is attributed to the
greater lateral soil pressure within the pipe curved length, as illustrated further in Figure 4.22-b.
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Instead, Figure 4.21-b illustrates the evolution of the ovalization parameter in function of the fault
displacement, indicating that the 15% ovalization limit is reached for a fault displacement equal to
1.08m at the intersection with the fault trace. Herein, the pipeline critical fault displacement
capacity with respect to the ovalization performance criteria results slightly lower than the one
reported in Vazouras et al. (2015), as indicated in Table 4.3.

Figure 4.21 - Ovalization parameter obtained using the continuum model in the case of soft clay soil conditions, β=45°,
H=2.0m, D/t=96: a) variation of the ovalization parameter along the pipeline for different values of fault displacement;
b) evolution of the pipe ovalization parameter in function of the fault offset.
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The Figures 4.22-a, 4.22-b and 4.22-c show respectively the soil reaction to the pipeline movement
in the local axial, lateral and vertical direction. Clearly, in both models, the axial soil reaction
increases within the curved length, due to the higher soil pressure exerted on the pipe by the lateral
component of the soil movement.

Figure 4.22 - Variation of the soil reaction the along the pipeline for different values of fault displacement, using the
continuum and discrete (BWFM) model in the case of soft clay soil conditions, β=45°, H=2.0m, D/t=96: a) in the pipe
axial direction; b) in the pipe lateral direction; c) in the pipe vertical direction.
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Alike the previous case with β =25o, the lateral soil-pipeline interaction occurs mainly along the
curved length of the pipeline beyond which it decreases rapidly to zero, as shown in Figure 4.22-b.
The Figures 4.23-a, 4.23-b and 4.23-c illustrate respectively the variation with the distance from the
fault trace of the pipeline axial force, shear force and bending moment in local coordinates, using
both modelling techniques.

Figure 4.23 - Variation of the loads along the pipeline for different values of fault displacement, using the continuum
and discrete (BWFM) model in the case of soft clay soil conditions, β=45°, H=2.0m, D/t=96: a) axial force; b) shear
force; c) bending moment.
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The perfectly linear variation of the axial force along the pipeline beyond the curved length
exhibited by both models, is due to the constant axial soil reaction that assumes its limit value over
the unanchored length, on the order of hundreds of meters from the fault. Moreover, the maximum
shear force occurs always at the fault intersection point and is relatively higher in the case of the
discrete model as, it neglects the interaction between the two sliding soil blocks at the fault
interface, unlike the continuum model. Similarly to the lateral soil reaction, the shear force and the
bending moment induced by the fault displacement concentrate around the curved length while
beyond it decrease rapidly to zero, as shown in the Figures 4.23-b and 4.23-c.
The Figures 4.24-a, 4.24-b and 4.24-c illustrate respectively the evolution of the maximum pipe
axial force, shear force and bending moment in function of the fault offset, for the continuum and
the discrete (BWMF) model. As shown in Figure 4.24-a, the peak axial force increases
parabolically with the fault offset up to 1.0m, when the inelastic deformations extend to the pipe
section at the fault trace from the two inflection points. Afterwards, the abrupt stiffness change of
the peak axial force in function of the fault offset, is caused by the widespread plasticity along the
whole curved length region, as shown in the Figures 4.20-a and 4.20-b. Furthermore, the maximum
bending moment in the pipeline increases until plasticity in terms of axial strain starts at the two
inflection points for a relatively low fault offset, equal to 0.34m within both the continuum and
discrete model, as indicated in Figure 4.24-c. Hereafter, the bending moment decreases
progressively until the inelastic deformations extend to the whole pipe curved length, when the fault
displacement reaches 1.0m, remaining mainly constant afterwards. Similarly to the previous case
with β =25o, the bending moment backbone curve results from the material and geometric
nonlinearities of the pipe-soil system. Herein, the maximum bending moment reached during the
analysis, is lower compared to the previous case where the pipeline is oriented at an angle β =25o
with respect to the normal to fault trace, due to the greater axial component of the fault
displacement. Moreover, the variation of the peak shear force in the pipeline in function of the fault
displacement is consistent with the evolution of the peak bending moment, as illustrated in Figure
4.24-b.
The displacement of the pipeline in the initial axial and lateral direction, for different values of the
fault offset, obtained using the discrete and the continuum model is illustrated in Figure 4.25-a and
Figure 4.25-b, showing a good agreement between the results from both models. As shown in
Figure 4.25-a, the pipeline displacements in the initial axial direction increase linearly with the
distance from the fault trace, up to the region between the two inflection points where a larger
amount of the axial displacement occurs as a result of the increasing plastic deformations. On the
other hand, the lateral fault offset is absorbed within the curved length while beyond it no relative
pipe-soil displacement occurs in the lateral direction, as shown in Figure 4.25-b.
The variation of the pipeline elongation along its axis in function of the fault offset, as well as the
evolution of the pipeline total elongation with the fault displacement are illustrated in Figure 4.26-a
and Figure 4.26-b respectively. The pipeline elongation increases significantly once inelasticity
extends over the whole curved length region, as shown in Figure 4.26-a. Moreover, for small fault
offset the pipeline elongation is approximately equal to the axial component of the fault
displacement, as illustrated in Figure 4.26-b. Whereas, as the lateral component of the fault offset
increases, the pipeline elongation due to arch-length effects in the curved length region becomes
more significant, as shown in Figure 4.26-b.
In addition, the pipeline is subjected to larger elongation and associated axial strains, compared to
the previous case with β =25o (Figure 4.16-b), due to the greater axial component of the imposed
fault displacement. Therefore, it is suitably recommended to avoid excessive values of the
inclination angle β, within the seismic design of buried pipelines at fault crossings, as discussed
further in the following paragraphs.
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Figure 4.24 - Evolution of the pipe loads in function of the fault offset, using the continuum and discrete (BWFM)
model in the case of soft clay soil conditions, β=45°, H=2.0m, D/t=96: a) axial force; b) shear force; c) bending
moment.

Furthermore, for large fault displacements, severe mesh distortion of the soil elements occurs within
the continuum simulation (Figure 4.8 and Figure 4.18) suggesting the need to develop efficient
means to reformulate the model mesh during large deformation analysis.
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Lastly, the structural response of the soil-pipeline system in terms of strains, cross-section
ovalization, displacements and loads, for each one of the other parametric configurations analysed
in the present study is reported in the Appendix B.

Figure 4.25 - Variation of displacements along the pipeline for different values of fault offset, using the continuum and
discrete (BWFM) model in the case of soft clay soil conditions, β=45°, H=2.0m, D/t=96: a) axial displacement; b)
lateral displacement.
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Figure 4.26 - a) Variation of the pipeline elongation for different values of fault offset and, b) evolution of the pipeline
elongation with the fault displacement using the continuum and discrete (BWFM) model in the case of soft clay soil
conditions, β=45°, H=2.0m, D/t=96.
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4.2. Pipeline performance in function of the fault inclination angle

4.2.1. Seismic performance of the non operating pipeline
The results of the numerical analysis carried out using the continuum and discrete model are
summarized in Table 4.4, representing performance of the non operating pipeline in terms of critical
fault displacements when a specific limit state is reached for the system configurations considered.
Moreover, the following figures illustrate the pipeline fault displacement capacity corresponding to
the various performance criteria evaluated using the continuum and the discrete approach, in
function of the fault inclination angles β, for each soil type, cover depth and pipe diameter-tothickness ratio. Herein, the maximum imposed fault displacement is assumed equal to 4m within
both modelling procedures, but often the continuum analysis terminate earlier due to severe mesh
distortion following the large developed deformations. Therefore, besides the critical fault
displacements corresponding to the various performance criteria, the progress of the continuum
analysis ∆fmax is suitably indicated in Table 4.4 as well as in the following figures.
Clearly, the cross-section ovalization as well as the buckling limit state is captured only by the
continuum modelling procedure, whereas the 3% limit state is evaluated using both the discrete and
continuum approach.
Specifically, Figure 4.27-a and Figure 4.27-b show the performance of a non operating pipeline
with diameter to thickness ratio equal to 96 and 72 respectively, in the case of soft clay soil
conditions and cover depth H=2m. According to the continuum approach, for fault inclination
angles β equal to 25° and 45°, the predominant limit state is the 15% cross-section ovalization and
3% tensile strain for the thinner (D/t=96) and thicker (D/t=72) pipeline respectively. Moreover, for
these fault inclination angles β (25° and 45°), there is good correspondence of the evaluation of the
pipeline performance in terms of 3% tensile strain carried out with the continuum and the discrete
modelling methodology. Generally, the pipeline capacity to resist the fault displacement decreases
with the increase of the inclination angle β and the associated axial component of the fault
movement. Furthermore, Figure 4.27-a and Figure 4.27-b represent the values of critical fault
displacement where the maximum bending moment is reached during the analysis. This value
decreases with the increase of the fault inclination angle β, and coincides with the critical fault
displacement corresponding to the onset of local buckling for pipeline oriented orthogonally with
respect to the fault trace (β =0°), for both cases of diameter-to-thickness ratio. Herein, the 15%
ovalization as well as the 3% limit state are reached at the position where local buckling occurs
first, for larger fault values. Generally, the thicker pipeline (D/t=72) performs better than the thinner
one (D/t=96), showing a higher fault displacement capacity for all the limit states considered.
Figure 4.28-a and Figure 4.28-b show the performance of a non operating pipeline with diameter to
thickness ratio equal to 96 and 72 respectively, in the case of loose sand soil conditions and cover
depth H=2m. For the fault inclination angles β equal to 25° and 45°, the predominant limit state for
the thinner (D/t=96) as well as the thicker pipeline (D/t=72) is the 15% cross-section ovalization.
Similarly to the previous case of clay soil conditions, for these fault inclination angels β, there is
good correspondence of the pipeline performance evaluation in terms of 3% tensile strain limit
obtained using the continuum and the discrete modelling procedure.
Compared to the case of clay soil conditions, the pipeline performance in terms of 3% tensile strain
limit results significantly higher, as indicated in Figure 4.28. On the contrary, the pipeline does not
perform necessarily better with respect to the 15% ovalization limit in the case of sand soil
conditions. When the pipeline is oriented orthogonally with respect to the fault trace (β =0°), local
buckling occurs at critical fault displacement values slightly larger compared to the corrispective
clay soil conditions illustrated in Figure 4.27. Alike the clay soil conditions, the thicker pipeline
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(D/t=72) shows a better performance than the thinner one (D/t=96), for all the limit states
considered.
Table 4.4 - Fault displacement capacity (m) corresponding to various performance criteria evaluated using the
continuum and the discrete approach, for all the pipeline configurations considered with no internal pressure (Pi=0),
subjected to a maximum imposed fault displacement ∆fmax.
H (m)

Soil

D/t

β
0

96

25
45

Clay
0
72

25
45

2
0
96

25
45

Sand
0
72

25
45
0

96

25
45

Clay
0
72

25
45

1
0
96

25
45

Sand
0
72

25
45
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FEM
Local buckling
Continuum
0.58
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
0.80
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
0.76
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
0.98
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
0.76
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
1.00
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
1.18
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
-

Ovalization 15%
1.22
1.42
1.08
1.90
2.58
1.64
1.14
1.10
1.12
1.84
2.70
1.78
1.42
2.38
1.56
2.28
4.00
2.62
1.74
2.32
-

Strain 3%
1.34
1.82
1.78
1.70
1.12
1.06
2.60
2.30
2.20
1.46
1.40
1.34
2.66
2.24
2.18
1.42
1.38
2.90
2.84
1.86
1.84
1.62
2.92
2.74
1.80
1.78
3.56
3.58
2.34
2.36
3.88
2.50
2.58
3.22
3.44

∆fmax (m)
2.82
4.00
2.44
4.00
2.98
4.00
4.00
4.00
3.56
4.00
2.22
4.00
2.26
4.00
3.76
4.00
1.52
4.00
2.12
4.00
4.00
4.00
4.00
4.00
3.28
4.00
2.38
4.00
1.96
4.00
3.32
4.00
4.00
4.00
3.92
4.00
1.96
4.00
3.16
4.00
3.08
4.00
2.90
4.00
2.70
4.00
3.48
4.00

Chapter 4

Figure 4.27 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline embedded in soft clay soil conditions at a
cover depth H=2m, with no internal pressure (Pi=0) and diameter-to-thickness ratio: a) D/t=96; b) D/t=72.
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Figure 4.28 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline embedded in loose sand soil conditions at a
cover depth H=2m, with no internal pressure (Pi=0) and diameter-to-thickness ratio: a) D/t=96; b) D/t=72.
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Figure 4.29-a and Figure 4.29-b show the performance of a non operating pipeline with diameter-to
thickness-ratio equal to 96 and 72 respectively in the case of soft clay soil conditions and cover
depth H=1m. For the fault inclination angles β equal to 25° and 45°, the predominant limit state for
the thinner (D/t=96) pipeline is the 15% cross-section ovalization, whereas for the thicker pipeline
(D/t=72) is the 3% tensile limit state. In the case of thinner pipeline (D/t=96), oriented with respect
to the normal of the fault trace at an angle β=25°, the simulation terminates before the 3% tensile
limit state is reached, due to severe mesh distortion following the large developed deformations.
Nevertheless, for all the other cases of positive angles β, there is good correspondence of the
pipeline performance evaluation in terms of 3% tensile strain limit obtained using the continuum
and the discrete modelling procedure, as shown in Figure 4.29-a and Figure 4.29-b.
Alike the abovementioned cases of pipeline oriented orthogonally with respect to the fault trace,
with cover depth H=2m, local buckling is observed for both the thinner (D/t=96) and thicker
(D/t=72) pipeline at a critical fault displacement when the maximum bending moment is reached
during the analysis. Generally, the thicker pipeline (D/t=72) performs better than the thinner one
(D/t=96) showing a higher fault displacement capacity for all the limit states considered, as shown
in Figure 4.29. Furthermore, within the same type of clay soil conditions, the pipe performance in
the case of shallow cover depth (H=1m) is significantly improved in comparison to the
corresponding situation of deeper cover depth (H=2m), as illustrated in Figure 4.27.
Figure 4.30-a and Figure 4.30-b show the performance of a non operating pipeline with diameter to
thickness ratio equal to 96 and 72 respectively in the case of loose sand soil conditions and cover
depth H=1m. Evidently, in the case of fault inclination angles β equal to 25°, for both the thinner
(D/t=96) and the thicker (D/t=72) pipeline, the continuum finite element analysis terminates before
any performance limit state is reached due to excessive mesh distortion of the loose sandy soil
elements. Instead, in the case of fault inclination angle β equal to 45°, the predominant limit state
for the thinner pipeline (D/t=96) is the 15% cross-section ovalization, whereas for the thicker
pipeline (D/t=72) is the 3% tensile limit state. In the case of pipeline oriented perpendicularly with
respect to the fault trace (β =0°), local buckling is observed only for the thinner pipeline (D/t=96) at
a fault displacement equal to 1.18m, leading afterwards to the attainment of the 15% ovalization
limit state at the same location. Instead, for the thicker pipeline (D/t=72) no performance limit state
is reached before the analysis terminates prematurely for a fault displacement equal to 2.90m due to
excessive mesh distortion of soil elements.
Clearly, in the case of fault inclination angle β equal to 45°, for the thinner pipeline (D/t=96), there
is a good correspondence of the pipeline performance evaluation in terms of 3% tensile strain limit
obtained using the continuum and the discrete modelling procedure, as shown in the figure 4.30-a.
For the same condition of fault inclination angle (β =45°), the fault displacement capacity regarding
the 3% strain limit state, results slightly lower in the case of the continuum analysis, due to
excessive mesh distortion of the soil elements adjacent to the fault trace.
Alike the sand soil conditions, the thicker pipeline (D/t=72) performs better than the thinner one
(D/t=96) showing an overall higher fault displacement capacity for the limit states considered, as
shown in Figure 4.30. Furthermore, within the same type of sand soil conditions, the pipe
performance in the case of shallow cover depth (H=1m) is significantly improved in comparison to
the corresponding situation of deeper cover depth (H=2m), as illustrated in Figure 4.28.
More generally, for all the soil conditions and cover depths considered, the pipeline performance in
terms of the limit states considered improves significantly for the thicker pipeline (D/t=72) in
comparison to the thinner one (D/t=96). In addition, loose sand soil condition and shallower cover
depths result more beneficial to the pipeline integrity by minimising the soil restraint to the pipe
movement. Therefore, these critical parameters need to be accurately taken into account within the
design engineering practice of buried pipelines, as recommended in many current guidelines, such
as the Eurocode 8, Part 4 (CEN 2006).
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Figure 4.29 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline embedded in soft clay soil conditions at a
cover depth H=1m, with no internal pressure (Pi=0) and diameter-to-thickness ratio: a) D/t=96; b) D/t=72.

132

Chapter 4

Figure 4.30 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline embedded in loose sand soil conditions at a
cover depth H=1m, with no internal pressure (Pi=0) and diameter-to-thickness ratio: a) D/t=96; b) D/t=72.
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4.2.2. Influence of the internal pressure on the seismic performance of the operating pipeline
The present paragraph describes the role of the internal pressure on the pipeline performance
subjected to strike-slip fault displacement. The pipeline is assumed buried with a cover depth
H=2m, considering two different levels of internal pressure, specifically 0.56 and 1.0 of the
maximum allowable internal pressure Pmax, calculated using the expression (3.1) in the paragraph
3.1 for each parametric analysis.
The critical fault displacements corresponding to the achievement of each performance limit state in
the operating pipeline, obtained using the continuum and discrete model are reported in Table 4.5.
Furthermore, the following figures illustrate the pipe fault displacement capacity relative to various
performance criteria evaluated using both modelling approaches, in function of the fault inclination
angles β, for each level of internal pressure, soil type and pipe diameter-to-thickness ratio. Similarly
to the previous paragraph, besides the critical fault displacements corresponding to each
performance criteria, the progress of the continuum analysis ∆fmax is suitably indicated in Table 4.5
as well as in the following figures.
Figure 4.31-a and Figure 4.31-b show the performance of the operating pipeline with internal
pressure equal to 0.56Pmax, diameter-to-thickness ratio equal to 96 and 72 respectively, in the case
of soft clay soil conditions and cover depth H=2m. Clearly, for fault inclination angles β equal to
25° and 45°, the predominant limit state is the 3% tensile strain for both the thinner (D/t=96) and
thicker (D/t=72) pipeline. Furthermore, for these fault inclination angles β (25° and 45°), there is
good correspondence of the evaluation of the pipeline performance in terms of 3% tensile strain
carried out using the continuum and the discrete modelling methodology. Evidently, the 15%
ovalization limit state is never reached for the fault inclination angles considered, due to the positive
contribution of the internal pressure. In the case of pipeline oriented orthogonally with respect to the
fault trace, local buckling is observed only for the thinner pipeline (D/t=96), at a critical fault
displacement equal to 0.62m, corresponding to the maximum bending moment achieved during the
continuum analysis. Instead, the thicker pipeline (D/t=72) does not buckle locally due to the
positive effect of the internal pressure, on the contrary, it reaches the 3% strain limit long after the
maximum bending moment occurs in the pipeline, according to both modelling approaches.
Similarly to the case of non operating pipeline illustrated in Figure 4.27, the thicker pipe (D/t=72)
performs better than the thinner one (D/t=96), exhibiting an overall higher fault displacement
capacity regarding the 3% strain limit, as shown in Figure 4.31.
Figure 4.32-a and Figure 4.32-b show the performance of the operating pipeline with internal
pressure equal to Pmax, diameter-to-thickness ratio equal to 96 and 72 respectively, in the case of
soft clay soil conditions and cover depth H=2m. Clearly, for the three fault inclination angles β
considered, the predominant limit state is the 3% tensile strain for both the thinner (D/t=96) and
thicker (D/t=72) pipeline. Furthermore, for values of the fault inclination angles β equal to 25° and
45°, there is good correspondence of the evaluation of the pipeline performance in terms of 3%
tensile strain carried out with the continuum and the discrete modelling methodology. Evidently, the
local buckling as well as the 15% ovalization limit state are never reached for the fault inclination
angles considered, due to the beneficial effect of the high internal pressure.
Similarly to the previous case of intermediate internal pressure (Pi=0.56Pmax) shown in Figure 4.31,
the thicker pipe (D/t=72) performs better than the thinner one (D/t=96), showing an overall higher
fault displacement capacity regarding the 3% strain limit, as illustrated in Figure 4.32. Moreover,
for values of the fault inclination angles β equal to 25° and 45°, the pipeline response in terms of
3% tensile strain does not depend significantly on the level of internal pressure according to both
modelling procedures considered. Instead, in the case of pipeline oriented perpendicularly with
respect to the fault trace (β =0°), increasing levels of pipe internal pressure tend to enhance the
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pipeline performance with respect to the local buckling limit state, other parameters of the soil-pipe
system remaining equal.
Table 4.5 - Fault displacement capacity (m) corresponding to various performance criteria evaluated using the
continuum and the discrete approach, in the case of pipeline with a cover depth H=2m, operating at an internal pressure
Pi=0.56Pmax and Pi=Pmax, subjected to a maximum imposed fault displacement ∆fmax.
H (m)

Soil

p

D/t

96

β
0
25
45

0.56Pmax

0
72

25
45

Clay

0
96

25
45

Pmax

0
72

25
45

2

0
96

25
45

0.56Pmax

0
72

25
45

Sand

0
96

25
45

Pmax

0
72

25
45

FEM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM
Continuum
BWFM

Local buckling
0.62
0.72
-

Ovalisation Strain 3%
1.30
1.88
1.78
1.76
1.14
1.10
1.92
2.96
2.36
2.26
1.50
1.46
1.32
1.80
1.52
1.56
0.96
1.02
1.8
2.02
2.06
1.32
1.42
1.60
2.66
2.26
2.26
1.42
1.44
3.04
2.94
2.94
1.90
1.92
1.80
3.12
1.96
2.04
1.26
1.38
2.98
2.62
2.70
1.72
1.94

∆fmax
2.52
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
3.94
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
2.74
4.00
4.00
4.00
4.00
4.00
3.32
4.00
4.00
4.00
4.00
4.00
3.2
4.00
4.00
4.00
4.00
4.00
3.46
4.00
4.00
4.00
4.00
4.00
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Figure 4.31 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline embedded in soft clay soil conditions at a
cover depth H=2m, 0.56Pmax internal pressure and diameter-to-thickness ratio: a) D/t=96; b) D/t=72.
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Figure 4.32 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline embedded in soft clay soil conditions at a
cover depth H=2m, Pmax internal pressure and diameter-to-thickness ratio: a) D/t=96; b) D/t=72.
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Figure 4.33-a and Figure 4.33-b show the performance of the operating pipeline with internal
pressure equal to 0.56Pmax, diameter-to-thickness ratio equal to 96 and 72 respectively, in the case
of loose sand soil conditions and cover depth H=2m. Clearly, for fault inclination angles β equal to
25° and 45°, the predominant limit state is the 3% tensile strain for both the thinner (D/t=96) and
thicker (D/t=72) pipeline. Moreover, for these fault inclination angles β (25° and 45°), there is a
good correspondence of the evaluation of the pipeline performance in terms of 3% tensile strain
carried out with the continuum and the discrete modelling approach. Alike the abovementioned
cases of operating pipeline, the 15% ovalization limit state is never reached for the fault inclination
angles considered, due to the positive contribution of the internal pressure. In the case of pipeline
oriented perpendicularly with respect to the fault trace, local buckling is observed only for the
thinner pipeline (D/t=96), at a critical fault displacement equal to 0.72m, associated with the
maximum value of bending moment obtained during the continuum analysis. Instead, the thicker
pipeline (D/t=72) does not suffer local buckling due to the beneficial effect of the internal pressure,
on the contrary, it reaches the 3% strain limit long after the maximum bending moment occurs in
the pipeline, according to both modelling approaches. Similarly to the case of non operating
pipeline illustrated in Figure 4.27, the thicker pipe (D/t=72) performs better than the thinner one
(D/t=96), exhibiting a higher fault displacement capacity with respect to the 3% strain limit, as
shown in Figure 4.31.
Figure 4.34-a and Figure 4.34-b show the performance of the operating pipeline with internal
pressure equal to Pmax, diameter-to-thickness ratio equal to 96 and 72 respectively, in the case of
loose sand soil conditions and cover depth H=2m. Evidently, for all the three fault inclination
angles β considered, the predominant limit state is the 3% tensile strain for both the thinner
(D/t=96) and thicker (D/t=72) pipeline. Moreover, for values of the fault inclination angles β equal
to 25° and 45°, the fault displacement capacity regarding the 3% strain limit state, results slightly
lower in the case of the continuum analysis. The latter can be attributed to the excessive mesh
distortion of the soil elements adjacent to the fault trace.
Similarly to the corresponding case of operating pipeline in soft clay conditions shown in Figure
4.32, the local buckling as well as the 15% ovalization limit state is never reached for the fault
inclination angles considered, due to the beneficial effect of the high internal pressure.
Furthermore, for values of the fault inclination angles β equal to 25° and 45°, the pipeline response
in terms of 3% tensile strain is not significantly influenced by the level of internal pressure
according to both modelling procedures considered. On the other hand, in the case of pipeline
oriented perpendicularly with respect to the fault trace (β =0°), increasing levels of pipe internal
pressure tend to enhance the pipeline performance in terms of local buckling limit state, other
parameters of the soil-pipe system remaining equal.
This last observation is in contrast with what reported within recent research work in the field
(Vazouras et al., 2010; 2012), stating that the presence of internal pressure in buried pipes results in
a decrease of critical fault displacement. The latter has been attributed to the development of
additional stresses and strains in the pipeline wall that cause early yielding and lead to a premature
local buckling failure (Vazouras et al., 2010; 2012).
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Figure 4.33 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline embedded in loose sand soil conditions at a
cover depth H=2m, 0.56Pmax internal pressure and diameter-to-thickness ratio: a) D/t=96; b) D/t=72.
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Figure 4.34 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline embedded in loose sand soil conditions at a
cover depth H=2m, Pmax internal pressure and diameter-to-thickness ratio: a) D/t=96; b) D/t=72.
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4.3. Comparison with analytical and numerical literature results
4.3.1. Mechanical behaviour of the pipeline in function of the fault inclination angle β
In order to compare the results of the seismic performance analysis of the buried pipeline obtained
in the present work with those of the recent research literature, a wider range of fault inclination
angle has been considered. Specifically, the performance of a pipeline with D/t=96, embedded in
soft clay soil with a cover depth H=2m, is analysed for different fault inclination angles β ranging
from −10° to 45°, in non operating and operating conditions with internal pressure 0.56Pmax, as
shown in Figure 4.35-a and 4.35-b. Moreover, the latter represent the values of critical fault
displacement corresponding to the maximum bending moment reached during the analysis.
Evidently, the maximum bending moment and the respective critical fault displacement tend to
decrease with the increase in magnitude of the angle β in the continuum model, whereas according
to the discrete model, they are a decreasing function of the angle β.
Referring to the continuum model results, the pipeline exhibits three different mechanical
behaviours depending on the inclination angle β:
I. β ≤ 0: for non positive inclination angles, the combined effect of the bending moment and the
compressive axial force is sufficient enough to induce the onset of local buckling. The latter is
captured by the continuum modelling technique only, and is observed at the two inflection
points, for a critical fault displacement corresponding to the first peak of bending moment
during the analysis. Herein, the maximum magnitude of the compressive longitudinal strains
significantly exceeds that of the tensile strains at the onset of local buckling, as illustrated in
Figure 4.36 and Figure 4.37. The pipe buckled region suffers a subsequent concentration of
cross-section deformations in terms of tensile strains and additional ovalization, particularly in
the unpressurized pipeline. These localized tensile stains may induce tearing of the pipe wall at
welds or small defect regions leading to loss of pressure boundary with consequent threat to the
pipeline safety. Lastly, the critical fault displacement corresponding to onset of local buckling in
the pressurised pipeline, results slightly greater compared to the unpressurised pipe, due to the
beneficial effect of the internal pressure.
II. 0 < β < 15°, for relatively small positive angles, the larger bending moment induces greater
bending strains and cross-section ovalization at the two inflection points where the
corresponding performance limit states are consequently achieved. Clearly, the predominant
performance limit state is the 15% ovalization and the 3% tensile strain limit state respectively
for the considered non operating and operating pipeline. Moreover, the performance of the
unpressurised and pressurized pipeline in terms of the ovalization and tensile strain limit state
respectively, increase monotonically with the fault inclination angle, being maximum for β=15°.
Unlike the previous case (β ≤ 0), the developed tensile strains exceed in magnitude the
maximum compressive strains corresponding to the peak bending moment in the pipeline and
thereafter, tending to zero with further advancement of the fault offset.
III. β ≥ 15°, for relatively large positive angles, the effect of the axial tensile force becomes
predominant due to the greater axial component of the fault displacement and the smaller
bending moment. Therefore, the inelasticity spreads rapidly from the two inflection points
towards the fault trace, where the unpressurized pipeline undergoes greater ovalization due to
the decreased axial stiffness and the prevalent effect of the lateral soil pressure. Herein, the 15%
ovalization limit is reached first, followed by the 3% tensile strain limit closer to the fault.
Evidently, the critical fault displacement corresponding to the attainment of the 3% limit state in
the unpressurised pipeline is slightly lower compared to the pressurised pipe, as shown in Figure
4.35-a and 4.35-b.
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Figure 4.35 - Evaluation of the pipeline performance in terms of critical fault displacements when a specific limit state
is reached in function of the fault inclination angle β, in the case of pipeline with diameter-to-thickness ratio D/t=96
embedded in soft clay soil conditions at a cover depth H=2m under: a) no internal pressure Pi=0; b) internal pressure
Pi=0.56Pmax.
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Figure 4.36 - Contour plot of the pipeline longitudinal strains at the inflection point where the maximum bending
moment occurs in the unpressurised pipeline (Pi=0) for fault inclination angles: a) β=−10°; b) β=0°; c) β=5°.

Figure 4.37 - Contour plot of the pipeline longitudinal strains at the inflection point where the maximum bending
moment occurs in the unpressurised pipeline (Pi=0.56Pmax) for fault inclination angles: a) β=−10°; b) β=0°; c) β=5°.
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Moreover, the pipeline performance in terms of ovalization and tensile strain limit state
decreases monotonically with the fault inclination angle β, due to the increasing axial
component of the fault displacement. Therefore, the inclination angle that maximizes the
pipeline performance seems to be βopt=15°, that differentiates between the predominant bending
or tensile axial behaviour of the pipeline, as illustrated in Figure 4.35-a and 4.35-b.
In addition, the internal pressure significantly enhances the pipeline performance in terms of crosssection ovalization, being the 15% ovalization limit state never reached in the operating pipeline for
all the fault inclination angles considered.
Finally, the discrete (BWFM) and the continuum model give comparable estimate of the pipeline
performance in terms of the 3% tensile strain limit, in both operating conditions, for β ≥ 15°,
characterised by predominant tensile axial behaviour of the pipeline, as illustrated in Figure 4.35-a
and 4.35-b.

4.3.2. Comparison with recent literature numerical results
The numerical results obtained in the present work are compared with those published within the
comprehensive work conducted by Vazouras et al. (2010; 2012; 2014; 2015).
Specifically, the performance of a pipeline with D/t=96, embedded in soft clay soil with a cover
depth H=2m, is analysed for different fault inclination angles β ranging from −10° to 45°, in non
operating and operating conditions with internal pressure 0.56Pmax, as shown in Figure 4.38.
Specifically, the numerical analysis carried out in Vazouras et al. (2010; 2012) consider fixed
boundaries at the two pipeline ends on each side of the fault trace, whereas those performed in
Vazouras et al. (2014, 2015) take into account for an infinite model length. The latter is
implemented in the finite element simulations as an equivalent axial spring attached at the pipeline
ends, fixing one end and displacing the other according to the fault movement. The forcedisplacement relationship of the equivalent axial spring was obtained analytically accounting for the
elastic deformation of the soil and pipe, and the development of sliding when the shear stress at the
pipe-soil interface reaches its shear strength (Vazouras et al., 2014; 2015). Evidently, the forcedisplacement relationship of the equivalent boundary spring considered in Vasouras et al. (2014) is
independent of the service loads such as the internal pressure, unlike the procedure followed within
the present thesis, as described in paragraph 3.3.6.
Figure 4.38-a and 4.38-b illustrate the performance of the aforementioned pipeline evaluated within
the present study for non operating and operating conditions respectively, comparing the results
with those published by Vazouras et al. (2012; 2014; 2015) for the same soil and pipeline
characteristics.
Clearly, the pipeline performance in terms of critical fault displacement corresponding to the
achievement of a specific limit state, is significantly lower in Vazouras et al. (2012) that considers
fixed boundaries at the two pipeline ends. These latter results were compared in Vazouras et al.
(2015) with those obtained using a refined model for infinitely long pipelines, concluding that the
adopted performance criteria does depend on the boundary conditions. Specifically, the authors
asserted that rigid (fixed) boundary conditions offer conservative estimates of the critical fault
displacement for infinitely long pipelines. This is straightforward considering that the assumption of
fixed boundaries at the two pipeline ends, means assigning a shorter anchor length that induces
additional axial forces on the buried pipeline, diminishing its capacity to sustain the fault
movement.
Regarding the 3% strain performance, there is good correspondence between the results obtained
within the present thesis and those reported in Vazouras et al. (2015) for fault inclination angles β
greater than 15°, in both cases of pipe internal pressure. On the contrary, for smaller values of the
angle β, the critical fault displacement associated with the attainment of the 3% strain limit
evaluated in the present thesis, results significantly larger than the corresponding limits indicated in
144

Chapter 4
Vazouras et al. (2014; 2015). Clearly, the pipeline performance for small fault inclination angles β,
is significantly influenced by the imposed bending moment due to the lateral soil pressure, that
depends on the different modelling of the discontinuity at the fault interface as well as the width of
the soil prism. Conversely, for larger fault inclination angles β, the tensile axial behaviour prevails
and therefore the pipeline performance in terms of 3% tensile strain obtained in the present thesis
agrees very well with that reported in Vazouras et al. (2014; 2015).
According to these latter results, the predominant limit state in the considered unpressurized
pipeline is either local buckling or cross-section ovalization. Instead, in Vazouras et al. (2012), the
3% of axial strain limit dominates for values of angle β greater than 15°. Moreover, buckling is
reached in Vazouras et al. (2014; 2015) for negative and small positive values of β, respectively less
than 5° and 10° in the case of unpressurized and pressurized pipeline, as indicated in Figure 4.38-a
and 4.38-b. Instead, in Vazouras et al. (2012) as well as within the present thesis, buckling occurs
only for non-positive angles β for both conditions of internal pressure.
Evidently, the 15% ovalization performance limit is achieved in none of the pressurized pipeline
analysis, due to the beneficial effect of the internal pressure. Furthermore, according to Vazouras et
al. (2014; 2015), the normalized ultimate displacement for the ovalization of the unpressurized pipe
remains approximately the same under increasing angle β, whereas in the present thesis it is
maximum for β equal to 15°, decreasing thereupon. Both these works show coincident results in
terms of ovalization performance for fault inclination angle β equal to 45°, and start to differ
significantly for values of β less than 25°.
Moreover, Table 4.6 indicates the values of the critical fault displacement corresponding to the
onset of local bucking in the case of pipeline perpendicular to the fault trace, with a cover depth
H=2m and diameter-to-thickness ratio D/t=72, as evaluated within the present thesis and in
Vazouras et al. (2010). Clearly, the numerical results obtained in the present thesis predict a higher
fault displacement capacity with respect to the local buckling limit state for the unpressurised
pipeline in both soil conditions, as shown in Table 4.6. Instead, the operating pipeline with internal
pressure 0.56Pmax, embedded under a cover depth H=2m in clay soil conditions, reaches the onset of
local buckling limit for a critical fault displacement equal to 0.58m, according to Vazouras et al.
(2010). Conversely, no local buckling is observed for the same configuration of the soil-pipeline
system analysed within the present thesis using the submodeling approach, as described in the
paragraph 4.2.2.
Evidently, the presence of internal pressure in buried pipes results in a decrease of the critical fault
displacement corresponding to the onset of local buckling, according to Vazouras et al. (2010;
2012) where fixed boundaries at the pipeline ends are assumed. This behaviour has been attributed
to the development of additional stresses and strains in the pipeline wall that cause early yielding
and lead to a premature local buckling failure (Vazouras et al., 2010; 2012). Instead, in the present
thesis where appropriate boundaries at the pipe ends are considered accounting for an infinite model
length and the service loads, the internal pressure tends to enhance the pipeline performance in
terms of local buckling, other parameters of the soil-pipe system remaining equal.
Table 4.6 -. Fault displacement capacity (m) corresponding to the onset of local buckling limit state, in the case of
pipeline perpendicular to the fault trace (β=0°) with a cover depth H=2m and diameter-to-thickness ratio D/t=72, as
evaluated within the present thesis using the submodeling approach and in Vazouras et al. (2010).
D/t
H (m)
Soil
p
FEM
Local buckling
β
0
Clay
72

0°

2

0.56Pmax
Sand

0

Submodel

0.80

Vazouras et al. (2010)

0.67

Submodel

None

Vazouras et al. (2010)

0.58

Submodel

0.98

Vazouras et al. (2010)

0.87
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Figure 4.38 - Comparison with literature results of the pipeline performance in terms of critical fault displacements
when a specific limit state is reached in function of the fault inclination angle β, in the case of pipeline with diameterto-thickness ratio D/t=96 embedded in soft clay soil conditions at a cover depth H=2m under: a) no internal pressure
Pi=0; b) internal pressure Pi=0.56Pmax.
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4.4. Recommendations for the seismic design of buried steel pipelines at fault crossing
Taking into account the results of the finite element analysis conducted within the present research
work, a series of recommendations can be proposed for the seismic design of buried steel pipeline
crossing active seismic faults, as described further in the present paragraph. Many of these
recommendations agree with the prescriptions already proposed within the current guidelines and
standards, such as the Eurocode 8, Part 4 (CEN 2006).
Clearly, the seismic performance of the buried pipeline subjected to strike-slip fault is strongly
influenced by the burial depth H, pipe D/t ratio, and fault inclination angle β. Therefore, these
parameters should be considered very carefully within the engineering design practice of buried
pipelines crossing seismic areas. In particular, any measure to minimize the soil restraint to the
pipeline movement should be taken, such as:
•
•

•

•

The pipeline burial depth (H) close to the fault area should be minimized in order to reduce the
intensity of soil pipeline interaction following the fault movement.
The pipeline thickness (t) close to the fault trace should be large enough to sustain the pipeline
capacity to resist the fault displacement against excessive tensile strains and cross-section
ovalization. Therefore within the whole curved length around the fault crossing, a thicker pipe
should be used.
The pipeline should be oriented so that the fault displacement induces tension on it, choosing an
angle of the pipeline axis with respect to the normal to the fault trace in order to avoid local
buckling and optimise the performance in terms of cross-section ovalization and longitudinal
tensile strains.
The anchor points such as pumping stations, elbows or flanges should be positioned far away
enough from the fault trace, as they exert additional axial forces on the buried pipeline,
diminishing its capacity to sustain the fault offset. Herein the pipeline unanchored length can be
calculated using the expression (3.71) in paragraph 3.3.6:
La =

Aσ 1
fs

(4.1)

where A is the pipeline cross-sectional area, σ1 is the pipe material yield strength and fs is the soil
friction force per unit length of pipe.
• Loose and light weight backfill, as well as appropriate pipe coating or wrapping with low
coefficient of friction should be used along the whole pipeline unanchored length La, in order to
minimise the soil axial restraint to the pipeline movement.
Moreover, regarding the modelling aspects of buried pipelines crossing active faults, the following
considerations should be taken into account:
•

•

The BWFM can be used with sufficient accuracy to analyse the pipeline performance in terms
of longitudinal strains under strike-slip movement that induces tension in the pipeline. Herein,
the soil springs are accurately calibrated using the continuum model as a prototype for
evaluating the soil reaction to the pipeline movement in each orthogonal direction.
It is important to consider appropriate boundary conditions at the far ends of the soil-pipeline
model, that represent the interaction with the rest of the system, as the pipe performance is
strongly influenced by the assumed boundary conditions, as described in the present thesis and
in recent research literature (Vazouras et al 2014, 2015; Liu et al 2004).
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•

The exact analytical formulation of the pipeline boundaries away from the fault in terms of an
equivalent-axial spring be used, taking into account the service loads, the loading path either in
tension or compression, the system nonlinearities and the anchor length, as indicated in the
expressions (3.45) in paragraph 3.3.4:
∆L = tanh (αLa ) ⋅ ∆L∞ ,

∆L = ∆L∞ m

for

∆L ≤ u0


u0 
1

− 1 ,
2
2  tanh (αLe ) 

for

(4.2-1)

∆L > u0

(4.2-2)

where La is the pipe unanchored length and Le is static friction length developed due to the
application of the axial force F at the pipe free end. Moreover, α = k / E1 A , being A the cross
section area of the pipe, E1 the elastic stiffness of the pipe material, k=fs/u0 the rigidity of
friction interaction at the soil-pipe interface, fs the maximum soil friction force per unit length of
the pipeline, u0 the relative soil-pipe displacement at the onset of friction sliding.
Instead, ∆L∞ is the elongation of the pipeline with infinite anchor length (La→∞), and can be
evaluated using the equations (3.43):
∆L∞ = ±

(F − F0 ) = ± (F − F0 ) ,

∆L∞ = ±

u0 (F − F0 )
±
,
2
2 AE1 f S

AE1α

∆L∞ = ∆L∞i −1 ±

•
•
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kAE1

for

∆L < u0

,

|F| < | N0|

(4.3-1)

2

[

for

| N0| ≤ |F| ≤ |F1|

(

(4.3-2)

)]

1
F 2 + 2( AEiε i −1 − Fi −1 ) ⋅ F + Fi −21 − 2 AEiε i −1Fi −1 ,
2 f S AEi

for |F| ≥ |F1|

(4.3-3)

being εi, σi the i-th nominal strain and stress value respectively defining the axial response of
the operating pipeline either in tension or compression, Fi= A⋅σi is axial force in the pipe
corresponding to an axial stress equal to σi, calculated in function of the pipe internal pressure
and temperature variation, using the expressions (3.60) in paragraph 3.3.5. Furthermore, Ei=(σiσi-1)/(εi-εi-1) is the slope of the i-th segment defining the pipe multi-linear stress-strain
relationship and ∆Li∞ is the elongation of the infinite pipeline due to the applied axial force Fi at
its free end. In particular, F1 is the pipe axial yield force, whereas N0 is the axial force
corresponding to an elongation of the infinite pipeline equal to the relative soil-pipe
displacement at the onset of friction sliding (∆L∞ = u0). Lastly, F0 represents the initial
longitudinal force in the pipeline in operation, induced by the temperature variation and internal
pressure, before the application of the fault offset, where the pipeline is assumed fully
constrained at its ends
The beam on Winkler foundation model is unable to capture the pipeline local buckling
evolution, irrespective on the mesh size.
Within the recent state of art the mesh of the pipeline is usually very refined in order to capture
the local buckling, whereas that of surrounding soil is much coarser. In order to assure the
robustness of the contact algorithm, both soil and pipe contact surfaces need to be assigned with
a comparable mesh size.
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•

The onset of local buckling can be suitably analysed using the advanced submodeling technique
that allows to focus with a refined mesh on the local part of the model where buckling occurs
(interpolating the solution from an initial, global model into the boundaries of the submodel).
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5. Conclusion and outlook

5.1. Contributions of the present work to the state of the art practice and research of the
seismic design of buried steel pipelines
The present thesis investigates the seismic performance of a buried straight 36 inch X65 steel grade
pipeline subjected to strike-slip fault movement at its midsection, within the finite element
methodology, taking into account the nonlinearities of the soil-pipe system. Specifically, the effect
of different soil and pipe parameters having an critical role on the pipeline response is analysed, like
the soil material, the fault inclination angle, the pipeline burial depth, the pipe diameter-to-thickness
ratio and the internal pressure. For each system configuration, the pipeline performance is assessed
by individuating PGD level corresponding to the achievement of an ultimate limit state, like local
buckling, cross-section ovalization or excessive tensile strain, that can lead to cracking with
consequent material leakage.
The structural response of the buried pipeline is evaluated using two different finite element
modelling approaches of increasing order of complexity, like the discrete Beam on Winkler
Foundation Model (BWFM) and the continuum model. The former is incapable to model
realistically the soil-structure interaction for large scale deformations, as well as to capture the
pipeline local instabilities at the section level, like buckling and ovalization. The latter has
addressed many of the BWFM deficiencies, nevertheless it presents significant disadvantages in
terms of elevated computational demands and required expertise of the operator to analyse the
models, for use in routine engineering applications.
To accurately and efficiently assess the pipeline performance under strike-slip faulting, the this
thesis introduces some important innovative aspects with respect to the state of art research:
1) consideration of two different cover depths typically used in the engineering design practice
(1m and 2m), in order to assess the influence of different levels of soil confinement on the
seismic response of the buried pipeline.
2) exact analytical formulation of the pipeline boundaries beyond its ends in terms of an
equivalent-axial spring, in function of the system nonlinearities, pipeline anchor length, pipe
cross-sectional area, service loads and loading path either in tension or compression. This
procedure allows to optimize the computational costs compared to the case where the entire
pipeline length is modelled with nonlinear shell elements and the surrounding soil with
continuum elements, as for example conducted recently in Özcebe et al. (2015).
3) consideration of a physical discontinuity at the fault interface within the continuum finite
element model, instead of assuming a whole continuous soil prism, as usually adopted in the
current state of art research.
4) consideration of suitable transverse dimensions of the soil prism surrounding the buried
steel pipeline within the continuum finite element model, so that its structural response is
minimally affected by the imposed boundary displacements.
5) use of the submodeling approach within the continuum finite element model, in order to more
accurately evaluate the onset of local buckling limit state in the buried pipeline with respect to
the state of art research.
The results obtained using both modelling techniques are compared between each other as well as
recent research literature data, giving better insight on the mechanical behaviour of the buried
pipeline under strike-slip movement.
Specifically, in order to accommodate the lateral offset of its axis, the pipeline is bended between
two inflection points and, for positive fault inclination angles (β > 0), is stretched longitudinally in
tension due to arch-length effects, as schematically illustrated in Figure 5.1-a. Herein, three stages
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can be individuated to describe the pipeline response for different levels of fault offset, as also
reported in O'Rourke and Liu (2012):
I. for small fault offsets, the pipeline is mainly in the elastic range. Both peak bending moment
and axial force increase monotonically, as well as the associated bending and axial strains that
are both important in this phase, as schematically illustrated in Figure 5.1-b. Herein, the
developed bending strains exceed the axial strains so that there is non-zero net longitudinal
compressive strain.
Starting from small fault offsets, the maximum bending moment and associated bending
strains localise around two inflection points, situated antisymmetrically with respect to the fault
trace at a distance of a few pipe diameters in function of the soil and pipeline characteristics.
Beyond the two inflection points, the bending strains decrease rapidly to zero and the pipeline
stress state remains axial.
Clearly, the axial force along the pipeline varies linearly beyond the curved length due to the
constant axial soil reaction that assumes its limit value for the most part of the unanchored
length, on the order of hundreds of meters from the fault. Moreover, the peak axial force in the
discrete model occurs always at the fault intersection point, whereas in the continuum model it
shifts towards the pipe inflection points due to loss of contact interaction of the pipeline with the
surrounding soil along the curved length.
Moreover, the maximum shear force occurs always at the fault intersection point and is
relatively higher in the case of the discrete model as, unlike the continuum model, it neglects the
interaction at the fault interface between the two sliding soil blocks. Clearly, the shear force is
given as the integral of the lateral soil pressure along the pipeline, and consequently it exhibits a
symmetric pattern with respect to the fault trace. Alike the lateral soil reaction, the shear force
and the bending moment induced by the fault displacement concentrate around the curved
length while beyond it decrease rapidly to zero and can be consequently retained negligible.
Evidently, for small fault offsets the pipeline ovalizes in the elastic range due to the
predominant effect of the lateral soil pressure that increases towards the fault trace. Moreover,
the observed pipeline elongation in this stage, is approximately equal to the axial component of
the fault displacement.
II. for intermediate fault offsets, inelasticity in terms of axial strains develops at the two
inflection points, decreasing locally its axial and bending stiffness. This local plasticity is
produced by the interaction between bending and axial strains as a result of the elasto-plastic
response of the pipe section, as noted in Karamitros et al. (2006) and O'Rourke and Liu (2012).
Herein, the peak axial strains tend to increase more than the bending strains and consequently
the net compressive strains approach zero. After the onset of plasticity in the pipeline, the
bending moment decreases progressively until the inelastic deformations extend to the whole
pipe curved length. Evidently, the typical backbone curve of the bending moment in function of
the fault offset, results from the material and geometric nonlinearities of the pipe-soil system
that are accurately taken into account in the present study. Evidently, the variation of the peak
shear force in the pipeline in function of the fault displacement is consistent with the evolution
of the peak bending moment, exhibiting a similar backbone curve. Furthermore, the peak axial
force continues to increase parabolically with the fault offset, until the inelasticity spreads from
the two inflection points to the pipe section at the fault trace.
For relatively small fault inclination angles β, the bending moment and associated bending
strains may be enough to increase the cross-section distortion at the two inflection points
leading ultimately to the achievement of the 15% ovalization limit. Conversely, for greater fault
inclination angles β, the maximum bending moment decreases more rapidly with the fault offset
and the pipeline ovalization increases towards the fault trace, due to the predominant effect of
the lateral soil pressure.
III. for large fault offsets, the inelasticity spreads to the whole pipe curved length, causing an
abrupt decrease of its axial stiffness and consequent increase of the axial strains whereas the
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bending strains remain constant. Herein, the pipeline response is significantly influenced by the
material strain hardening behaviour, as a greater inelastic stiffness improves its performance in
terms of axial strains and ovalization.
The pipe bending stiffness within the curved length is severely reduced due to the widespread
plasticity, and the pipe behaves like a cable. Therefore, the soil lateral pressure is resisted
mainly by the pipe tension force rather than by developing bending moment, as noted in
Kennedy at al., (1977).
The pipeline ovalization is accentuated by inelastic longitudinal straining and the lateral soil
pressure. Conversely, higher internal pressure, as well as lower pipe diameter to thickness ratios
improve the pipeline performance in terms of cross-section ovalization.
Moreover, as the lateral component of the fault offset increases, the pipeline elongation
significantly exceeds the axial component of the fault displacement, following stretching due to
the arch-length effects in the curved length region.
In addition, the analysis results show a very good correspondence between the displacement of
the pipeline in the initial axial and lateral direction, for different values of the fault offset,
obtained using the discrete BWFM and the continuum model. Evidently, the pipeline
displacements in the initial axial direction increase linearly with the distance from the fault
trace, up to the region between the two inflection points (so called "curved length") where a
larger amount of the axial displacement occurs due to the increasing plastic deformations.
Instead, the lateral fault offset is absorbed within the curved length while beyond it no relative
pipe-soil displacement occurs in the lateral direction.

a)

b)

Figure 5.1 - Representation of the three stages describing the pipeline response in tension (β>0), for small, intermediate
and large fault offsets: a) pipeline deformation and contour plot of the longitudinal strains in each Stage; b) pipeline
response within each Stage in terms of peak bending moment M, axial force N and deformations ε.

Instead, for small positive and negative fault inclination angles (β ≤ 0), the pipeline may buckle
locally if the induced longitudinal compressive strains exceed a critical value (εcr) which is a
function of the pipe strength, slenderness as well as of the surrounding soil confinement. Evidently,
the onset of local buckling at the inflection points is associated with the peak of bending moment
that separates the pre-buckling from the post-buckling response, as schematically illustrated in
Figure 5.2. Herein, the maximum magnitude of the compressive longitudinal strains significantly
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exceeds that of the tensile strains at the onset of local buckling. Thereafter, the bending moment
drops more or less abruptly depending of the pipeline slenderness expressed by the diameter to
thickness ratio. The deformations concentrate at the inflection points where the tensile strain and the
ovalization limit are reached long after the onset of local buckling, as shown in Figure 5.2-a.

a)

b)

Figure 5.2 - Representation of the pipeline response in bending and/or compression (β≤0): a) pipeline deformation and
contour plot of the longitudinal strains at the onset of local buckling and beyond; b) pipeline response during pre- and
post-buckling Stage in terms of peak bending moment M, axial force N and deformations ε.

Moreover, the beam on Winkler foundation model is unable to capture neither the ovalization nor
the local buckling of the pipeline irrespective on the mesh size, due to the intrinsic assumption of
plane cross-section. Nevertheless, such simplified model can be used with sufficient accuracy to
analyse the pipeline performance in terms of longitudinal strains under strike-slip movement that
induces overall tension in the pipeline. Herein, the soil springs can be accurately calibrated using
the continuum model as a prototype for evaluating the soil reaction to the pipeline movement in
each orthogonal direction.
Within the present thesis the response of the soil-pipeline system beyond the "curved length" has
been carefully studied developing an exact analytical formulation in terms of an equivalentboundary spring, in function of the system nonlinearities, anchor length La, pipe diameter-tothickness ratio (D/t) and service loading such as internal pressure. With respect to the state of art
literature, the present work introduces the effect of the service loads, pipe material nonlinearity and
the different loading path either in tension or compression. Clearly, the pipe performance is strongly
influenced by the assumed boundary conditions that represent the interaction with the rest of the
system beyond the two pipe ends, as described in the present thesis and in recent research literature
(Kaya et al., 2017; Vazouras et al 2014, 2015; Liu et al 2004).
At the state of art, in order to capture the local buckling using the continuum approach, the mesh of
the pipeline is usually very refined while that of the surrounding soil is much coarser (Vazouras et
al., 2012; Trivonov, 2015, Paolucci et al., 2010). Herein, doubts may rise on the accuracy and
efficiency of the contact algorithm during the pipe-soil interaction under the strike-fault movement,
in particular when the pipeline buckles locally.
In the present thesis, to assure the robustness of the contact algorithm and optimize the
computational costs within the continuum modelling technique, both soil and pipe contact surfaces
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have been assigned with a comparable mesh size that guarantees the solution convergence.
Specifically, the onset of local buckling has been suitably analysed using the advanced
submodeling technique allowing to focus with a refined mesh on the local part of the model where
buckling occurs (interpolating the solution from an initial, global model into the boundaries of the
submodel). Within the present thesis, the numerical results obtained using the submodeling
technique have been compared with those using the conventional (state of art) technique where the
pipeline is assigned a very refined mesh in order to capture the local buckling. On one hand, these
modelling techniques give comparable results as it regards the evaluation of the pipeline
performance in terms of onset of local buckling. On the other hand, the submodeling procedure
seems to give less conservative results concerning the evolution of the longitudinal strains and
cross-section ovalization compared to the conventional continuum modelling technique. Moreover,
in both models, the 3% tensile strain and 15% ovalization performance limit state are reached at the
buckled location, well beyond the onset of local buckling, as already observed in Vazouras et al.
(2015).
Finally, to optimize the seismic performance of the buried pipeline at fault crossings, it is
recommended to install thicker pipes close to the fault area, at shallower depths, with loose and
light weight backfill and appropriate pipe coating or wrapping with low coefficient of friction.
Herein, the anchor points such as pumping stations, elbows or flanges should be positioned far
away enough from the fault trace, as they exert additional axial forces on the buried pipeline,
diminishing its capacity to sustain the fault offset.
Moreover, the inclination angle of the pipeline axis with respect to the fault should be chosen so
that the fault displacement induces tension on it, in order to avoid local buckling and optimise the
performance in terms of cross-section ovalization and axial strains. The optimum fault inclination
angle β is the one that divides the predominant bending response of the pipeline (for small β) from
the prevalent axial behaviour (for larger β). Within the former case (small β), the pipeline tensile
strain and ovalization limit state are reached at the inflection points, especially for lower diameter to
thickness ratios, due to the higher bending moment. Within the latter (larger β), the ovalization limit
state is reached at the fault due to the lower bending moment and the predominant effect of the
lateral soil pressure.

5.2. Outlooks
The continuum analysis performed within the present work highlighted the difficulty to successfully
terminate within Abaqus/Standard the numerical simulations involving large deformations
especially in the case of low soil confinement, due to severe mesh distortion. This issue has also
been noted in C-Core et al. (2009), suggesting the need to develop efficient means to reformulate
the model mesh during large deformation analysis.
In this study is shown that for small values of the angle β, the 15% ovalization limit is reached at
the pipe inflection points where the bending moment is maximum, whereas for greater angles β, the
maximum ovalization occurs at the fault trace due to the predominant effect of the lateral soil
pressure. The relation between the pipe cross-section ovalization, bending moment and the external
soil pressure during the seismic induced fault movement deserves further attention as this
phenomena is not sufficiently considered within the seismic engineering design practice of buried
pipelines.
Moreover, to minimize the soil restraint in the fault zone, the pipelines are often buried in shallow
trenches with loose to medium granular backfill. Therefore, further studies need to be performed
that take into account the effect of the trench geometry, the backfill and native soil, as well as
complex interactions and failure mechanisms that may occur at multimaterial interfaces such as the
pipe/soil, trench boundary, or other physical barrier (Revie, 2015).
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Chapter 5
The soil-pipeline interaction within the discrete BWFM analysed herein is represented by nonlinear
springs that are calibrated using the continuum model as a prototype, by subjecting the pipe to a
monotonic displacement in each orthogonal direction and assessing the resultant soil reaction.
Further comparisons can be performed between the pipeline response evaluated in the present work
and additional discrete BWFM analysis where the soil springs are determined using the empirical
formulations recommended in current seismic guidelines (ALA 2001; ALA 2005; IITK 2007). This
would lead to a critical assessment of the validity of the aforementioned soil spring empirical
relationships for analysing complex three-dimensional soil-pipe interaction problems like the one at
hand.
Lastly, comparison with experimental data is necessary to calibrate and validate the obtained
numerical results, since, given the lack of information from real seismic events and large-scale tests,
the question of adequacy of the numerical results is a topical issue, as observed in Trifonov (2015).
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Appendix A: pipeline response along its axis terms of axial strain, displacement and force for
different levels of the internal pressure and applied displacement in tension as well as in
compression, in the case of infinite and finite anchor length (CD-ROM).
Appendix B: structural response of the soil-pipeline system in terms of strains, cross-section
ovalization, displacements, elongations and loads, for all the pipe-soil system configurations
analysed in the present study (CD-ROM).
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