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Abstract

Onshore high-pressure gas pipelines constitute critical infrastructure that usually cross
seismic - prone regions and are vulnerable to Permanent Ground Deformations (PGDs)
due to active seismic faults. In design, it may not be feasible to avoid fault rupture areas
due to various technical, economical and topographic reasons. Moreover, the presence of
soil layers affects the PGDs resulting from a tectonic fault, which in turn may alter the
seismic demand on the pipeline. The current study investigates numerically the impact
of soft soil layers on the seismic kinematic distress of onshore gas pipelines. For this
purpose, a decoupled numerical modeling approach is adopted, consisting of two separate
finite - element models for the simulation of soil response and pipeline distress, respectively.
Soil non - linearities are taken into account utilizing the Mohr - Coulomb constitutive model
with isotropic strain softening. An extensive parametric analysis is performed considering
different faulting mechanisms and fault dip angles, as well as soil geometry and mechanical
properties. Consequently, the maximum absolute values of both tensile and compressive
pipeline strains are correlated with the seismic intensity level (i.e., in terms of bedrock
offset which is associated with earthquake magnitude via simple relationships). The
paper concludes with a set of design charts and tables for the preliminary seismic design
of onshore high-pressure gas pipelines. These charts and tables predict with reasonable
accuracy pipeline deformations, in terms of strains, for different magnitude, fault type, dip
angle, sand type, and varying overlying soil layer thickness.

Keywords Gas pipelines - Seismic faulting - Fault rupture propagation - Permanent ground
deformations - Sandy deposits - Finite-element method

1 Introduction

Large - scale infrastructure, such as gas pipelines, constitute crucial energy facilities that

often cross extensive seismic-prone areas. In general, earthquakes can cause severe
damages to above - ground structures and infrastructure due to the inertial distress caused
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by strong ground shaking and/or due to the kinematic distress caused by permanent
ground deformations (PGDs). On the other hand, buried natural gas pipelines can be
distressed kinematically, apart from PGDs, from transient ground deformations (TGDs)
as well, while buried pipelines transferring liquids (e.g., water, oil) can also be inertially
distressed. TGDs can be detrimental for buried pipelines under certain local site conditions
(e.g., Psyrras et al. 2018); however, the kinematic distress due to PGDs is more common
and more adverse for all types of pipelines.

Earthquake-induced PGDs can broadly be defined as irreversible soil movement
due to slope failure, soil liquefaction and lateral spreading, as well as tectonic faulting.
High - pressure gas pipelines are considerably vulnerable to PGDs due to tectonic faulting,
and consequently, several case studies have been reported demonstrating severe pipeline
networks failures (Nair et al. 2018). Since avoiding fault rupture areas might not be feasible
from a technical and/or economic perspective, the effect of fault rupture propagation to
ground surface, in terms of PGDs, as well as the consequent kinematic distress of the
pipeline, in terms of strains, have a significant practical importance, thus, highlighting the
necessity for an accurate and reliable assessment of PGDs and pipeline seismic demand
due to tectonic faulting.

Along these lines, the structural integrity of a pipeline subjected to fault rupture has
extensively been investigated in the literature by means of analytical, numerical, and
experimental methodologies. In particular, simplified analytical procedures were initially
developed, due to the lack of suitable numerical software (Newmark and Hall 1975;
Kennedy et al. 1977; Wang and Yeh 1985). Numerical methods have gradually evolved
by taking into account the critical role of pipeline service loads, the non-linear behavior
of the surrounding soil, as well as the pipe-soil interaction non-linearities (Karamitros
et al. 2007, 2011; Trifonov and Cherniy 2012; Sarvanis and Karamanos 2017; Zhang
et al. 2017). In addition, the impact of bends, which can highly influence the behavior of
pipelines subjected to fault displacements has been investigated in a number of studies
(e.g., Karamitros et al. 2016; Vazouras and Karamanos 2017).

The numerical studies are usually based on the finite element method (FEM), and fall
into two categories, namely coupled and decoupled. According to the coupled approach,
the pipeline, which is usually modeled using shell elements, and the surrounding soil (or
rock) stratum, modeled with 3-D elements, are included in the same finite element (FE)
model utilizing appropriate contact elements (Vazouras et al. 2015; Ozcebe et al. 2017;
Gawande et al. 2019; Dey et al. 2020). Although coupled finite - element based models are
reliable for the extension of experimental results (Robert et al. 2016; Jalali et al. 2018;
Tsatsis et al. 2019; Fadaee et al. 2020), their high computational demand makes extensive
parametric investigations impractical and sensitive to FEM instabilities.

On the other hand, the decoupled approach is based on sub-structuring the physical
problem into two separate FE models: one for the pipeline and one for the wider soil
(or rock) stratum. It is worth noticing that the decoupled approach reasonably assumes
free - field conditions for fault outcropping, since the stiffness of the pipeline is significantly
smaller than the stiffness of the moving soil bed. Pipeline FE modeling is commonly
carried out utilizing beam or pipe elements, whereas pipe —ground (i.e., soil or bedrock)
interaction is simulated by means of bi-linear soil springs. Soil springs are utilized to
impose the PGDs on the pipeline (Joshi et al. 2011; Uckan et al. 2015; Melissianos et al.
2016). Alternative hybrid methodologies have also been developed using beam and shell
FE for the pipeline simulation (Xie et al. 2011) as well as solid block and spring elements
for the surrounding soil bed (Halabian and Hokmabadi 2018) and surface-to-surface
contact elements (Psyrras et al. 2018).
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The experimental investigation of fault-pipe intersection is even more demanding
compared to numerical and analytical approaches. Considerable research effort has been
devoted on the performance of full-scale experiments, aiming to investigate the impact
that crucial factors (e.g., pipe material roughness and embedment depth, surrounding
soil density, fault offset, etc.) may have on the pipeline kinematic distress and pipe - soil
interaction due to tectonic faulting (Yoshizaki et al. 2003; Rofooei et al. 2012; Jalali et al.
2016, 2018; Sarvanis et al. 2018; Psyrras et al. 2020). Small - scale physical (Demirci et al.
2018; Tsatsis et al. 2019) and centrifuge (Ha et al. 2008; Rojhani et al. 2012; Saiyar et al.
2016) tests as well, have gradually replaced the costly and space-demanding full -scale
experiments.

The problem of pipeline-fault intersection is of outmost importance, and this is
evidenced by the fact that several international guidelines and standards have been
developed for the seismic design of pipelines. Specifically, ASCE guidelines (ASCE
1984) have adopted, early on, the analytical model proposed by Newmark and Hall
(1975), in order to evaluate the performance of a pipeline subjected to strike-slip and
dip-slip faulting. American Lifelines Alliance (ALA 2001) have further established pipe
strain limits for onshore pipe-soil interaction and different loading scenarios, combining
analytical and numerical methodologies. Finally, Eurocode 8 (EC8 - Part 4) (CEN 2006)
has proposed several mitigation measures for safe fault- pipe intersection.

Nonetheless, most of the aforementioned studies have investigated the problem of
pipe - fault intersection assuming, rather unrealistically, that the pipeline is laid directly on
the ruptured bedrock (Fig. 1a), i.e., without taking into account the presence of soil layer(s)
that usually exist between the pipeline and the bedrock (Fig. 1b). In fact, earthquake fault
rupture is directly associated with abrupt displacements within the excessively stiff body
of Earth’s crust. Moreover, very often the rigid bedrock is covered by soil layer(s) ranging
from tens to hundreds of meters, thus, these displacements propagate within such deposit(s)

/

T 77T 7T 77 7T 74 777777777

rrr 77 77T T rrrru

Pipeline

Pipeline T T T T T 7T 7T 7T 7T 7 7 7T 7T 7T 7T 7T 7777

T T 7 77 7T 7777777 (b)

/

Fig. 1 Sketch showing a buried pipeline in the cases of: a rock—pipe interaction and b soil—pipe interac-
tion. Hy is the depth of the buried pipeline, while H is the height of the soil layer
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and may even reach the ground surface, forming shear failure zones. Consequently, fault
rupture propagation and fault outcropping, which consist complex phenomena can affect
the structural integrity of aboveground or buried facilities, such as gas pipelines.

Among the few studies that explored the impact of soil strata on buried pipelines that
cross active seismic faults were the ones of Tsatsis et al. (2019) and Fadaee et al. (2020).
In particular, Tsatsis et al. (2019) developed and experimentally verified a decoupled FE
modeling approach to assess the behavior of a pipeline that is buried into a cohesionless
soil cover and subjected to dip-slip faulting. Hence, a soil constitutive model with strain
softening was utilized to simulate fault rupture propagation, whereas three - dimensional
FE were chosen for the simulation of soil - pipe interaction. The work involved a parametric
investigation considering several critical parameters (such as fault dip angle) that might
affect pipeline’s response, and subsequently, the relative outcomes reported their significant
effect on pipe distress.

In the current study, the kinematic distress of such pipelines is evaluated taking into
account the PGDs caused by both fault rupture propagation and fault outcropping. The
main objective of the current paper, which is an extension of a recent conference paper
(Makrakis et al. 2022a), is to correlate the earthquake magnitude, in terms of bedrock
movement, with pipe distress, in terms of strains, considering the presence of soil layer
that covers the rigid bedrock. This is achieved by means of extensive numerical analyses
of a typical pipeline which is buried in a sandy soil deposit of varying thickness and
mechanical properties, being subjected to dip - slip fault motion for different bedrock offset
and dip angles. The results are summarized in the form of design charts and tables which
can be applied in practice for the preliminary seismic design of onshore high - pressure gas
pipelines.

2 Problem description

The first step for correlating seismic intensity to seismic demand on the pipe is to corelate
earthquake magnitude with bedrock displacement utilizing well - established expressions.
It is worth noticing that very few studies are available in the literature that analytically
or empirically correlate the earthquake magnitude with characteristic tectonic parameters,
such as bedrock displacement, either considering (Turgut et al. 2017) or ignoring (Chinnery
1969; Wells and Coppersmith 1994) the presence of overlying soil layer(s). In a companion
paper of the current manuscript, new empirical relationships have been proposed for the
assessment of the impact of sandy surface soil deposits on fault rupture propagation and the
resulting soil surface inclination (Makrakis et al. 2023). In the current study the emphasis
is given on deriving similar expressions to assess the kinematic distress of pipelines.

Wells and Coppersmith (1994) developed an extensive database consisting of more than
400 historical earthquake events and after a series of regression analyses, they empirically
correlated tectonic parameters (e.g., average and maximum bedrock displacement) with
earthquake magnitude. The relationship proposed by Wells and Coppersmith (1994) is
adopted herein, where average bedrock displacement (AD) is related to earthquake moment
magnitude M, according to the following logarithmic formula:

log(AD)=a+b-M (1)

where o and b are regression coefficients equal to —4.80 and 0.69, with 0.36 standard
deviation, and 0.57 and 0.08 standard errors, respectively. Note that Eq. (1) is valid for
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M that ranges between 5.6 and 8.1 and AD from 0.05 to 8.0m. It is also noteworthy
that the present work, which is focused on the problem of fault-pipeline intersection,
has considered the average bedrock displacement, rather than the maximum bedrock
displacement, since AD describes the mean bedrock displacement observed along the fault
rupture plane and it may affect a larger area of the pipeline.

It has to be stressed that the examined phenomenon is characterized by several
complexities and uncertainties that cannot be fully covered by a Deterministic Seismic
Hazard Analysis (DSHA), as the one described above. As presented in Eq. (1), this
deterministic approach calculates the bedrock displacement with respect to earthquake
magnitude and two regression coefficients. This postulates the occurrence of an earthquake
of a specified magnitude at a specific location, which could affect the pipeline. However,
DSHA does neither consider the earthquake occurrence probability nor the effect of
uncertainties. Hence, it does not provide information regarding the expected magnitude
of fault displacement within the lifespan of the pipeline. To overcome this deficiency,
probabilistic fault displacement hazard analysis (PFDHA) can be adopted, as presented in
recent studies (Melissianos et al. 2022; Melissianos 2022). PFDHA would be a very useful
basis for further investigation and extension of the present work.

3 Numerical simulation
3.1 Analysis of soil response

Soil behavior due to fault rupture, fault rupture propagation and fault outcropping have
been numerically simulated in a realistic manner by means of the Dynamic-Explicit
analysis module of ABAQUS FE software (Simulia 2014). This module is commonly
utilized to solve a wide range of quasi-static problems in a computationally efficient
manner, without leading to convergence difficulties. However, for reliable pseudo - static
results, the loading rates should be carefully selected, as inertia effects play a detrimental
role in dynamic analyses. Hence, the current study has adopted the suggestions of Ni
et al. (2018), where the maximum kinetic energy of the FE model should range between 5
and 10% of the total energy.

Figure 2 presents the 2D idealization of the developed numerical model. Particularly,
rigid bedrock, which is located at the bottom of the FE model, is covered from a uniform
soil layer of thickness H. After a comprehensive sensitivity analysis, the width of the FE
model, B, has been chosen 4 or 8§ times larger than H, in order to minimize undesired
boundary effects. This approach has widely been adopted from several authors, who
investigated the phenomenon of dip-slip fault rupture propagation (e.g., Bray 1990;
Anastasopoulos et al. 2007; Rokonuzzaman et al. 2015).

Soil layer has been simulated in 2D plane-strain conditions utilizing the four-node
quadrilateral elements (type CPE4). For the optimal numerical performance, a coarser FE
mesh discretization has been used at the edges of the model, whereas a finer FE mesh has
been selected near the failure plane, according to the suggestions of several studies (e.g.,
Anastasopoulos et al. 2007; Rokonuzzaman et al. 2015; Loli et al. 2018; Thebian et al.
2018; Mortazavi Zanjani and Soroush 2019). Figure 2 illustrates the FE model of thickness
H=20m, where elements with dimensions 0.5m x 0.5m (width x height) and 1 m x 0.5m
have been used for the fine and coarse part of the FE mesh, respectively.
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Fig.2 Geometry and mesh discretization of a 20 m - thick soil deposit

Two steps have been created to carry out the numerical analyses, namely geostatic and
fault displacement. More specifically, gravity force is applied in the FE model during the
geostatic step. During the fault displacement step, bedrock dislocation (i.e., fault offset) is
simulated in terms of a differential displacement at an angle « (i.e., fault dip angle) parallel
to the fault plane. The left vertical side of the FE model and left bottom nodes move
parallel to the fault plane according to the level of bedrock dislocation, thus representing
the hanging wall of the fault. Oppositely, the right bottom nodes, which are fixed, and the
right vertical side of the FE model, where roller boundary conditions have been imposed,
represent the foot wall. Figure 3a and b display these loading and boundary conditions for
the case of normal and reverse faulting, respectively.

3.1.1 Soil constitutive model

Significant research has been conducted on the non-linear response of soils in relation to fault
crossing. Bray et al. (1994) and Scott (1987) concluded that soil non-linearities due to fault
rupture are realistically captured accounting for the soil strain softening. Hence, several con-
stitutive models have gradually been developed considering the non-linear soil stress - strain
relationship. The current study adopted the elastoplastic Mohr-Coulomb constitutive model
with isotropic strain softening, as introduced by Anastasopoulos et al. (2007).

In particular, the pre-yield soil behavior is defined in terms of the secant shear modu-
lus, G, and is assumed to be elastic, whereas post-peak soil response is effectively cap-
tured via the Mohr - Coulomb failure criterion. An isotropic strain softening law is applied,
where the mobilized friction and dilation angles are linearly decreased as the octahedral
plastic shear strain, denoted as yP_, increases. Equations (2) to (5) describe the adopted
constitutive model:
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Fig. 3 Boundary and loading conditions for a 20 m- thick soil deposit for: a normal fault and b reverse fault

where, @ and y denote the friction and dilation angles, respectively. Moreover, @, and @,
represent the ultimate mobilized (peak) and residual friction angles, respectively, whereas
W, and . denote the corresponding dilation angles. In addition, yP; describes the failure
plastic octahedral shear strain at the end of strain softening. It should be noted that this soil
constitutive model has been applied in ABAQUS FE software via a subroutine, which has
been developed by authors’ group (Chatzidakis et al. 2022).

Note that failure plastic octahedral shear strain at the end of strain softening is sensitive
to scale effects, which necessitates to a careful selection of the FE size, dgg. In general,
the FE size should be equal to the shear band thickness, dz. However, the fact that dg is of
the order of millimeters leads to unfeasible FE modeling (in terms of computational cost),
especially in cases of large-scale problems. Hence, to overcome this problem, the dgg / dg
ratio has been set equal to the ratio of the real shear strain over the FE-computed shear
strain, as proposed by Anastasopoulos et al. (2007).

3.1.2 Experimental validation

The reliability and accuracy of the developed FE model have been verified by a 100g
centrifuge test that was conducted by Anastasopoulos et al. (2007). More specifically, a soil
layer of thickness, H=25m, consisting of medium - dense Fontainebleau sand with relative
density D, = 80%, was subjected to dip-slip faulting with dip angle a=60°. A wide range
of bedrock dislocation, h, was examined equal to 0.25, 0.5, 0.85, 1.08 m and 0.18, 0.49, 0.7,
1.13m regarding normal and reverse fault, respectively.

The corresponding numerical results, which were compared to the experimental ones in
terms of ground-surface vertical displacements, dz, revealed a good agreement between
numerical and experimental methodologies, for low levels of vertical bedrock dislocation,
regardless of fault type. However, slightly different ground surface displacements were
observed for larger fault offset. Hence, the proposed FE, in conjunction with the previously
described soil constitutive model, can be successfully used to investigate the phenomena
of fault rupture and fault outcropping. It should be mentioned that a detailed presentation
of the numerical model and the corresponding results can be found in a recent paper by
Chatzidakis et al. (2022).
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Fig. 4 Numerical model of soil — pipe interaction due to fault rupture propagation

3.2 Numerical modeling of fault-induced seismic demand on the pipe

In the present study a straight pipeline has been examined, as shown in Fig. 4. The
pipeline structural performance due to tectonic faulting has been numerically investigated
employing the conventional Static-Standard module of the ABAQUS software (Simulia
2014). The pipeline has been simulated using PIPE21 elements, which are two-node and
in plane Timoshenko elements, allowing transverse shear deformation. For the numerical
modeling of pipe-soil interaction, PSI24 elements have been selected for the axial and
vertical directions, consisting of four nodes, two for the soil surface representation and two
that are attached to the pipe.

PSI elements are more preferable than the conventional soil springs, since they
automatically assess the soil resistance under the provisions of ALA guidelines (ALA
2001), as long as the burial depth of the pipeline and the parameters of the surrounding
soil (such as friction angle, soil unit weight, etc.) are known. Moreover, PSI elements
usually lead to more realistic and accurate results, as they have the capability to adjust the
direction of pipe-soil interaction, and they account for large pipe movement and rotation,
considering also the associated fluctuations that may be developed due to the variations of
pipe embedment depth. Finally, it is important to be mentioned that the examined problem
often leads to large deformation levels, and subsequently the elastic behavior of materials
is exceeded. Hence, material and geometrical non-linearities have been successfully
incorporated into the analyses.

Figure 4 provides a further insight on the numerical modeling of the pipeline and
pipe-soil interaction. In order to achieve the optimal numerical modeling and ensure
solution convergence, the pipe FE (and subsequently the PSI FE) are assigned to the same
size of the soil FE model. Furthermore, a pipeline of typically infinite length is simulated
to ensure the minimization of undesired boundary conditions on the edges of the FE model.
The end of the pipeline, as well as the far-field PSI nodes towards the footwall soil block
are fixed, whereas the opposite end and the associated far - field PSI nodes (i.e., towards the
hanging wall) follow the fault movement. The PGDs in axial and vertical directions, which
have been derived from the soil FE model, are imposed on the pipeline through the PSI
elements, within the critical length (i.e., 4 or 8 H).
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3.2.1 Experimental validation

The accuracy of the proposed pipeline FE model has been verified against the experimental
investigation of Tsatsis et al. (2019) for dip-slip faulting. In particular, the experiments
were based on dense Longstone sand with relative density, Dr=90%, and dry unit weight,
y=15.68 kN/m>. A scaled pipe consisting of stainless-steel grade AISI Type 444 was
taken into account, with outer diameter, D =35 mm, and thickness, t=0.5 mm, respectively.
In addition, the embedment depth of the pipe was set equal to H, = 0.55 m, measured from
its centerline.

Four different normalized vertical bedrock movements (i.e., h / D=0.5, 1, 1.5 and 2,
where h is the bedrock dislocation and D is the diameter of the pipe) have been investigated
to compare the numerical and the associated experimental results. The axial strain in the
bottom line of the pipe has been computed for each h / D ratio. Thus, Chatzidakis et al.
(2022) demonstrated that although the proposed FE model slightly overestimates the
tensile strains, the more critical compressive strains are accurately evaluated for the case
of normal faulting. As far as reverse faults are concerned, the proposed numerical model
results in overestimated tensile, as well as compressive strains. Hence, it is concluded that
the proposed pipe FE model can fulfill the purposes of the current study.

4 Numerical results and discussion

A typical and realistic gas pipeline has been taken into account, where D=0.9144m (36
in), and t=19.05mm (0.75 in), respectively, i.e., D/t=48. The pipeline has been assumed
to be buried 2m below the ground surface, as measured from the pipe centerline (Hy =
2m). The total length of the pipeline (i.e., a few kilometers), has been defined according
to the length of the examined soil deposit, in order to minimize the impact of imposed
boundary conditions. Regarding the pipe steel material, the commonly -used API 5 L X65
steel grade has been selected, characterized by the Ramberg — Osgood plasticity as follows:

c  %0)( o
7 (0)

£=—

where Young’s Modulus, E=210 GPa; Poissons’ ratio, v=0.3; yield stress, 6,=490MPa;
hardening exponent, n=20 and yield offset, «.=1.0.

As mentioned earlier, pipe - soil interaction was simulated with PSI FE elements. These
elements are based on the analytical equations of ALA guidelines, in terms of the peak
friction angle, @,, the coefficient of lateral earth pressure at rest, Ko=1 - sing, as well
as the type of external pipe coating, f, which has been set equal to 0.7, corresponding to
smooth steel. Soil cohesion has been set equal to 0. Finally, drained conditions have been
assumed, since the presence of water could add further complexity to the problem under
investigation (Ng et al. 2012; Ahmadi et al. 2018a, b). Nevertheless, it is important to
note that the value of peak friction angle has been conservatively utilized herein for the
calculation of pipe distress. In reality, the surrounding soil yields and consequently friction
angle is reduced in cases of large bedrock dislocation, as it has been shown in the soil
constitutive model.

An extensive parametric investigation has been carried out to evaluate the pipe
kinematic distress. Particularly, a number of FE analyses have been undertaken for both
normal and reverse faulting, and dip angles a=30° and 60°, as well. A uniform sandy
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stratum of thickness, H, ranging from 20 to 100m, has been subjected to different levels
of bedrock dislocation, corresponding to earthquake magnitudes M=6.5, 7.0 and 7.5
(according to the empirical correlation proposed by Wells and Coppersmith (1994)).

The overlying soil stratum is composed of three idealized sand types, namely Loose
Sand (LS), Medium Sand (MS) and Dense Sand (DS). Table 1 presents the mechanical
properties of the three sand materials. It is noted that LS does not experience strain
softening and consequently the critical states of friction and dilation angles have been
utilized, as proposed by Loukidis et al. (2009). Moreover, soil non-linear behavior has
been realistically captured applying the adopted constitutive model, whereas soil strength
has been assumed to linearly increase with respect to soil depth z, as proposed from
Chatzidakis et al. (2022).

In the following plots, soil strain contours are also included to represent fault rupture
propagation within the soil layer and resulting plastic deformations, while more details
regarding the geotechnical aspects of fault rupture propagation through the soil layer are
given in Makrakis et al. (2023). Herein, the emphasis is given on pipe distress and the
results are presented in terms of: (i) the ratio x / H, which indicates the location along
the soil FE model, x, normalized in terms of soil layer thickness, H, and (ii) the pipe
deformations. The latter have been computed in terms of tensile and compressive strains
(i.e., g and g, respectively), which are determined as the combination of pipe axial
and bending loadings due to fault motion. It is noted that in the subsequent plots (i.e.,
Figs. 5,6, 7, 8,9, 10, 11 and 12) the center of the model is considered as the origin of the
X axis.

In order to be comparable with existing limit state criteria, which are provided by
the international standards and norms, (e.g., EC8 - Part 4 (CEN 2006) and ALA (ALA
2001)) pipe tensile strains are related to maximum positive strains, while compressive
strains are presented in terms of minimum negative strains. It is worth noting that the
results presented in the sequence refer to pipe deformations observed at the top or bottom
of the pipe cross-section. Moreover, the majority of the following graphs refer to a
reference case model (i.e., M=7.0, H=20m, a=30° and Medium Sand). Finally, a very
useful comparison has been carried out between the case where the pipeline is (rather
unrealistically) laid directly on bedrock (i.e., “Bedrock™) and when it is buried inside the
overlying soil stratum. It is noted that fragility analysis could be performed taking into
account various uncertainties involved in structural integrity assessment by performing
Monte Carlo simulations that have also been applied in other types of lifelines (e.g., Nuti
et al. 2010; Fragiadakis et al. 2013).

4.1 Impact of soil properties

Pipeline structural performance may be significantly affected from different soil stratum
properties. Herein, the impact that the three idealized types of sand (i.e., LS, MS, and DS),
whose properties are summarized in Table 1, may have on pipe kinematic distress, has been
investigated. It is noted that the numerical analyses correspond to the reference case model
(M=7.0, H=20m, a=30°), which has been subjected to dip-slip fault motion (i.e., nor-
mal and reverse). Figures 5 and 6 clearly demonstrate that the structural performance of a
pipeline that is buried inside a soil stratum of H=20m has been affected, since outcropped
shear failure zones occurred for all the examined sand types. Additionally, the pipeline sub-
jected to normal faulting has been distressed due to both primary and secondary rupture
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Table 1 Mechanical properties of the soil stratum

Sand Soil density Elastic modulus Poisson’s ratio Friction angle Dilation angle
P E(Z) v (pp = Pres Wp = Wres
(t/m?) (MPa) =) © ©)

Loose 1.6 54+0.75z 0.33 30 0

Medium 1.8 10+15z 0.33 34-30 6-0

Dense 2.0 20+3z 0.33 39-30 11-0

patterns, as compared to reverse faulting, where only primary outcropped fault rupture
propagation paths can be observed.

Another important remark is that a buried pipeline inside a soil stratum consisting of
DS, has experienced higher absolute values of both tensile and compressive strains, as
compared to MS and LS, regardless of fault type. This is attributed to the stiffer and heavier
DS. These results are in agreement with the findings of similar studies (e.g., Ozcebe et al.
(2017)). Additionally, it is evident from Figs. 5 and 6 that the presence of a MS or LS soil
deposit leads to a substantial reduction of pipe strains, as compared to the case where the
pipeline is directly laid on bedrock (i.e., “Bedrock™), regardless of fault type. The latter
is more pronounced for the case of reverse faulting (i.e., Fig. 6a and b). In contrast, the
presence of overlying soil deposit consisting of DS has led to considerably larger values of
both tensile and compressive strains, in comparison to the ones that correspond to bedrock.
This can be clearly observed in tensile strains due to normal faulting (i.e., Fig. 5a).
Therefore, it is evident that soil deposits consisting of LS may have a beneficial impact on
the structural behavior of buried pipelines, thus comprising a useful mitigation measure in
real - life projects.

4.2 Impact of dip angle

Fault dip angle constitutes a critical factor that may considerably affect the structural
integrity of a pipeline, in terms of kinematic distress. The reference model (i.e., H=20m,
M=7.0 and Medium Sand) has been subjected to dip-slip faulting for two different dip
angles (i.e., a=30° and 60°). Figures 7 and 8 indicate that the gravity graben, which has
been formed for normal faulting and «a=30°, due to the antithetic primary and secondary
rupture patterns, has affected the structural behavior of the pipeline. Particularly, a different
deformation profile has been revealed, as compared to normal faulting and a=60°, as
well as to the two examined dip angles of reverse faulting. Moreover, Figs. 7a and 8a
demonstrate that the pipeline has experienced considerably higher values of tensile strains
for the case of normal faulting, as compared to reverse fault motion, regardless of dip angle
value. This is due to the fact that normal faulting is dominated by bending and tension, thus
leading to pipeline elongation.

Accordingly, as shown in Figs. 7b and 8b, the examined pipeline has been excessively
distressed in compression due to reverse faulting, as compared to normal faulting. The
latter is attributed to the mechanism of reverse dislocation and is completely consistent to
other studies, e.g. Joshi et al. (2011). Furthermore, it is noted that the presence of overlying
soil deposit seems to play a key role only in reverse faulting and especially for a=60°,
since pipe strains near the failure zone have been considerably reduced, as compared to
bedrock. Finally, it is important to be mentioned that the high inclination that characterizes
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Fig.5 Impact of soil properties for normal fault: tensile (a) and compressive (b) pipe strains and plastic
deformations (c¢)

the rupture failure for reverse faulting and a=30° (i.e., Fig. 8a and b) has shifted notably to
the left on the horizontal axis the corresponding deformation profile of the pipeline.

4.3 Impact of soil layer thickness

The rocky part of Earth’s crust is usually covered from thick to very thick soil strata,
depending on local site conditions. The current study has investigated the structural
behavior of the pipeline considering that the bedrock is realistically covered by an overlying
soil layer of height, H, that ranges from 20 to 100m. Judging from similar analyses in the
literature, soil layers of that thickness have concentrated great research interest (Bray et al.
1994; Taniyama and Watanabe 2002; Loukidis et al. 2009), since soil covers of thickness
greater than 100m are expected to have a minor impact on a pipeline crossing at the ground
surface. The reference model (i.e., M=7.0, a=30° and Medium Sand) has been subjected
to dip - slip faulting.
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Fig.6 Impact of soil properties for reverse fault: tensile (a) and compressive (b) pipe strains and plastic
deformations (c¢)

Figure 9 displays that the pipeline has been affected by both (primary and secondary)
rupture propagation paths that have been outcropped, regardless of soil layer thickness.
It can be clearly observed that the presence of soil cover, regardless of its thickness, has
not acted beneficially the development of pipe strains, since marginal differences occurred
between the three examined soil layer thicknesses and the bedrock as well. The latter can
be explained considering the local soil irregularities located at ground surface that might
have led to slightly larger strains for H=50m and H=100m, respectively.

Oppositely to normal fault motion, Fig. 10 illustrates that the 20 m - thick soil stratum
that is subjected to reverse dislocation has notably absorbed pipe strains, whereas for
H=50m and 100m, respectively, where fault outcropping has not occurred, pipeline
experienced very low strains, as it was expected.

4.4 Impact of earthquake magnitude

It is evident that the level of fault offset constitutes a critical factor for the integrity of
large - scale facilities, such as pipelines. As it has already been mentioned, the level of
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bedrock dislocation has been directly correlated with earthquake magnitude. Consequently,
the reference case model (i.e., H=20m, a=30°, Medium Sand) has been utilized to
investigate the pipe structural performance in terms of strains, in terms of three different
earthquake magnitudes (i.e., M=6.5, 7.0 and 7.5).

As can be seen from Figs. 11 and 12, higher values of earthquake magnitude have led
to excessive pipe deformation, regardless of fault type. Particularly, according to Fig. 11,
normal faulting that corresponds to M=7.5 has resulted in significantly larger pipe tensile
strains, as compared to M=7.0 and M=6.5. The latter is not so pronounced for compressive
strains. Additionally, note the significant impact of the secondary rupture failure for M=7.5,
that has resulted in excessive pipe strains along the whole fault plane. However, in the vicin-
ity of the shear rupture zone, it should be stressed that the presence of overlying soil cover
has detrimentally affected the structural performance of the pipeline in tension.

Regarding reverse fault motion, it should be stressed that the specific steel grade mate-
rial could not withstand the excessive pipe deformations corresponding to M=7.5. Thus,
Fig. 12 presents pipe strains only for M=6.5 and 7.0. It is evident that very low pipe strains
have been developed for M=6.5, due to the not-outcropped rupture failure. Nonetheless,
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Fig. 8 Impact of dip angle for reverse fault: tensile (a) and compressive (b) pipe strains and plastic defor-
mations (c¢)

it is noteworthy that the presence of a 20 m- thick soil cover has remarkably absorbed both
pipe tensile and compressive strains, for M=7.0.

5 Correlation between earthquake magnitude and pipe strains

In the conducted numerical analyses different earthquake magnitudes (i.e., in terms
of bedrock dislocation), fault types, fault dip angles, as well as the presence (or not) of
overlying soil cover of varying thickness and soil mechanical properties have been
considered. Subsequently, the pipeline’s structural behavior, in terms of maximum absolute
pipe strains (i.e., tensile and compressive), has been correlated with earthquake magnitude.
It is recalled that of the main aims of this study is to create useful charts and tables for the
preliminary seismic design of pipelines, capable of directly predicting pipe deformations
for different earthquake magnitudes, taking into account all these critical factors.

The existing limit states provided by international standards and regulations (e.g., ALA
(2001) and ECS - Part 4 (CEN 2006), have been utilized for comparison reasons. On the one
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hand, ALA guidelines have defined two categories to describe pipe strains, namely “operable”
and “pressure integrity”’. As far as operable category is concerned, the critical pipe tensile
strain has been set equal to 2%, whereas the compressive strain limit is denoted by Eq. (7).
Regarding the pressure integrity category, 4% has been established as the allowable pipe ten-
sile strain, while strain in pipe compression is computed from Eq. (8). On the other hand,
the provisions of EC8 have set the longitudinal pipe tensile strain limit equal to 3%, whereas
Eq. (9) denotes the allowable pipe compressive strain:

t pD\’
0.50(17) —~0.0025 + 3000(@) )
t
1.76(5) )
min {1%, 20¢/r(%)} )
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Fig. 10 Impact of soil layer thickness for reverse fault: tensile (a) and compressive (b) pipe strains and plas-
tic deformations (c¢)

where D and t denote the pipe external diameter and thickness, respectively, and p
represents the pipe internal pressure.
It is worth noticing that the worst-case scenario of a pipeline that is not in operation
(pipe internal pressure equal to OkPa) has been examined herein. In addition, D" is
calculated from Eq. (10) and accounts for cross - section ovalization effects (ALA 2001):

D

B - %(D_Dmin)

D' (10)

However, since the undertaken analyses have been conducted utilizing two - dimensional
finite elements, cross-section ovalization effects have not been taken into account. For
this reason, the current study adopted the more conservative “operable” strain limits, since
large strain limits may lead to the occurrence of critical modes of failure, such as local
buckling, which cannot be accurately predicted via 2D numerical analyses.

Figures 13, 14, 15 and 16 depict the maximum absolute pipe strains, the allowable pipe
strain limits from the relative standards and guidelines, and they are both plotted in terms
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Fig. 11 Impact of earthquake magnitude for normal fault: tensile (a) and compressive (b) pipe strains and
plastic deformations (c)

of earthquake magnitude. As far as normal faulting is concerned, Figs. 13 and 14 clearly
reveal a mild linear increase from M =6.5 to M=7.0 and a sharper one from M=7.0 to
M=7.5, for both tensile and compressive pipe strains, regardless of sand type, dip angle
and soil cover thickness. Nonetheless, as earlier stated, the selected steel grade could not
withstand the excessive pipe deformations corresponding to M=7.5 and consequently,
Figs. 15 and 16 demonstrate pipe strains only for M=6.5 and 7.0.

According to Figs. 13, 14, 15 and 16 and a soil layer consisting of DS or MS has
generally resulted in larger absolute maximum strains, compared to LS, for both the
examined fault types and dip angles, regardless of soil layer thickness. Indicatively,
a pipeline which is buried inside a LS soil deposit of thickness H=20m and subjected
to normal faulting with dip angle equal to 60° and bedrock dislocation corresponding
to M=7.0, experienced almost 65% and 60% lower absolute maximum tensile and
compressive strains, respectively, than the corresponding ones for the case of a DS soil
deposit. Accordingly, a pipeline subjected to reverse fault offset of the same characteristics
as before (i.e., LS, H=20m, a=60° and M =7.0) exhibited 70% and 65% lower tensile and
compressive strains, respectively, as compared to DS.
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Results shown in Fig. 13 indicate that the presence of overlying soil bed has prevented
non - allowable pipe tensile strains for LS and MS, regardless of earthquake magnitude, dip
angle and soil layer thickness, since the critical limits established both from ALA and EC8
respectively, have not been exceeded. Contrariwise, for the case where the examined pipe-
line is buried inside a DS soil cover and subjected to normal fault motion of dislocation
corresponding to M=7.5, non - allowable tensile strains (up to 0.75% larger - almost 40%
percentage change - than the ALA limits) have been developed for all the examined soil
layer thicknesses and dip angles. Nonetheless, it is worth noticing that only a 100 m thick
DS soil deposit, which is subjected to normal fault motion dipping at a=60°, has resulted
in slightly lower pipe tensile strains than the critical limit of ALA guidelines (i.e., 0.1%
lower — 4% percentage change). As far as reverse fault motion is concerned, Fig. 15 dem-
onstrates that pipe tensile strains are at least 1.4% lower than the established limits (70%
percentage change) for all the examined sand types, dip angles, soil layer thicknesses and
earthquake magnitudes. The latter is expected, and it is attributed to the reverse faulting
mechanism, which tends to distress the pipeline in compression.
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Fig. 13 Correlation of pipe
tensile strains and earthquake
magnitude for normal fault
propagating through: a loose
sand, b medium sand, and ¢
dense sand
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Fig. 14 Correlation of pipe com-
pressive strains and earthquake
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propagating through: a loose
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Fig. 15 Correlation of pipe
tensile strains and earthquake
magnitude for reverse fault
propagating through: a loose
sand, b medium sand and ¢ dense
sand
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Additionally, with respect to pipe compressive strains due to normal faulting, it can be
observed from Fig. 14 that the presence of LS overlying soil deposit has played a ben-
eficial role. Particularly, non-allowable pipe deformation was completely absorbed for
M=17.5, regardless of soil layer thickness and dip angle, since at least 0.24% lower com-
pressive strains than the slightly more conservative ALA limits (30% percentage change)
have been reported. Conversely, DS soil layer subjected to normal fault motion has not
prevented non - allowable pipe deformation, as for M=7.5, all the examined scenarios have
resulted in larger compressive strains than the ALA and EC8 limits. It is noteworthy that
for M=7.5 and a=30°, a pipeline buried inside a 50 and 100m thick soil deposit experi-
enced 65% larger compressive strains than the ALA limits. Moreover, according to Fig. 16,
the presence of LS, as well as MS, soil cover has prevented non-allowable pipe compres-
sive strains for the case of reverse faulting, since at least 0.2% lower tensile stains than
ALA limits (23% percentage change) have been observed.

Figures 13 and 14 illustrate that normal fault motion with dip angle a=30° has
generally resulted in greater levels of absolute maximum pipe strains, as compared to
a=060°, regardless of sand type and earthquake magnitude. However, the latter is more
pronounced for thick soil deposits (i.e., H=50 and 100m), where for H=50m, the dip
angle «=30° has resulted in 26% larger tensile and compressive strains, as compared to
a=60°. Regarding H=100m, the a=30° has led to 32% larger tensile and compressive
strains, as compared to a=60°. On the other hand, Figs. 15 and 16 demonstrate that
MS and LS soil deposits of H=20m that are subjected to 60°-reverse -dislocation have
generally produced larger tensile and compressive strains, than oo=30°.

Moreover, in the case of normal faulting, increasing 2.5- or 5-times the overlying
soil layer thickness (i.e., from 20 to 50m and from 20 to 100m) has played a beneficial
role only for relatively low values of earthquake magnitude (i.e., M=6.5) and soil
covers consisting of LS and MS, regardless of dip angle. Indicatively, pipe deformation
has been absorbed up to 50% for 5-times increase and up to 22% for 2.5 -times increase
of soil layer thickness. However, for greater earthquake magnitudes (i.e., M=7.0 and
M=7.5) and a=60°, only the 5-times increase of soil layer thickness has absorbed pipe
strains, regardless of sand type, leading for instance to 17% and 6.5% lower tensile and
compressive strains, respectively, for the case of DS. Due the complicated rupture patterns
that have been developed for dip angle equal to 30°, the increase of soil layer thickness has
even led to the increase of the absolute maximum pipe strains. Conversely, a considerable
impact of soil layer thickness has been reported for reverse faulting, since both a 2.5 -times
and a 5-times thicker soil deposit, as well, reduced pipe strains up to 80% regardless of
earthquake magnitude, sand type and dip angle.

Finally, the current study investigated the case where the pipeline is laid directly on
bedrock and subjected to fault motion (without the presence of overlying soil deposit), as
compared to the case where rock outcrop is covered from soil stratum. This comparison is
of utmost importance from a practical engineering viewpoint. Thus, results from Fig. 14
demonstrate that for the case where the pipeline is placed at bedrock and subjected to
normal fault motion corresponding to M =7.5, non - allowable compressive strains equal to
0.97% (0.14% larger — almost 17% percentage change — than ALA limit) and 0.86% (0.03%
larger — almost 3.5% percentage change) were developed for «=30° and 60°, respectively.
However, the presence of a LS soil cover of H=20m has reduced the corresponding strains
by 66% and 55% (reduced strains equal to 0.33% and 0.39%), respectively.

As far as reverse fault motion is concerned, Figs. 15 and 16 reveal a detrimental impact
of a LS soil deposit of thickness equal to 20 m. In particular, pipe tensile strains for M=7.0
have been reduced by 85% and 72%, for «=30° and 60°, respectively, as compared to the
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case where the pipeline is laid directly on bedrock. Additionally, a similar decrease of pipe
compressive strains can be clearly seen for M=7.0 (i.e., 78% and 67%, for a«=30° and 60°
respectively). Nonetheless, it is worth noticing that the presence of thicker soil layers con-
sisting of LS (i.e., H=50 and 100m) has reduced pipe tensile and compressive strains up
to 95%, for both the examined dip angles.

In order to illustrate in a more comprehensive and easily applicable in practice
manner the correlation of the tensile and compressive pipe strains with earthquake
magnitude, various statistical distributions have been tested, aiming to select the one that
accurately approximates the datasets presented in Figs. 13, 14, 15 and 16. This process
has been performed taking into account the value of R-squared statistical coefficient,
which constitutes a standard measure of fitting accuracy. The second-order polynomial
expression presented in Eq. (11), has been selected as the most suitable statistical
distribution, since the corresponding R? was very close to unity, indicating that the
regression predictions perfectly fit the obtained datasets:

eB)=a-M>+p5-M+y (11

where o, p and y are defined as curve fitting coefficients, € (%) denotes the pipe strain
expressed as percentage, while M is the earthquake moment magnitude.

Tables 2 and 3 present the fitting parameters of the proposed empirical relationships
for dip-slip faulting, dip angles 30° and 60°, three levels of fault offset corresponding
to M=6.5, 7 and 7.5 (for normal fault only), and soil layer thickness ranging from 20 to
100m. Note that the case of rock outcrop (without presence of overlying soil stratum) is
also included with soil layer thickness equal to 0.

Table 2 Curve fitting parameters for compressive and tensile (in parentheses) strains for normal fault

Dip angle (°)  Soil layer %) =a-M>+p-M+y
thickness (M=6.5,7.0 and 7.5)

(m)
Loose sand Medium sand Dense sand
o p Y a p Y « p Y
30 0 1.1 -14.1 46.6 1.1 —-14.1 46.6 1.1 -14.1 46.6
2.1) (=28.1) (92.5) (2.1) (=28.1) (92.5) (2.1) (=28.1) (92.5)
20 0.3 -34 11.0 0.6 -7.6 24.9 0.8 -10.6 34.2
0.5) (-6.6) (21.5) (1.2) (=15.1) (49.5) (1.6) (=21.1) (68.0)
50 0.5 -6.7 21.8 0.5 -6.9 21.8 0.6 -6.9 20.5
(1.0) (-13.0) (42.3) (1.1) (-13.6) (42.8) (1.1) (-13.6) (40.7)
100 0.6 -8.0 26.3 0.5 -5.8 18.0 0.7 -8.8 27.3
(1.2) (-15.2) (49.8) (09) (-11.2) (34.6) (1.4) (-17.5) (4.1
60 0 1.0 -13.5 447 1.0 -13.5 447 1.0 -13.5 44.7
(1.5) (-18.7) (60.7) (1.5) (-18.7) (60.7) (1.5) (~18.7) (60.7)
20 0.3 -4.0 13.1 0.4 -4.6 14.4 0.3 -33 9.1
0.6) (-7.8) (25.2) (0.7) (9.0)0 (28.1) (0.6) (-6.5 (17.7)
50 0.5 -6.7 22.2 0.5 -6.0 19.2 0.8 -10.3 33.5
(1.0) (-12.9) 424) (09) (-11.6) (37.2) (1.2) (-154) (483
100 0.4 -5.8 19.3 0.6 -7.8 25.7 0.5 -5.6 17.2

((.)‘8) (—i0.6) (35.1) (i.l) (—i5.0) (49.1) (6.9) (-11.1) (33.7)
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Table 3 Curve fitting parameters for compressive and tensile (in parentheses) strains for reverse fault

Dip angle (°)  Soil layer eB)=a-M+p-M+y
thickness (M=6.5 and 7.0)

(m)
Loose sand Medium sand Dense sand
o p ¥ o p Y « p Y
30 0 0.0 1.7 -10.8 0.0 1.7 -10.8 0.0 1.7 -10.8
(0.0) (0.8) (-5.3) (0.0) (0.8) (-5.3) (0.0)0 (0.8 (=53
20 0.0 0.2 -1.3 0.0 0.7 -4.2 0.0 2.1 -13.8
0.0) (0.07) (-04) (0.00 (03) (1.9 (0.00 (1.0) (6.8
50 0.0 0.1 -0.6 0.0 0.1 -0.7 0.0 0.1 -0.78
(0.0) (0.03) (-0.18) (0.0) (0.04) (=0.21) (0.0) (0.05) (-0.264)
100 0.0 0.1 -0.56 0.0 0.1 -0.6 0.0 0.1 -0.80
0.0) (0.03) (-0.17) (0.0) (0.03) (-0.19) (0.0) (0.05) (-0.263)
60 0 0.0 2.0 -12.8 0.0 2.0 -12.8 0.0 2.0 -12.8
0.0) (1.0) (64 (0.00 (1.0) (64 (0.0 (1.0 (64
20 0.0 0.5 -34 0.0 0.9 -5.5 0.0 1.8 -11.8
0.0) (0.2) (1.5 (0.00 (04 (27 (0.0 (09 (=59
50 0.0 0.1 -0.7 0.0 0.3 -1.6 0.0 1.1 -7.1
0.0) (0.04) (-0.2) (0.0) (0.09) (0.5 (0.00 (0.5 (3.3
100 0.0 0.07 -0.4 0.0 0.08 -0.5 0.0 0.1 -0.5

©0.0) 002 (0.1) (0.0) (0.03) (0.14) (0.0) (0.03) (-0.16)

6 Conclusions

The present study investigates numerically the problem of fault- pipe intersection, focusing
on the structural performance of a buried gas pipeline. Based on the results of an extensive
parametric investigation, the objective is to correlate the kinematic distress of the pipeline,
in terms of strains, with earthquake magnitude, in terms of bedrock dislocation. The
produced charts and tables are of direct practical relevance for the preliminary seismic
design and route optimization of buried steel pipelines.

The decoupled FE methodology has been adopted for numerical simulations, i.e., the
surrounding soil and the pipeline were simulated separately. Soil non - linearity has been
realistically taken into consideration utilizing the Mohr-Coulomb constitutive model
with isotropic strain softening. Both FE - based models have been successfully validated
against the results of experimental programs from the literature and in the sequence,
a detailed parametric investigation has been carried out, accounting for different
earthquake magnitudes, fault types, fault dip angles, as well as various thicknesses and
mechanical properties of the soil cover.

The good agreement of the results with the corresponding ones reported in the
literature provides a reliable basis for the following concluding remarks:

e A buried pipeline inside a soil deposit consisting of Loose Sand may experience up
to 60 —70% reduced pipe strains as compared to the ones induced in case of Dense
Sand. Additionally, the presence of a thin-to-medium soil layer (i.e., H=20m)
consisting of LS can reduce absolute maximum pipe strains up to 65% and 80% for
normal and reverse fault, respectively, as compared to when the pipeline is directly
placed at bedrock. This practically means that overlying soil cover(s) consisting of
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Loose Sand may have a beneficial impact on the structural performance of buried
pipelines during fault rupture. Consequently, the use of an artificial layer of Loose
Sand may act as an efficient mitigation technique in seismic regions where pipelines
cross active faults.

e Given a fault dip angle a=60°, a considerable increase of soil layer thickness could
reduce pipe strains even for excessive earthquake magnitudes and soil covers of high
stiffness (i.e., 6% for M=7.5 and DS). In contrast, for «=30°, the increase of soil
layer thickness could even lead to the increase of pipe strains. Overall, a moderate
increase of soil layer thickness might have a detrimental impact for the case of reverse
faulting, since thicker soil covers could considerably absorb pipe deformation, leading
up to 80% reduced pipe strains, regardless of sand type, dip angle and earthquake
magnitude. Thus, it can be concluded that a pipeline could safely cross a reverse
bedrock dislocation, even if exposed to excessive seismic hazard (here expressed in
terms of earthquake magnitude), as long as bedrock is covered by medium - to-thick soil
deposit(s).

e Normal fault with dip angle a=30°, has generally resulted in greater pipe deformation
(compared to «=60°), for all the examined sand types and earthquake magnitudes. This
is more pronounced for thick soil deposits (i.e., H=50 and 100 m, respectively), where
almost 30% larger strains can be observed, as compared to a=60°. For the case of
reverse faulting and dip angle 60°, larger pipe strains have been obtained for H=20m,
as compared to a=30°.

On the basis of the promising findings presented in this paper, future extensions could
investigate the response of layered soil strata, taking also into account the presence of
water as well as soil cohesion, as this work examined only sandy deposits. In addition, the
implementation of a probabilistic approach (PFDHA), instead of the adopted deterministic
methodology, can provide a more realistic assessment of the fault displacement hazard.
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