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Offshore lifelines, such as gas pipelines and cables, consist large-scale and
very important engineering projects, while their safe operation is undoubtedly a
challenging task. Offshore lifelines usually cross submarine areas facing various offshore
geohazards, which are very often related (directly or indirectly) with local seismicity.
Therefore, in order to avoid severe damages with devastating consequences, it is
of paramount importance to optimize their design, taking realistically into account all
earthquake-related geohazards and their detrimental effects on the examined lifeline.
Since the avoidance of all geohazardous areas is not always feasible, the route
optimization of a lifeline at an early stage of the design phase is very crucial for its safety
and serviceability. The current study presents a new smart decision-support tool that
aims to facilitate route optimization of offshore lifelines through: (a) the qualitative and
quantitative assessment of the major earthquake-related geohazards along a possible
lifeline routing, (b) the quantitative assessment of their potential impact on the lifeline,
and (c) the selection of the optimum lifeline route. The proposed decision-support tool
can be very useful for the efficient design of an offshore lifeline, provided that adequate
and reliable input data are available. Its efficiency is illustrated with two characteristic
case studies in the Mediterranean Sea.

Keywords: offshore lifelines, pipelines and cables, route optimization, geohazards, finite element analysis,
geographic information system

INTRODUCTION

During the last decades, many offshore lifelines have been constructed worldwide, and many more
will be developed in the near future. Offshore lifelines, such as high-pressure gas pipelines and
cables for electrical or telecommunication purposes, are usually major and expensive engineering
projects. The ever-increasing demand for immediate availability and reliability of such networks,
which supply energy or digital data, coupled with improved environmental standards, make their
cost-effective design an issue of paramount importance, with specific requirements related to safety
and techno-economical aspects. An optimal lifeline route selection can be extremely beneficial as it
minimizes, not only the cost of construction and maintenance of a pipeline or a cable, but its failure
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probability as well. Critical factors affecting route selection of an
offshore lifeline are topographical and geological characteristics,
environmental and political restrictions as well as geohazards,
such as active seismic faults and landslides.

Geographic Information System (GIS) is an effective, fast and
continuously improving tool for route selection compared to
empirical methods (Balogun et al., 2013). The majority of the
reported studies on the application of GIS for optimal route
selection are limited to onshore oil, gas or water pipelines
(Feldman et al., 1995; Cevik and Topal, 2003; Moghaddam and
Delavar, 2007; Yildirim and Yomralioglu, 2011; Schwarz et al,,
2015). King et al. (2011) examined the offshore pipeline corridor
to avoid ice gouges in the Arctic, while Haneberg et al. (2013)
investigated the case of pipeline routing for past and future
submarine landslides in Australia. Devine and Haneberg (2016)
proposed optimization methods for offshore Arctic pipeline
routing using GIS, while Devine et al. (2016) implemented
the methodology for offshore pipeline routing proposed by
ABS guidelines (American Bureau of Shipping, 2016). The
case of offshore oil pipeline routing in Malaysia accounting
of environmental, engineering and financial criteria has been
examined by Balogun et al. (2015, 2017). Other studies focused
on routing of onshore high or medium voltage electrical cables
against landslides, road or river crossing and other environmental
or topographical aspects (Monteiro et al., 2005; Bagli et al., 2011;
Uddin et al., 2017). Moreover, GIS can be combined with multi-
criteria decision making (MCDM) methods for greater accuracy
and mainly to enable comparison of alternative routes (Balogun
et al.,, 2015; Yildirim et al., 2017).

Submarine geohazards are the geological, hydrogeological and
hydraulic conditions or processes that can lead to sudden or slow
progressive deformations of the seabed. Offshore lifelines cross
extensive submarine areas under highly adverse and uncertain
conditions. Operating in such environment increases their
vulnerability to geohazards, such as tectonic and non-tectonic
faulting, slope failures, strong ground shaking, soil liquefaction,
salt diapirs, mud volcanoes, shallow gas, gas hydrates, scour
by currents and tsunamis (Randolph and Gourvenec, 2017).
It is evident that in some cases a potential damage and
especially a failure of an offshore lifeline, apart from the
direct problems regarding its operation, may cause devastating
environmental consequences.

The response assessment of a lifeline subjected to a geohazard
consists a soil-structure interaction problem. Analytical, semi-
analytical as well as numerical methods can be utilized for this
purpose. Pipeline distress due to a submarine landslide has been
investigated in several studies utilizing analytical and numerical
models (Chatzidakis et al., 2019). Other studies investigated
pipelines subjected to kinematic distress due to seismic fault
rupture by developing analytical approaches (Sarvanis and
Karamanos, 2017). Regarding the numerical investigation of
pipeline distress due to seismic fault rupture, there are two
approaches that can be adopted. In the first methodology, the
pipeline and the surrounding soil are simulated in a coupled
model, usually using 3D solid and shell elements (Vazouras et al.,
2015; Zhang et al., 2016; Halabian and Hokmabadi, 2018). In
the second approach the pipeline and the surrounding soil are

decoupled and the Permanent Ground Displacements (PGDs)
are imposed on the pipeline via non-linear springs (Joshi et al.,
2011; Trimintziou et al., 2015; Uckan et al., 2015; Melissianos and
Gantes, 2017). Regarding the other geohazards, several studies
investigated the dynamic pipeline response due to strong ground
motion on the seabed (Kaynia et al., 2014), while others studied
the response due to waves or currents (Zhou et al., 2014).

During the route optimization process, it is evident that
crossing through some specific areas is not permitted. These can
be military areas, wrecks or protected areas, archeological sites,
etc. In parallel, the presence of a severe geohazard that can impose
excessive PGDs on the lifeline will probably lead to the avoidance
of this problematic area. Moreover, in a deep-water environment
any repair/intervention action is very difficult and therefore
damages should be avoided. In the case of earthquake-related
geohazards, which have a certain probability of occurrence
during the lifetime of the project, the following categorization of
the examined areas can be considered:

(a) Potentially problematic areas, where there is a possibility of
PGDs to take place during, or just after, an earthquake.

(b) Problematic areas, where significant PGDs are expected
during an earthquake, but the consequent lifeline distress
is below the allowable limits.

(c) Critical areas, where the expected PGDs during an
earthquake can cause excessive lifeline distress, above the
allowable limits, leading thus to damages or even failure.

Based on the earlier discussion, the current study presents
the development and the application of a new GIS-based smart
tool that has recently been developed to support decision-making
regarding route optimization of offshore lifelines through: (a) the
qualitative and quantitative assessment of the major earthquake-
related geohazards along a possible lifeline routing, (b) the
quantitative assessment of their potential impact on the lifeline,
and (c) the selection of the optimum lifeline route. This
smart decision-support tool has been implemented in a GIS
environment, utilizing advanced numerical simulations. The
efficiency of the tool is verified by its application in two
case studies in the Mediterranean Sea, where analysis and
handling of the available spatial data directly or indirectly
related to existing geographical information (bathymetric,
geological, geophysical, geotechnical and seismological data, etc.)
were performed. This process enables the identification and
subsequent avoidance of critical areas, thereby leading to optimal
techno-economic and environmental decision-making of such
large-scale energy projects.

OPTIMUM DESIGN AGAINST
EARTHQUAKE-RELATED GEOHAZARDS

The structural risk of any structure, including lifelines, is
a function of the anticipated hazard and the corresponding
structural vulnerability. The sketch in Figure 1A depicts the
main earthquake-related geohazards of a lifeline crossing an
extensive area, having both onshore and offshore parts. In
general, geohazards due to earthquakes can be categorized as
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FIGURE 1 | (A) Earthquake related geohazards, and (B) rupture propagation through sediments at a covered fault.

dynamic, ie., the strong ground motion due to the seismic
waves and local site conditions, and quasi-static, such as active
seismic fault rupture at the surface of the ground or the
seabed, soil liquefaction phenomena and earthquake-triggered
slope instabilities. Moreover, it has to be emphasized that these
phenomena are often interrelated, especially in the sea.

Local site conditions consist a critical factor which can be
favorable or unfavorable for the pipeline distress. In some cases,
the existence of soil layers or soft sediments may increase the
geohazard at the surface of the ground or the seabed. This is
the case of soil amplification or topographic amplification of
the seismic motion. On the other hand, there are some other
cases where the existence of soil layers or soft sediments may be
beneficial and may decrease the geohazard at the surface. This is
the case of seismic fault rupture propagation through thick layers
of soft soils or seabed sediments.

As illustrated in Figure 1B, seismic faults can be separated into
two categories: outcropped faults and covered (or blind) faults. It
is obvious that, when a lifeline crosses an active seismic fault -
either onshore or offshore-, the rupture of an outcropped fault
will impose a direct threat on the lifeline, while in the case of soft
sediments covering a blind fault may lead to a smoother pattern
of PGDs at the surface of the seabed. This beneficial impact of the

soft sediments to the PGDs at the surface has been demonstrated
in various studies (Anastasopoulos et al., 2008; Bransby et al.,
2008) and it is highlighted that this fact may be very crucial for the
design. Furthermore, it is important to know the geometrical and
mechanical properties of the sediments and the fault type, while
it is also necessary to estimate the process of the induced offset
at the bedrock. Subsequently, the assessed PGDs can be imposed
on the lifeline as a quasi-static load and the lifeline distress can be
calculated (Joshi et al., 2011; Trimintziou et al., 2015; Uckan et al.,
2015; Melissianos and Gantes, 2017).

Generally, lifeline routing through geohazardous areas is
a techno-economical procedure with the following options
(Psarropoulos et al., 2013): (a) complete avoidance of the
problematic area by lifeline rerouting, (b) crossing through the
problematic area after applying various mitigation or isolation
measures aiming to minimize the PGDs or the lifeline distress
to acceptable levels, and (c) crossing through the problematic
area without applying mitigation measures. The first option is
unfavorable in many cases due to various technical, financial or
environmental issues, such as excessive increase in lifeline length
and/or cost. The second option is the most conservative and
the most expensive. Several mitigation techniques can be utilized
on onshore lifelines. However, in offshore conditions -especially
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FIGURE 2 | Simulation of: (A) slope instability, and (B) pipeline distress using a finite-element software.

in deep waters- most of these measures are inapplicable. For
instance, burying of the lifeline, ground remediation, or the
use of mitigation measures (such as expanded polystyrene or
geotextiles) cannot be implemented in deep water submarine
lifelines. Therefore, in many cases, the third option may be the
most cost-effective. This option demands realistic consideration
of the local site conditions, along with the structural capability of
the examined lifeline to withstand the expected PGDs.

DEVELOPMENT OF THE SMART
DECISION-SUPPORT TOOL

In order to optimize offshore lifeline routings in a (semi-)
automatic way, a smart decision-support tool has been
gradually developed by the authors, utilizing the GIS computing
environment of ArcGIS software (ESRI, 2013). The GIS
environment facilitates the superposition of various thematic
layers/maps and the least cost path analysis (LCPA), which allows
the user to find the “cheapest” path from one point to another
over a cost or friction surface (Douglas, 1994). The optimization
of the lifeline routing is performed through a MCDA, taking
into account the offshore geohazards among other parameters.
In the initial version of the smart tool the aim was to combine
the GIS software with the qualitative assessment of various
geohazards along a specific route. Therefore, an effort was made
to identify the “problematic” areas under static conditions and
the “potentially problematic” areas under seismic conditions
(Cevik and Topal, 2003; Yildirim and Yomralioglu, 2011;
Haneberg et al., 2013; Psarropoulos et al., 2016). The basic design
criteria were set as follows: (a) lifeline length minimization, (b)
limited crossing of forbidden areas (e.g., military areas, wrecks or
protected areas), and (c) avoidance of the problematic and/or the
potentially problematic areas, or at least minimization of lifeline

Data input in GIS software

-

Finite element analyses / simulations for the
quantitative geohazard assessment

,

Soil-structure interaction analyses
for the assessment of lifeline distress
and comparison with the acceptable levels

-

Application of the GIS-based decision-support
tool for the route optimization of the lifeline

FIGURE 3 | Flowchart of the main steps of the developed smart
decision-support tool.

length in those areas. It is worth noting that each criterion can be
weighted according to the user’s preferences and requirements.
The optimization problem is not formulated in a standard
mathematical form (with design variables, objective function,
constraints), but in a more “abstract” form, where the objective
is to minimize the route (ie., the length), thus, the cost of
the examined offshore lifeline taking into account one or more
criteria that are related to the examined geohazards. The standard
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FIGURE 4 | (A) The area of interest in Adriatic Sea, and (B) the origin and the destination points of the cable at Greece and ltaly (yellow points).
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MCDA that is provided in ArcGIS for GIS-based spatial analysis
has been used. This methodology is based on LCPA and is often
used when the aim is to optimize the route of any type of
lifelines or networks.

Regarding the implementation in the ArcGIS: the two main
types of GIS spatial data are vectors and rasters. The three basic
vector types are points, lines and polygons (areas). Raster data
consist of a matrix of cells (or pixels) organized into rows and
columns (or a grid) where each cell contains a value representing
a specific information. A raster is useful for representing data
that change continuously across a landscape (surface). Rasters
can be digital aerial photographs, imagery from satellites, digital
pictures, or even scanned maps. Moreover, raster data can also
be produced within ArcGIS, i.e., a raster cost surface. In the
examined cases, the data related with the geohazards (i.e., soil
liquefaction and slope instability zones as well as seismic faults in
Eastern Mediterranean Sea), are converted into rasters to be used
in LCPA. More specifically, LCPA is applied through a spatial
analysis function in ArcGIS, aiming to generate the least cost
path among two points. Therefore, it is crucial to clearly define
the origin and the destination points of the lifeline. Subsequently,
in order to achieve the least cost path, a few tools of the spatial
analysis toolbox need to be used.

In summary, to optimize the design of an offshore lifeline,
the proposed decision-support tool uses three main modules:
(i) the weighted overlay, (ii) the cost distance, and (iii) the cost
path (ESRI, 2013). A brief description of these modules is given
in the sequence.

1. The weighted overlay tool is applied to solve multi-criteria
problems within ArcGIS environment. More analytically, a
criterion raster layer is inserted in this tool into a common
preference scale, e.g., from 1 to 9, where 9 is the most
favorable. When many criteria are used, their raster layers
are inserted into the weighted overlay tool, the user can
assign different weights to the criteria according to their
importance, provided that their sum is 100.

2. The cost distance function uses the starting point (origin)
and the accumulated cost surface In this manner, an output
raster is produced, where each cell of the raster is assigned
a value that is the least accumulative cost for traveling
from each cell back to the origin, i.e., the lower the value,
the lower the cost.

3. The cost path tool defines the route between origin and
destination points taking into account the cost distance.
This path is one cell wide and is guaranteed to be the
cheapest route with respect to the cost units defined by
the original cost raster, which is initially entered into the
weighted-distance tool.

After various improvements and modifications, the
decision-support tool -at its current version- has the
capability to perform a quantitative assessment of various
offshore geohazards along a specific route in order to
estimate the PGDs via geotechnical-type simulations. After
the aforementioned assessment of the -earthquake-related
geohazards at the potentially problematic areas, the tool

FIGURE 5 | Digital Elevation Model (DEM) of the seabed in geotiff format file.

can assess -in a quantitative way- the structural distress
of the lifeline in terms of strains. This final assessment
actually permits the distinction between the problematic
areas that can be crossed with adequate safety, and the
critical areas that must be avoided. After the completion of
these two quantitative assessments, the tool can continue
to the optimization phase of the lifeline routing. For this
reason, the smart tool combines the GIS environment with
the commercial finite-element software ABAQUS (Simulia,
2014), which is capable of performing realistic simulations
of geotechnical problems and soil-structure interaction (SSI)
analyses as well.

Geotechnical simulations and analyses are performed
in the identified problematic (and possibly critical) areas
along the lifeline route, usually in terms of PGDs. They
can be executed in two (or even three) dimensions
depending on the available geodata, which are firstly
incorporated into the GIS platform. The geodata include all
information regarding bathymetric, geological, geotechnical,
geophysical, seismotectonic and seismological conditions.
In this manner, major earthquake-related geohazards can
be quantified, such as the slope instability of the seabed or
the rupture of an active seismic fault up to the surface of
the seabed. Figure 2A represents the slope instability (in
terms of PGDs) that has been simulated with ABAQUS
(Simulia, 2014).

SSI analyses are performed to evaluate the distress of the
examined lifeline (in terms of stresses and strains) when the
lifeline is subjected to the aforementioned PGDs. Subsequently,
the numerical results of the SSI analyses, together with the
allowable strain limits, are taken into account by the smart tool
in order to avoid the critical areas and to derive the optimum
routing. Figure 2B illustrates the distress (i.e., strains) of a
pipeline crossing an active seismic fault.
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FIGURE 6 | Peak ground acceleration (in m/s2) at bedrock in Adriatic Sea for a 475-year return period (adopted from Slejko et al., 1999).

The flowchart shown in Figure 3 presents the main steps
of the proposed tool. Firstly, all input geodata are inserted
in the GIS environment. The next step is to perform the
finite-element simulations and analyses for the quantitative
geohazard assessment. Subsequently, SSI analyses are performed,
in order to assess the distress of the lifeline and to compare
it with the allowable levels defined by the standards/norms
(e.g., American Lifelines Alliance, 2001; European Commitee
for Standardization, 2006; Det Norske Veritas, 2012). These two
intermediate phases require the main manual interventions by
the user during the whole process. Finally, after taking into
account the results of the previous steps, the route optimization
of the lifeline can be achieved within the GIS environment using
least cost path analysis.

CASE STUDIES

The smart decision-support tool has been applied in two
characteristic case studies, based on real engineering projects.
In the first case study, the optimal routing of an offshore cable
connecting Greece and Italy is examined against the geohazards
of slope instability and soil liquefaction. In the second case study,
the optimal routing of an offshore gas pipeline between Cyprus
and Crete is examined against seismic fault rupture geohazard.
Note that in both case studies the origin and the destination
points of the examined routes are very close to the actual locations
of the real designs. However, the routes that resulted from the
application of the smart tool do not coincide with those obtained
from the engineering design process.
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FIGURE 7 | Map of the sediments concentration at the seabed (ADRICOSM
GROUP, 2005).

FIGURE 8 | Map of the slope inclinations at the seabed of the examined area.

A significant difference among the two applications
is that in the first case study the initial version of the
decision-support tool has been applied, in which the main
aim was to integrate into the GIS software the qualitative
assessment of various geohazards (ie., slope instability
and soil liquefaction) along a specific route within the
examined region. In the second case study the upgraded
version of the tool has been applied, which is also capable
of performing a quantitative assessment of the examined
geohazard (i.e., kinematic distress due to seismic faults via
geotechnical-type simulations).

Another major difference between the two case studies is
related to the additional design criteria, apart from the length
minimization of the proposed route. More specifically, in the first
case study the basic criterion is the avoidance of the problematic
or potentially problematic areas related to two geohazards: slope
instability and soil liquefaction. On the other hand, in the second
case study the geohazard-related design criterion is the avoidance

or crossing (under certain conditions) of major seismic faults in
the examined region.

Undoubtedly, there are various uncertainties that have to be
considered when designing offshore lifelines utilizing a GIS-
based approach. The main data related to the geomorphology,
topography, sediments properties, of the seabed for wider
regions are limited. Usually, such data are derived from
digitized geological maps and geophysical surveys of the
sea bottom and they are inserted -as much accurately as
possible -into the GIS environment as polygons, lines or
points entities. On the other hand, various epistemic and
aleatory uncertainties exist regarding the qualitative and
quantitative assessment of earthquake-related geohazards. For
example, seismic faults are indicated as linear entities into
the GIS, thus, they have specific dimensions. However, it is
very difficult to map accurately a fault at high depths: the
exact dimensions, boundaries, slip potential, path propagation,
secondary faults, etc.

Offshore Cable in Adriatic Sea

The first case study is an offshore cable for the electrical
interconnection between Greece and Italy shown in Figure 4A,
which was constructed approximately 20 years ago. Figure 4B
depicts the origin and the destination points of the cable at
Thesprotia, Greece and at Otranto, Italy, respectively. Note that
in this case study the route optimization was based only on the
qualitative assessment of earthquake-related offshore geohazards
and corresponds to the initial version of the computational tool.

After defining the study area, the collection and processing
of all necessary geodata were performed. The required geodata
were inserted in the GIS environment using a digital elevation
model (DEM) of the seabed in geotiff format file (shown in
Figure 5) and the seismic hazard map illustrated in Figure 6
(Slejko et al., 1999), aiming to collect all information related
to the average values of seismic accelerations at the seabed.
Finally, the required data were determined via a map representing
the concentration of sediments on the seabed according to the
ADRICOSM GROUP (2005) project (Figure 7) and a map
showing the slope inclinations at the seabed in the examined area,
as displayed in Figure 8. It should be noted that the illustrated
onshore areas of Figure 8 in Greece (e.g., the island of Corfu),
Albania and Italy are depicted in green color, which is also used
to define flat seabed regions.

In addition, after collecting and processing all the appropriate
geodata, the main criteria for the route optimization were set in
the GIS environment. The most important criterion is to achieve
length minimization of the examined cable. Moreover, as the
initial version of the tool was applied, the route was designed
to totally avoid the potentially problematic areas in terms of
geohazards. More specifically, the geohazards that have been
considered in this application are the potentially liquefiable areas
at the seabed of the Adriatic Sea, while an additional design
goal was to avoid areas of the seabed characterized by relatively
high inclination that are susceptible to slope instabilities. It
is noted that the map of the potentially problematic areas of
soil liquefaction is a combination of individual data, and more
specifically, the liquefiable areas are an overlay of: (a) the average
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FIGURE 9 | The three alternative cable routes that have been proposed by the decision-support tool.

sediments concentration, (b) the seismic acceleration zones, and
(c) gentle slopes of the seabed at the site of interest.

In summary, only a qualitative geohazard assessment was
performed in this case study and the tool was capable
to minimize the length of the lifeline crossing within the
potentially problematic areas or to completely avoid them
without examining their criticality (i.e., the impact of potential
PGDs to the lifeline). Figure 9 illustrates some indicative
results of this successful application of the decision-support
tool, which were derived from the superposition of different
thematic layers in the GIS environment. These layers were
created and designed in order to transfer all related geodata
from the maps into the GIS. More specifically, this plot presents
three alternative routes of the submarine cable taking into
account, apart from the length minimization, the weighted
criteria related to the geohazards of soil liquefaction and/or
slope instability.

Note that each route is derived by taking into account
different weight factors of the two examined geohazards
(soil liquefaction and slope instability) and additional routes
could be derived by changing these factors. For instance,
the first route takes into account only the soil liquefaction
geohazard. This geohazard is directly related with the sediment
concentration shown in Figure 7. Consequently, the weight
is 0% for the slope instability (which is directly related

to seabed inclination) and 100% for the soil liquefaction.
Therefore, this route bypasses areas with high potential
for soil liquefaction. Analogously, the second route has a
100% weight for slope instability, thus, bypasses seabed areas
with steep slopes.

Lastly, the third route both soil liquefaction areas and steep
seabed slopes are weighted with 50% to consider both geohazards.
As a result of the above weighted criteria, the black path lies
between the two extreme cases of the red and blue paths
along the eastern part of the cable. In contrast, within the
continental slope of the Adriatic Sea near Italy the black path
is closer to the red path. In this case, the length minimization
criterion is the most critical one and determines the cable
route. More specifically, in this zone the blue and the red
paths try to avoid the concentration of sediments and the steep
slopes near Italy, which are more extended at the southern
areas of the destination point, thus, resulting to the routes
depicted in Figure 9. When setting the weight factors equal
to 50%, the tool becomes less strict in avoiding these areas;
thus, it passes following as much as possible a straight line
in order to minimize the length of the cable. Each of these
three routes could be considered as “optimal,” depending on
which geohazard is given a higher priority, i.e., what is more
important to avoid problematic areas with slope instabilities or
soil liquefaction.
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FIGURE 10 | (A) the examined area in the Eastern Mediterranean Sea, and (B) the origin and the destination points of the pipeline in Crete and Cyprus (yellow
points).
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(iii) Cretan-Rhodes Ridge.

FIGURE 11 | (A) Morphology and (B) bathymetry of the East Mediterranean Sea and main active fault zones: (i) East Mediterranean Ridge, (i) Hellenic Trench, and

180 240
Kilometers

Offshore Pipeline Between Cyprus and
Crete

The second application of the smart tool refers to a high-
pressure offshore natural gas pipeline connecting Cyprus with
Crete. This case study is based on the preliminary design
of EastMed gas pipeline, which may be constructed in the

near future. Actually, the pipeline that has been examined
consists one of the two main offshore parts of the EastMed
gas pipeline and requires the examination of a wider area in
Eastern Mediterranean Sea, as shown in Figure 10. For the
representation of this area, satellite images from Google Earth
were utilized. Moreover, the Digital Elevation Model for the
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FIGURE 12 | Sediment thickness map (Gennesseaux and Winnock, 1993).

FIGURE 13 | Numerical results: (A) the differential settlement of the sedimentary layer due to fault rupture, and (B) the axial pipeline deformations.

description of the seabed was obtained by processing a Geotift
format file in the GIS environment. This file was downloaded
from Open Topography', which is an interface where GMRT
data are accessed (Ryan et al., 2009). The Global Multi-Resolution
Topography (GMRT) synthesis is a multi-resolution compilation

'Open Topography, April 26, 2018, accessed December, 2019, https:
/lopentopography.org/.

of edited multi-beam sonar data collected by scientists and
institutions worldwide that is reviewed, processed and gridded
by the Marine Geoscience Data System Team (MGDS) and
merged into a single continuously updated compilation of global
elevation data’.

2Global Multi-Resolution Topography Data Synthesis, October, 2019, accessed
December, 2019, https://www.gmrt.org/.
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FIGURE 14 | Alternative pipeline routes.

180

240
Kilometers

The bathymetric data, which were necessary for all maps,
were obtained from Natural Earth’. These data were created
from Shuttle Radar Topography Mission plus (SRTM plus) and
they were nested polygons for each depth (i.e., 200, 1000, 2000,
3000, 4000, 5000). Seismic faults were acquired from the National
Oceanic and Atmospheric Administration® (NOAA) as linear
entities. For the final creation of the maps, the boundaries of
the Mediterranean Sea were derived through a series of processes
in the GIS environment, based on shapefiles related to sea areas
obtained from Marineregions.org’.

As the pipeline approaches the island of Crete, it is expected
to cross three active seismic fault zones, and in particular: (i)
the East Mediterranean Ridge, (ii) the Hellenic Trench, and (iii)
the Cretan-Rhodes Ridge, as shown in Figure 11A. It has to be
stressed that the exact details of the seismic fault zones cannot be
accurately determined, regarding both their potential maximum
slip (amplitude and orientation) as well as their geometry.
The examined area is very active tectonically, characterized by
displacements at the bedrock of the order of 4 cm per year
(Apel et al., 2007), which is equivalent to 2 m during the 50-year

3Natural Earth, 2009, accessed December, 2019, https://www.naturalearthdata.
com/.

*National Oceanic and Atmospheric Administration, accessed December, 2019,
https://www.ngdc.noaa.gov/.

SFlanders Marine Institute, “IHO Sea Areas, version 3, MarineRegions.org, 2018,
accessed December, 2019, https://www.marineregions.org/.

lifetime period of the pipeline. In addition, the bathymetry of
East Mediterranean Sea is characterized by deep waters, reaching
depths up to 2,500 m in this region, as illustrated in Figure 11B.

As discussed earlier, past recordings and analyses have shown
that the existence of soft soil layers or sediments above active
seismic faults can be beneficial to the distress of a crossing lifeline,
as they significantly reduce differential settlements at the ground
surface or at the seabed. Moreover, the role of sediments covering
the East Mediterranean Ridge is expected to be important for
the design of the examined pipeline. Figure 12 presents a map
showing the thickness of the sediments in the Mediterranean
Sea®. In the area of South-Eastern Mediterranean Sea sediment
thickness varies from 0 to 800 m (Gennesseaux and Winnock,
1993). The maximum depth where the pipeline will be placed in
this area is approximately 2,500 m. The high-pressure offshore
natural gas pipeline is assumed to have an outer diameter of
D = 0.66 m, and wall thickness t = 27 mm.

In its current version the computational tool, apart from the
avoidance of potentially problematic areas, has the capability
to: (a) assess the geohazard(s) quantitatively (after taking into
account the aforementioned beneficial role of sediments), and
(b) estimate the pipeline distress in terms of developed strains.
Therefore, the pipeline-fault crossing can be checked after

®Gennesseaux M. and Winnock E., “International Bathymetric Chart of the
Mediterranean (IBCM),” Intergovernmental Oceanographic Commission, 1993,
accessed December, 2019, https://www.ngdc.noaa.gov/mgg/ibcm/ibcmsedt.html.
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FIGURE 15 | (A) 3D model, and (B) profile graph of “Pipeline routing IIl.”

Pipeline length (km)

performing numerical simulations regarding the fault rupture
propagation path through the soft sediments, as well as analyses
related to the soil-structure interaction between the pipeline
and the sediments. Despite the fact that the thickness of
the sediments, H, may be of the order of 800 m in this
region, in the present case study three rather conservative
scenarios with respect to the thickness of the sedimentary
layers were examined: 50, 100, and 150 m. Indicative results
for the case of H = 100 m are depicted in Figure 13A.
It is obvious that at the surface of the seabed the PGDs
are smoother than the PGDs at the bedrock. Additionally,
Figure 13B presents the results of the numerical simulations
of the soil-structure interaction in terms of axial deformation
of the pipeline crossing the seismic fault. It is apparent that
when the pipeline crosses an active seismic fault zone with
sediments of zero or small thickness, then it will be exposed to
greater distress.

As it has already been mentioned, the initial version of the
computational tool had the capability of complete avoidance
of all potentially problematic areas, which in this case are the
three seismic fault zones depicted in Figure 11. However, one
difference from the previous case study is that there is only one
design criterion, i.e., kinematic distress of the pipeline due to
seismic faults. As there is only one criterion in this case study, the

weight factor is 100% for all possible routes, while a special layer is
added in ArcGIS with all details for the three major seismic faults.

The user rates each fault according to its severity (aiming
to avoid or cross a fault zone if the expected PGDs are within
allowable limits with or without proper mitigation measures)
using a preference scale from 1 to 9. The three alternative
routes have different preference values for each seismic fault.
For instance, in the first route shown in Figure 14 (denoted as
“Pipeline routing I”) all faults have been given the maximum
preference value (ie., 9) to completely avoid all seismic fault
zones. However, in this case the pipeline length is very long, while
the pipeline has to be placed in greater depths (of the order of
4,000 m) and difficult seabed conditions (narrow valleys, etc.)
that exist between the nearby Greek islands, leading thus to an
extremely high construction cost.

On the other hand, as also shown in Figure 14, the second
route proposed by the tool, the so-called “Pipeline routing II,”
avoids completely the seismic fault zones of Cretan-Rhodes Ridge
and Hellenic Trench, but it allows the crossing through the
East Mediterranean Ridge, due to the beneficial existence of
sediments. It is noted that despite the fact that this route is
regarded as safe, the construction cost remains relatively high
with respect to the basic criterion of length minimization (i.e., it
has approximately the same length as “Pipeline routing I”), while
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it may encounter the local problems mentioned previously for
“Pipeline routing I.”

Apart from the two routes which have been proposed by
the tool, a third route can be considered in order to achieve
the required length minimization (i.e., cost minimization). As
presented in Figure 14, “Pipeline routing III” avoids the Hellenic
Trench, but crosses both the East Mediterranean Ridge and the
Cretan-Rhodes Ridge and has substantially smaller length than
the previous two routes, as shown in the legend of Figure 14.
Since the Cretan-Rhodes Ridge has actually no sediments, thus,
substantial pipeline distress is expected. For this reason, if the
project is going to be constructed, then detailed analyses in
conjunction with efficient mitigation measures will be required
in order to safely cross this area.

Lastly, the tool has also the ability to provide supporting
graphs in three-dimensional form. More specifically, for a better
understanding of the topography, the bathymetry of the study
area and the proposed pipeline routing, the tool can export a
qualitative three-dimensional representation of the seabed with
the pipeline, as shown in Figure 15A. In addition, a profile graph
of the pipeline routing can be exported, e.g., Figure 15B, which
could be useful to estimate the total route length and the depths
at which the pipeline would be placed.

CONCLUSIONS

The current study focuses on route optimization of offshore
lifelines (i.e., hydrocarbon pipelines and interconnecting cables),
taking into consideration the potential crossing of extensive
submarine areas, facing various offshore earthquake-related
geohazards, apart from the typical criteria, such as length
minimization, avoidance of forbidden zones, etc. Combining the
capabilities of ArcGIS (ESRI, 2013) platform with the finite-
element software ABAQUS (Simulia, 2014), a smart decision-
support tool has been developed in order to facilitate: (a) the
qualitative and quantitative assessment of the major earthquake-
related geohazards along a possible lifeline routing, (b) the
quantitative assessment of their potential impact on the lifeline,
and (c) the selection of the optimum pipeline route. The tool
has been applied in two case studies in the Mediterranean
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