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Abstract
The deep‐sea ground contains a huge amount of energy and mineral resources, for
example, oil, gas, and minerals. Various infrastructures such as floating
structures, seabed structures, and foundations have been developed to exploit
these resources. The seabed structures and foundations can be mainly classified
into three types: subsea production structures, offshore pipelines, and anchors.
This study reviewed the development, installation, and operation of these
infrastructures, including their structures, design, installation, marine environ-
ment loads, and applications. On this basis, the research gaps and further research
directions were explored through this literature review. First, different floating
structures were briefly analyzed and reviewed to introduce the design require-
ments of the seabed structures and foundations. Second, the subsea production
structures, including subsea manifolds and their foundations, were reviewed and
discussed. Third, the basic characteristics and design methods of deep‐sea
pipelines, including subsea pipelines and risers, were analyzed and reviewed.
Finally, the installation and bearing capacity of deep‐sea subsea anchors and
seabed trench influence on the anchor were reviewed. Through the review, it was
found that marine environment conditions are the key inputs for any offshore
structure design. The fabrication, installation, and operation of infrastructures
should carefully consider the marine loads and geological conditions. Different
structures have their own mechanical problems. The fatigue and stability of
pipelines mainly depend on the soil‐structure interaction. Anchor selection should
consider soil types and possible trench formation. These focuses and research
gaps can provide a helpful guide on further research, installation, and operation
of deep‐sea structures and foundations.
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• Provide a brief introduction about seabed structures and foundations related to
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1 | INTRODUCTION

Oil & gas exploitation originated in offshore regions
since 1897. Wells at sea at first manufactured oil in
California (Hyne, 2001). Production has since moved
towards deeper marine areas since the 1960s due to the
depletion of easily accessible resources. With improved
technology for production, large reserves of oil and gas
were exploited (Cordes et al., 2016). At present, the oil &
gas exploitation is common in various marine environ-
ments. The major deep‐sea areas include the Gulf of
Mexico, Africa coastal region, northern North Sea,
Australia, and Southeast Asia. Ultra‐deep‐water produc-
tion of more than 1500 m develops rapidly in the Gulf of
Mexico and West Africa, where the depth can reach
2000 m (Murawski et al., 2020).

In fact, the deep‐sea oil & gas exploration contains
multiple steps. The first step is to detect potential
hydrocarbon reservoirs based on acoustic remote sensing
(Gausland, 2003; Kark et al., 2015). After detection,
some exploration wells are drilled to validate the detected
data and locate the reservoirs (Sahu et al., 2020). After
the economic and feasibility assessment of hydrocarbon
reserves are verified, the production on the site may
proceed (Hyne, 2001). The oil & gas exploration typically
contains some equipment, for example, the device for
well drilling, the floating structures, and subsea infra-
structure (Bai & Bai, 2018). For example, the water
depths of the BP Greater Plutonio field off Angola are
between 1200 and 1500 m, and the area is about 140 km2.
During the operational period, the oil and gas is
transported through tankers and pipelines (Boesch &
Rabalais, 1987).

The oil & gas exploitations accelerate the rapid
development of deep‐sea structures, including floating
structures, subsea structures, and foundations. Some
structures at the seabed are located in the deep‐sea
region, which are vital for the oil & gas exploitation. If
these seabed structures are damaged or failed, it is very
difficult to repair these structures, thus inducing heavy
losses. For the further development of these seabed
structures and foundations, this paper reviews the seabed

structures and foundations related to deep‐sea resource
development.

The structure of this paper is as follows. First,
different floating structures were briefly analyzed and
reviewed, which provided the overall background for
seabed structures. Then, the subsea production struc-
tures, including subsea manifolds and their foundations
(mudmats, suction piles), were reviewed and discussed.
Third, the basic characteristics and design methods of
deep‐sea pipelines, including subsea pipelines and risers,
were analyzed and reviewed. Finally, the installation and
bearing capacity of deep‐sea subsea anchors were
analyzed, and the influence of seabed trench on the
anchor was explored.

2 | FLOATING STRUCTURES

In this section, floating structures and marine environ-
ment loads are briefly introduced to provide the overall
background for Sections 3–5.

2.1 | Deep‐sea floating structures

Different types of the floaters have been developed for
the oil & gas exploitation in the deep‐sea to produce
resources (Ma et al., 2019). As shown in Figure 1, the
floating structures widely used include the semi‐
submersible platform, tension leg platform (TLP), Spar
platform, and floating production storage offload-
ing (FPSO).

2.1.1 | Semi‐submersible platform

Semi‐submersible platforms include several columns and
pontoons to reduce the water surface line and wave loads
(Gonçalves et al., 2013). Semi‐submersibles are popular
in the deep‐sea region due to their spacious deck and easy
installation (Ma et al., 2019). Recently, a series of
typical semi‐submersible platforms for the oil & gas

FIGURE 1 Deepwater floating platform types. FPSO, floating production storage offloading; TLP, tension leg platform.
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exploitation, for example, Hai Yang Shi You 981
platform with 4 × 3 symmetrical layout of mooring lines,
Deep‐sea No. 1 platform with four columns and four
pontoons, have been constructed and put into operation
successfully.

2.1.2 | TLP

The TLP is a kind of floating platform which is vertically
moored through mooring lines/tendons at the platform
corner (Bachynski & Moan, 2012). The platform is
suitable for water depths of 300–1500m (Figure 1). The
tendons/mooring lines have relatively large axial stiff-
ness, so that the platform has less vertical motion
(Niedzwecki & Huston, 1992). Under these conditions,
the production wellheads can be fixed on the platform
deck and connected to the wells at the seabed via risers.

2.1.3 | Spar platform

Spar platform refers to a kind of platform commonly
adopted in the deep‐sea region (Figure 1). A Spar is made
up of a cylinder with a large diameter which is adopted to
hold a high deck (Agarwal & Jain, 2003). The bottom of
cylinder is covered with a special material with high
density to reduce the height of the gravity center
and improve its stability. In addition, the cylinder is
encircled by strakes to reduce motions caused by
vortex‐induced vibration (Ma et al., 2019). Spars are
positioned by spread mooring systems composed of
multicomponents.

2.1.4 | FPSO

FPSO, which is a ship‐shaped vessel adopted in the oil
and gas manufacture (Duggal & Minnebo, 2020). An
FPSO is designed to store oil and gas from seabed wells
or equipment until the hydrocarbons/oil can be trans-
ported through a pipeline or offloaded by a shuttle
tanker. Thus, FPSOs are usually the preferred platform
in these regions without local pipelines to export oil. A

mooring system with multi‐mooring lines can be adopted
to keep the position for FPSOs (Rho et al., 2013).

2.2 | Marine environment loads

The deep‐sea marine environment loads are the main
input parameters for the design of floaters and their
subsidiary structures. Figure 2 presents the main loads,
including wind, wave, current, and ice. The load
magnitude and direction affect the application of floaters
and their subsidiary structures (Ma et al., 2019). In the
following parts, the main marine environment loads will
be briefly introduced.

2.2.1 | Wind loads

Wind mainly contributes to the static load and low‐
frequency load acting on the offshore structures (Zhou
et al., 2019). Wind is also one resource of the waves and
current, which is usually described by the magnitude and
direction, and the actual engineering depends on the wind
spectrum. The wind spectrum is an expression of the
dynamic properties of the wind (turbulence), which reflects
the fluctuations in the same direction as a certain mean wind
speed. The wind speed changes depending on the position
and time (Figure 2), and the speed is lower near the sea
surface than that far away from the sea level (Ma et al., 2019).
Therefore, the wind speed refers to the average value during
a specific time, for example, 10min, at a reference height, for
example, 10m. Wind direction usually refers to the direction
from which the wind generates. The wind velocity changes
with position. Different models of wind profiles can be
adopted depending on the offshore industries, for example,
bottom‐fixed offshore wind turbines (Wang, Zhou,
et al., 2020; Zha et al., 2022; Zhou, Guo, Wang, Li, Li,
et al., 2021).

2.2.2 | Wave loads

Waves can be divided into swell and wind waves
according to their origins. Wind waves are generated

FIGURE 2 Deep‐sea environment loads on floating structures. MODU, name of a platform.
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from the local wind (Young, 1999) and propagate to
other places. A swell refers to the wave generated from
global regions where wind blasts for a long period above
the sea. Wave height is the vertical distance between the
crest (peak) and the trough of a wave. The wavelength of
a swell is not apparently influenced by the local wind. A
swell also has a long wave period, and can be roughly
described by the Gaussian spectrum with a narrow band.
Wave direction commonly refers to the direction from
which the waves are generated.

2.2.3 | Current loads

Current refers to the relatively stable flow of the seawater
in a large range. The direction of current refers to the
orientation which the current flows to. The current
profile describes the speed at different positions of the
sea. In general, the current is considered a steady load,
which generates drag and lift forces. The current velocity
changes with the water depth. The current loads on the
floaters are described by force coefficients, which is
similar to wind. The current usually increases the forces
on the structures but may counterbalance loads depend-
ing on its direction.

2.3 | Brief summary

The floating structures mainly consist of four types,
which adapt to the different environment conditions and
design requirements. Spar platforms adapt to relatively
deep water, and TLP platforms need larger mooring line
tension. Semi‐submersible platforms are easier to be
installed, and FPSOs are the most flexible ones in
practice. The accurate calculation of environment loads,
including wind, wave, current, is necessary for offshore
structure design.

3 | SUBSEA PRODUCTION
STRUCTURES

In this section, the subsea production structures are
introduced, including subsea manifolds and their main
foundations (e.g., mudmat, suction pile). The design
and installation of subsea manifolds are mainly
introduced from the perspective of structural mechan-
ics. The foundations, for example, mudmats and
suction piles, are analyzed mainly from the soil‐
structure interaction.

3.1 | Subsea manifold

Subsea manifolds are designed to optimize pipelines and
risers to promote efficiency. Figure 3 presents a sketch of
manifold and its surrounding structures, with pipelines
and valves to combine and distribute fluid flow
(Rose, 2008). Different types of manifolds have been
developed, for example, a simple pipeline end manifold
(PLEM) and a subsea process system.

A manifold system usually consists of a manifold, a
foundation, and a supporting structure. A supporting
structure provides facilities to match the manifold with the
foundation in the seabed. A manifold is a steel frame
equipped with pipes, valves, flow meters, control module,
and so forth. A foundation is a structure interacting with
seabed to support the manifold. It can be a suction pile or a
mudmat, depending on soil properties and manifold
dimensions.

3.1.1 | PLEM

A PLEM is a kind of simple manifold, which connects a
pipeline to other subsea structures through a jumper, as
shown in Figure 4. A PLEM generally consists of: (1)
piping components; (2) a structural frame supporting the
components; (3) a foundation providing the seabed
resistance; (4) installation yokes connected to the frame.

3.1.2 | Design and analysis

The design procedure for the PLEM follows four steps:
(1) architecture design considering the geometry, instal-
lation, and fabrication; (2) determining initial sizes,
including the load path, the primary components; (3)
modeling the structures for analysis, including the finite
element (FE) three‐dimensional model; (4) stress analysis
to satisfy the design criteria.

Structural design and analysis
The design of a PLEM should be conducted based on
SACS/StruCAD in accordance with API‐RP‐2A‐WSD
(2006). The PLEM analysis should consider the condi-
tions of in‐place operating condition, installation,
transportation, fabrication, and so forth.

Mudmat design and analysis
A mudmat dimension of a PLEM is evaluated according
to the soil resistance and the structure weights. The
strength profiles of the soil are acquired through site
investigation of seabed. The averaged value at a certain
depth is the designed shear strength. The foundation
holding capacities are evaluated in the installation and
operation conditions.

A mudmat should be designed according to API‐RP‐
2A‐WSD (2020) or DNV (1992). The design should

FIGURE 3 Subsea manifold and its connected structures
(Rose, 2008).

4 | RUI ET AL.

 27701328, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dug2.12042 by D

okum
entsenteret N

orges G
eotekniske Institutt, W

iley O
nline L

ibrary on [05/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



consider the eccentric loading, overturning, settlement,
sliding, torsional failures, and cyclic effects. Mudmats
equipped with embedded skirts are manufactured to
maintain the stability and to decrease their movement
and settlement in clay. However, PLEMs without skirts
are often adopted in sand seabed, so they can move freely
due to the small penetration.

3.1.3 | PLEM installation analysis

During installation and operation, the PLEM needs to be
steady on the seabed with the correct direction. The first‐
end PLEM is adopted to start pipelay, and a second‐end
PLEM is finally installed after the pipelay is finished. The
problems that should be considered during installation
include: too high center of gravity, redundant measures
to land vertically, and pipe breakage because of
large settlement. S‐lay or J‐lay can be selected in the
installation of pipelines (discussed in Section 4).

The installation analysis for PLEM should check shear,
bending, hoop stresses, and pipeline tension. The installation
process consists of the following four steps: (1) installation of
first‐end PLEM; (2) normal pipeline installation; (3)
abandonment of second‐end PLEM; (4) recovery and
abandonment. To ensure the pipeline integrity, the following
evaluations should be carried out: (1) static analysis to
determine the requirements, (2) wave analysis to determine
the key environment cases, and (3) local buckling check.

3.2 | Mudmat

Foundations provide a supporting structure for the PLEM.
As shown in Figure 5, the foundations can be divided into

three groups: (1) mudmat with L/D<1; (2) suction pile with
1 ≤L/D ≤ 10; (3) pile with L/D<10 (where L is the
foundation length, and D is the foundation diameter) (Liu,
Pisanò, et al., 2022; Liu, Sivasithamparam, et al., 2022). A
preliminary mudmat dimensions are evaluated on the base
of the soil properties and all component weights. The
dimensions will be adjusted on the installation facilities, sea
situations, fabrication shop, and so forth.

3.2.1 | Designed contents

The foundations supporting the PLEMs should satisfy the
design criteria of API‐RP‐2A‐WSD (2020), and the maxi-
mum factor of safety is 2.0. The design should consider the
following items: (1) stability to avoid failure because of
bearing, overturning, sliding, and combined loads; (2) large

FIGURE 4 Sketch of a pipeline end manifold (PLEM) (nfatmala.blogspot.com/2016/02/pipeline-ending-manifold-plemplet.html).

FIGURE 5 Foundations for subsea manifold and their size
definitions.
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deformation and damage of the structure components; (3)
dynamic characteristics of structural response under
dynamic loads; (4) hydraulic stability, for example, local
scour owing to currents; (5) installation and removal.

3.2.2 | Geotechnical design

Overturning capacity
The overturning capacity calculation is to ensure the
stability of the foundation on the seabed under the
applied loads. Overturning could appear in both
longitudinal and transverse directions. The governing
overturning condition meets the minimum factor of
safety, which can be calculated by

FS
F L

M
= ,

z
o−t

d (1)

where M denotes the resultant overturning moment
(kNm); Fz is the vertical component of resultant force
(kN); and Ld represents the distance from its geometric
center to rotating axis (m). The ultimate vertical load for
a foundation is reduced by load eccentricity, which can
be considered by decreasing the footing area.

Penetration resistance of skirts
Skirts are designed to ensure that the structures maintain
their stability with the maximum consolidation settle-
ment. The penetration resistance of skirt in sand can be
calculated by (Andersen & Jostad, 1999)

Q q A τ A= + ,P t t w w (2)

where qt is skirt tip pressure, q k q=t p c,CPT; τw denotes skirt
wall friction, τ k q=w f c,CPT; kp and kf are the correction
factors of tip resistance and wall friction, respectively; At

represents skirt tip area, and Aw skirt surface area; qc,CPT
refers to the resistance evaluated based on CPT test.

Bearing capacity during installation
The minimum dimensions of mudmats change with the
soil vertical capacity considering the resultant load
eccentricities. For the sand seabed, the vertical holding
capacity can be calculated by

Q N γ BA N p A= 0.5 ′ + ′ ,γ qv (3)

where Nγ, Nq are the bearing capacity factors; γ′ is the
sand effective unit weight; B is mudmat width; and p′ is
the effective vertical stress. For clay, the vertical capacity
can be calculated by

Q N S A= ,v c u (4)

where Nc is the load factor; Su is the average undrained
shear strength; A is the area of mudmat foundation.

Bearing capacity during operation
For the horizontal sliding, the soil resistance due to
lateral sliding failure mechanism can be calculated by

Q r φ W= × tan · ,h (5)

where r × tan φ is the foundation‐seabed friction and W
is the vertical component of loads acting on the mudmat.
If a rock berm is placed on the mudmat, the lateral
resistance can be acquired by

Q P P k k γ H B= − = ( + ) ′ ,v p a p a
0.5

r (6)

where k kp, a are the earth pressure coefficients; γ′ is the
rock unit weight; Hr is the rock height; B is the mudmat
foundation width.

3.3 | Suction pile

The aspect ratio of the suction pile changes from 7:1 for
soft clay to 2:1 for stiff clay based on the seabed
conditions (Eltaher et al., 2003). Suctions was first
applied in 1980s, and has a wide application in deep‐
sea due to its low cost and easy installation. Suction piles
are usually adopted as the foundation for the following
merits: fixed location on the seabed, simple installation
procedures, no special shortcoming due to the
water depth, and precisely defined bearing capacity
(Colliat, 2002).

3.3.1 | Design methodology and loads

API‐RP‐2A‐WSD (2020) provides guidelines to ensure
the adequate foundation safety of suction piles. In the
preliminary design, the L/D versus its weight can
be optimized to meet the requirement that suction
pressure are suitable for the seabed soil. The suction pile
design should abide by API‐RP‐2A‐WSD (2020).

The design loads of suction anchor should include:
(1) the permanent loads including the dead load and
long‐term static load; (2) the live and dynamic loads
changing in magnitude, direction, and position; (3) the
environment loads, for example, current and wave loads;
(4) the accidental loads, for example, fishing gear
snagging.

3.3.2 | Geotechnical design and stability

The suction piles supporting the manifolds should have
enough capacities to resist all loads from the manifold
system, for example, compression, lateral, moment, and
torsion. The safety of factor (FOS) is selected according
to API‐RP‐2A‐WSD (2020). Stability evaluations are
conducted in two conditions of the vertical load and the
horizontal load according to API‐RP‐2A‐WSD (2020).

3.3.3 | Penetration analysis

Penetration analyzes of suction piles include the skirt
resistance, under‐pressure to reach the set depth,
allowable under‐pressure, and soil heave in the caisson
(Figure 6). The penetration evaluation is usually carried

6 | RUI ET AL.
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out based on the principles proposed by Andersen and
Jostad (1999). Such evaluation includes penetration
resistance, anchor self‐weight, required under‐pressure,
allowable under‐pressure, soil heave, and maximum
penetration depth (Xu et al., 2023). The penetration
resistance RTOT is evaluated by

R R R= + ,TOT side tip (7)

where Rside is the resistance along the wall sides due to
the side shear, and Rtip is the bearing capacity at the skirt
tip. The required under‐pressure to penetrate the suction
pile can be assessed by

u R W A∆ = ( − ′)/ ,TOT in (8)

where W ′ is the submerged weight and Ain is the inside
pile area. The allowable under‐pressure with respect to

large soil heave due to bottom heave at the skirt tip level
can be calculated by the bearing capacity. The required
suction should be less than the allowable suction (Guo
et al., 2012). Based on the assumption that the external
( fout) and the internal ( fin) frictions are equal, the
resistance along the wall sides (Rside) can be calculated by

f f αS= = ,out in u,DSS (9)

where α is the adhesion factor; and Su,DSS refers to the
average DSS shear strength. The installation with inside
stiffeners in clays proves that the above method over-
estimates penetration force, which is because a mixture of
remolded soil and water is captured by the stiffener,
leading to low installation resistance. In this case, several
analyzes are needed to address the friction generated on
the inner skirt wall, which is related to the interface friction
coefficient (Rui, Wang, Guo, Cheng, et al., 2021; Rui,
Wang, Guo, Zhou, et al., 2021; Zhou et al., 2020; Zhou,
Guo, Wang, Li, & Rui, 2021).

3.4 | Brief summary

The design of the PLEM should consider its fabrication
and installation. The stress analyzes conducted by the FE
models are also needed to satisfy the design criteria. The
mudmat or suction pile should be selected and designed
according to the soil properties and all component
weights. For the mudmat, the overturning capacity and
bearing capacity in the installation and operation should
be analyzed. For the suction pile, the penetration forces
of suction piles should be carefully assessed in particular.

4 | DEEP ‐SEA PIPELINES

The section introduces the slender deep‐sea pipelines,
which are used to transport hydrocarbon resources, as
shown in Figure 7. The subsea flowlines refer to the
pipelines transporting oil and gas from the seabed wellsFIGURE 6 Force analysis of suction pile during installation.

FIGURE 7 Deep‐sea pipelines (oilstates.com/offshore/subsea-pipeline-products/).

DEEP UNDERGROUND SCIENCE AND ENGINEERING | 7
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to the risers. The risers are pipelines connecting the
subsea structures to the production facilities.

4.1 | Subsea pipelines

4.1.1 | On‐bottom stability analysis

Subsea pipelines bear fluid loads induced by currents and
waves (Yang, Guo, Wang & Qi, 2022; Yang, Guo,
Wang, Dou, et al., 2022). For the seabed where the
pipeline movement leads to its damage, it is required that
the pipeline weight should be large enough to maintain
its stability under the extreme conditions. In general,
weight is added by placing a concrete coating around
the pipeline (Guo, Stoesser, et al., 2022; Hafez
et al., 2022).

The on‐bottom stability is analyzed by the force
equilibrium or FE analysis, as shown in Figure 8. The
forces on the pipeline as the result of wave and current
loads include the drag, lift, and inertia forces. The
friction with the seabed caused by pipeline weight
must balance these forces to ensure stability. The
hydraulic forces are derived based on fluid mechanics
by adopting suitable drag and lift coefficients depend-
ing on the pipeline dimensions and environmental
loads (Yuan, Wang, Guo & Shi, 2012; Yuan, Wang,
Guo & Xie, 2012). The effective flow contains two
parts: (1) the steady current evaluated by boundary
layer theory and (2) the wave‐induced flow assessed by
a suitable wave theory.

The wave and current data should adopt the data in
extreme conditions. The friction with the seabed is
dependent on soil properties and pipe weight, and
provides resistance to maintaining the equilibrium of
the pipelines. The fluid lift force counterbalances its
weight. The lateral friction coefficient varies from 0.1 to
1.0 depending on the pipeline surface roughness and the
soil. Soft clays and silts provide the least friction
compared with coarse sands.

Figure 8 illustrates the forces for on‐bottom stability
analysis, meeting the following relationship:

F F W Fγ μ( − ) ≤ ( − ),D I sub L (10)

where γ denotes the factor of safety (normally > 1.1); FD
is the unit drag force; FI is the unit hydrodynamic inertia
force; μ is the lateral soil friction coefficient; Wsub is the

unit submerged pipe weight; and FL refers to the unit lift
force (the bold represents the vector).

The stability design relies on the empirical factors such
as the force coefficients and soil friction factors. The value
selection is closely related to the engineer experience and
the specific design conditions. The purpose of stability
evaluation is to acquire how much weight should be added
by means of the coating.

4.1.2 | Free‐span analysis

Over a rough seabed subjected to the scour, the pipeline
spanning appears when the pipeline loses its contact with
the seabed for a certain distance (Figure 9). Under these
circumstances, design codes require that the pipeline
design should consider yielding caused by loads,
fatigue induced by vortex‐induced vibration (VIV) and
interference by human activities. These considerations
raise a need for the assessment of suitable free‐span
length. If span length is larger than the allowable one,
some measures are to be taken to shorten the span, thus
inducing high costs. Consequently, span length assess-
ment should be conducted as accurately as possible.

As shown in Figure 9, the wave and current flow
near a pipeline span will lead to the vortices in wake
(Guo et al., 2019). These vortices are shed from the
pipe top and bottom, exerting oscillatory forces on
the spanning pipelines. Vortex shedding indicates that
currents would bring alternating loads on pipelines,
resulting in pipe vibration. If the shedding frequency
approaches the natural frequency, severe resonance
would occur, thus inducing the pipe fatigue failure.
Comparing the shedding frequency and the natural
frequency is the method widely employed to evaluate
the span so as to avoid the resonance. The shedding
frequency calculation should consider the seabed
effect. Traditional models to calculate the natural
frequency are oversimplified, and cannot conduct
multiple span analyzes. FE analyzes for spanning
pipeline are widely adopted in the natural frequency
and VIV fatigue analyzes.

4.1.3 | Global buckling analysis

The global buckling of a pipeline appears under the
condition that the axial force makes the line deflect to

FIGURE 8 Forces acting on the subsea pipeline. FIGURE 9 Generation of vortices in wake near spanning pipeline
(Morse et al., 2017).
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reduce the axial load (Reda & Forbes, 2012). Figure 10
shows different buckling modes. As pipelines work at
high temperatures, the buckling probability also
increases.

To judge whether the buckling is likely to occur is the
first step in the global buckling analysis. Then, whether
to prohibit or adapt to buckling is assessed in the
following analysis. An approach to prohibit buckling is
to add rocks on the pipelines, which cause higher loads in
the axial direction. However, if the rock does not offer
sufficient constraint, then localized buckling may occur
and lead to pipeline failure. Another approach is to
adapt to the buckling by allowing the deflect of pipelines.
These methods include using a snake lay or buckle
mitigation approaches, for example, distributed buoyan-
cies or sleepers. This approach costs less than rock
dumping and reduces the pipeline loads, thus becoming
more popular.

4.1.4 | Pipeline installation

There are two methods for pipe laying: the J‐lay and
S‐lay, which are conducted by a lay vessel (Wang
et al., 2010; Wang et al., 2012; Yuan, Guo, et al., 2012).
Figure 11 illustrates the J‐lay and S‐lay pipe laying (Xu
et al., 2021). For the S‐lay, the pipe is laid on the seabed
with an S‐shape. The curvature in the upper part is

governed by a supporting structure (stinger). The
curvature in touchdown point is governed by the tension
on the vessel.

The pipe‐lay configuration is analyzed to establish the
suitable tension capacity and geometry to avoid the pipe
overstress during the installation. Some approaches can
be adopted from a catenary shape analysis, which can be
treated as approximate solutions. The main aim of
the analysis is to check the stress levels in two main regions.
The first one is near the stinger where the pipeline is subject
to the high bending moment. The controlled curvature
demands that the pipeline should be designed with a small
factor of safety. The other one is in the sagbend where the
pipeline bears bending moments under its self‐weight. The
curvature in the sagbend changes with the pipeline's axial
tension, which cannot be fully controllable.

Another method is the J‐lay. The pipeline is
manufactured onshore and then reeled onto a huge
drum on a special vessel. The pipeline will have plastic
deformation during the reeling process. During the
installation, the pipe is unreeled and straightened. The
pipeline is laid on the seabed with a configuration similar
to the J‐shape. The assessment of the pipeline‐laying
approach can be conducted with similar skills. The
compatibility of the reeling process should be paid
attention to, since the unrecoverable hardening in high‐
grade steel materials may be caused during the welding
process.

FIGURE 10 Pipeline global buckling modes.

FIGURE 11 Pipe laying methods of the S‐lay and J‐lay (Xu et al., 2021).

DEEP UNDERGROUND SCIENCE AND ENGINEERING | 9
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4.2 | Risers

The riser system includes pipelines attached to floaters on
the sea surface and wellheads near the seabed. As a
fundamental facility for the floating structures to
transport oil and gas, the riser is one complex compo-
nent of a deep‐sea production system. Subsea risers can
be divided two types: rigid risers and flexible risers. The
commonly used risers mainly include steel catenary risers
(SCRs), top tensioned risers (TTRs), flexible risers (Bai &
Bai, 2018). In this section, steel catenary risers and
hybrid risers are to be introduced.

4.2.1 | Steel catenary risers (SCRs)

The SCRs are suitable to the wet tree production in deep
water, as shown in Figure 12. The deep‐sea SCRs were
widely installed in the Gulf of Mexico (GoM). As export
lines, SCRs were originally adopted in fixed platforms.
Similar to the free‐hanging flexible risers, SCRs have
horizontal part at the seabed, with an inclined angle of
about 20° to the vertical near the fairlead. The riser
forms a simple catenary configuration from the platform
to the seabed (Hong et al., 2019; Zhou, O'Lough-
line, et al., 2020). Relative rotations between the
platform and the riser can utilise a flex joint to balance
the motion. The SCR without intermediate buoys or
floating devices is a cost‐effective means for oil and gas
transport, whereas flexible risers with large diameters
display certain economic and technical limitations in
this case.

The SCR can compensate for its heave motion by
itself, that is, the riser moves up or down onto the seabed.
A ball joint is needed for the SCR riser to adjust the
rotation caused by currents, waves, and vessel motions.
The low‐effective tension makes the SCR sensitive to
waves and currents. Caused by VIVs, fatigue damage can
have a significant inverse impact on the riser. Some
devices to suppress VIV, for example, fairing and helical
stakes, can maintain the vibrations at an acceptable level.

The riser location may encounter critical conditions,
for example, loop currents in the GoM and environ-
mental loads with the main direction in the West of

Africa. In the riser design, vessel motions and offsets
should be considered. The metocean data in riser
analyzes include water depth, waves, currents, and so
forth. For deep water environment conditions, four
aspects, namely, extreme storm situations, hydrodynamic
loads, soil interaction, and material properties, should be
considered in the SCR design (Kopp et al., 2004).

Soil property impact
The inspection of remote‐operated vehicles in deep sea
indicates that risers would produce complex interaction
with the seabed soil near the touchdown zone (TDZ).
Riser behavior is significantly affected by soil properties.
Soil nonlinear behavior, soil consolidation and remold-
ing, hysteresis, trenching and backfilling, suction effects,
and strain rate all exert a certain influence on the loads
on the riser. To accurately reproduce the complex
interactions is difficult, but modeling those character-
istics is important in the assessment of riser stress and
fatigue lives. In deep‐sea locations, for example, West
Africa, the GoM, Brazil, underconsolidated or lightly
overconsolidated clays are commonly found in the
seabed. However, other soil types can be possible. For
example, variable soils are found in glacial areas, for
example, in the northwest of the Canada and the Europe.
Stiffer clays and sands are often encountered at the
seabed.

Floater motion influence
The motions of floaters are determined by the global
analysis which takes into account wind, wave, and
current loads based on the frequency‐domain or time‐
domain analyzes. The movement data are described by
the vessel motions versus time or the response amplitude
operators (RAOs). The movements at the riser hang‐off
position are transferred from the centers of gravity to the
floaters. A single riser can be assumed to be a cable under
hydraulic loads.

Steel catenary riser design analysis
With the water depth, hang‐off angle, and unit weight
into consideration, a static configuration can be
described according to the catenary theory. Some
requirements should be satisfied in the SCR design, for
example, SCR diameters, submerged tension on floater,
design temperature/pressure, and fluid conditions. Some
preliminary analyzes are needed in the design to check
whether the extreme response meets the criteria of
API‐Std‐2RD (2020). The extreme rotation for flex
joints, required length of strakes (or fairing), and VIV
fatigue life are also important. In the detailed design,
some installation and special analyzes are of necessity,
for example, the VIV fatigue analysis, the coupled system
analysis.

4.2.2 | Flexible risers

Figure 13 shows the sketch of flexible risers. Flexible
risers originated from the work conducted in the 1970s.
At the beginning, flexible pipes were adopted in the mild
environments, for example, the Far East, offshore Brazil,

FIGURE 12 Steel catenary risers (SCRs) redrawn from Bai and
Bai (2018).
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and the Mediterranean (Bai & Bai, 2018). Then, the
flexible pipe technology experienced a rapid develop-
ment. Flexible pipes can be adopted in deep water, high
pressure, high temperature. In adverse weather condi-
tions, flexible pipes also have the ability to adapt to large
vessel movements.

Compared with the axial stiffness, the low bending
stiffness is a main feature of a flexible pipe. This feature is
achieved by adopting various layers with different
materials in the pipe manufacture. These layers can slip
past each other when subjected to internal and external
loads, which leads to its low bending stiffness. The steel
armor layers with high stiffness are combined to ensure
its strength, while the polymer sealing layers increase the
fluid integrity due to its low stiffness. This method of
pipe manufacturing provides some advantages, for
example, easy prefabrication, convenient storage on
reels, lower transport and installation costs, and suitabil-
ity with other structures. Five main factors contributing
to the flexible riser failure are pressure, temperature,
product fluid composition, ancillary components, and
service loads, which should be carefully handled in the
design (Elman & Alvim, 2008).

4.3 | Brief summary

Subsea pipelines and risers have some different problems
due to their different configurations. For the subsea
pipelines, the on‐bottom stability, free‐span analysis, and
global buckling should be assessed, which are closely
related to soil–structure interaction and pipeline stress
state. For the risers, for example, SCR, the fatigue
damage induced by VIVs can be fatal, which is related to
soil resistance and floater motion. Flexible risers have
developed rapidly, which can be adopted in deep water
environments with high pressure and high temperature.

5 | DEEP ‐SEA ANCHORS

This section is focused on the deep‐sea anchors, including
suction anchor, fluke anchor, suction‐embedded plate
anchor (SEPLA), and dynamically installed anchor
(DIA). The installation and capacity analyzes of each
anchor are introduced to show their application in
different soils. The impact of seabed trenches on the
anchors is then analyzed particularly.

5.1 | Suction anchor

Widely used in deep sea, suction anchor is a steel barrel
structure, with a closed upper plate and an open on the
bottom, as shown in Figure 14 (Guo et al., 2018; Zhou,
Guo, Wang, Zhang, et al., 2021). The diameters of
suction anchors are commonly among 4–8m, sometimes
larger than 8 m. The ratio of length to diameter is
generally between 3 and 6.

5.1.1 | Anchor installation

A suction anchor is installed by the inner suction inside the
caisson (Fu et al., 2021; Guo et al., 2012; Zhao et al., 2022).
Some pumps work to maintain the suction inside the anchor.
Under the condition, a seepage field will be formed, which
reduces the effective soil stress inside the anchor and the
anchor tip resistance (Guo et al., 2017; Shen et al., 2019).
The anchor can be installed in sand, clay, and silt. In clay,
the penetration resistance along the skirt wall can be
calculated according to Andersen and Jostad (2004), and
Houlsby and Byrne (2005a). Houlsby and Byrne (2005b)
proposed a method to determine the penetration resistance
in sand. For the anchor installation, it is beneficial to
suppress the development of soil heave by applying the
intermittent suction (Guo et al., 2012).

5.1.2 | Capacity analysis

Suction anchors are widely adopted in the clay and sand
seabed. The bearing capacities in clay have been studied

FIGURE 13 Flexible risers redrawn from www.aisltd.com/
application/.

FIGURE 14 Suction anchors (www.oedigital.com/news/478844).
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based on experiments and numerical methods (Andersen
et al., 2005; Aubeny et al., 2003; Byrne & Houlsby, 2002;
Guo et al., 2018; House & Randolph, 2001; Liu
et al., 2013; Rao et al., 2006). House and Randolph
(2001) developed an upper bound approach with
horizontal or rotation components, and verified the
method accuracy with semi‐analytical FE results. Byrne
and Houlsby (2002) conducted a series of model tests at
different rates to investigate the vertical capacity, and
revealed the failure modes. Aubeny et al. (2003)
proposed a method to estimate the horizontal capacity
based on an upper bound plasticity formulation. Liu
et al. (2013) constructed the force equilibrium equations,
and proposed a method to calculate anchor capacity
considering different loading angles. Guo et al. (2018)
carried out a series of model tests to investigate the
capacities and the failure modes in clay, and found the
caisson's failure mode mainly depends on the loading
angle.

Some studies about the suction anchor capacity were
focused on sand (Bang et al., 2011; Deng & Carter, 2000;
Gao et al., 2013; Jang &Kim, 2013; Liu et al., 2015; Zhou,
Guo, Wang, Zhang, et al., 2021). Bang et al. (2011)
conducted centrifuge model tests to obtain the suction
anchor capacity in sand, and proposed an analytical
solution of anchor horizontal pull‐out capacity. Jang and
Kim (2013) found that the equation derived from
Rankine passive earth pressure has a good prediction
of the test results based on centrifuge model tests. Liu
et al. (2015) proposed an analytical model to predict the
anchor capacity to calculate the failure surface angle
based on the minimum force principle. Rui et al. (2022)
conducted a series of centrifuge model tests to investigate
the trench influence on the anchor capacity in the
carbonate sand (Rui et al., 2020), and revealed the
trench influences the anchor failure mode.

5.2 | Fluke (drag) anchor

Fluke (drag) anchor is a type of drag‐embedded anchor,
mainly including anchor plate (fluke), shank (Zhou

et al., 2020) (Figure 15). The fluke anchor is installed
by drag embedment.

5.2.1 | Anchor installation

The installation of fluke anchor is closely related to the
angle of fluke and shank. For the sand or stiff clay, the
recommended fluke‐shank angle is 32°, while the recom-
mended angle is 50° for soft clay. During the installation,
the drag anchor is placed on the seabed and has a certain
initial embedded depth. Then, the anchor is pulled into
the seabed by applying the pretension on the mooring
line to reach a set depth. In different types of seabed
soils, the drag distance can reach 10–20 times the plate
length, and the penetration depth can reach one to five
times the plate length. Vessel movement and winching of
the mooring line are the two main installation methods
(Wang et al., 2014).

5.2.2 | Capacity analysis

The holding capacity of fluke anchor is dependent on the
penetration depth, thus the assessment of anchor final depth
is of significance (Liu et al., 2010; Zhang et al., 2022). The
pull‐out capacity of fluke anchor originates from the bearing
resistance produced by the fluke, which is related to the
penetration depth, soil properties, anchor size, and so forth.
Two basic problems are related to the calculation of fluke
anchor capacity: (1) the anchor trajectory during installation
and (2) the anchor orientation after installation. The anchor
trajectory influences the final embedment depth, mainly
depending on the soil properties. The anchor fluke‐shank
angle is determined according to the soil type, and it also
determines the final orientation. The trajectory and capacity
of drag anchors have been well investigated considering the
constant and linearly changing strength profiles by analytical
methods (Aubeny & Chi, 2010; Bransby & O'Neill, 2020;
Neubecker & Randolph, 1996; Peng & Liu, 2019) and
experimentally (Dunnavant & Kwan, 1993; O'Loughlin
et al., 2006). However, the layered soils increase uncertainties

FIGURE 15 Fluke anchor configurations.
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to fluke anchor trajectory prediction as well as its capacity
calculation.

5.3 | SEPLA

SEPLA is a kind of plate anchor with the installation
assisted by the suction caisson, as shown in Figure 16.
Compared with other anchors, SEPLA is featured with a
relatively high bearing efficiency (Rui et al., 2023).

5.3.1 | Anchor installation

Before installation, the SEPLA is fixed on the bottom of
the suction caisson and accurately positioned in the
seabed (Gaudin et al., 2006). The caisson can be
reclaimed after the anchor installation. SEPLA rotates
under the pretension loads, called as “keying process,”
until the mooring line is almost perpendicular to the
anchor plate (Wang et al., 2011). The complex keying
process and bearing capacity can be studied through
model tests, large deformation FE analyzes, and plastic
analyzes. Gaudin et al. (2006) investigated the keying
process and the anchor capacity of SEPLA, and found
that the anchor embedment suffers a certain loss during
the keying process. For large deformation FE simula-
tion, Zhao and Liu (2014) adopted the Coupled Eulerian‐
Lagrangian (CEL) method to analyze the process of
anchor installation considering the impact of mooring
line on the anchor trajectory. The plastic analysis based
on the yield envelope is a macro element model, which
can effectively predict the behaviors during the keying
process (Yang et al., 2012).

5.3.2 | Capacity analysis

When SEPLA rotates to fully resist the vertical loads, the
failure mechanism of SEPLA is easier to analyze, as
shown in Figure 17. In the limited state, if the soil failure
region extends to the surface, the anchor plate is
shallowly embedded. If soil failure only occurs in the

local region around the anchor plate, the anchor plate is
defined as deeply embedded anchor. In clay, when the
anchor sizes are fixed, the anchors have a critical depth
Hcr. When the anchor plate depth reaches Hcr, the soil
flow is around the anchor plate. With the increasing
embedment depth, the bearing capacity remains
unchanged (Guo et al., 2023; Guo, Nian, et al., 2022;
Merifield et al., 2001). Based on the assumption that the
anchor plate and soil have no separation, Rowe et al.
(1978) developed the upper bound method to obtain the
bearing capacity coefficient of the deep embedded anchor
plate in homogeneous clay.

5.4 | DIAs

DIAs penetrate into the seabed by its kinetic energy. As
shown in Figure 18, DIAs contain various types, such as
torpedo anchor, OMNI‐Max, dynamically embedded
plate anchor, light‐weight gravity installed plate anchor
and DPAIII (Han & Liu, 2020). Among these anchors,
the torpedo anchor is mostly used in engineering due to
its simple configuration, cheap and easy installation.

5.4.1 | Anchor installation

The installation process of DIAs is as follows. First, the
torpedo anchor is released at a certain height (about
30–150 m) above the seabed. Then, it falls freely and
accelerates in the water, and finally penetrates the seabed
to a certain depth by its kinetic energy. Since the DIA
installation does not need special equipment, its applica-
tion is not limited by water depth. Two methods are
usually adopted to simulate the dynamic installation
process, namely, the large deformation FE method and
CFD method (Han & Liu, 2020). Based on the
simulations, parameter studies have been carried out to
explore the influence of various factors on the final
penetration depth of DIAs. These factors include impact
velocity, anchor weight and shape, soil strength, anchor‐
soil contact characteristics, and so forth.

5.4.2 | Capacity analysis

At present, there are two main methods to calculate the
uplift bearing capacity of piles or anchors in service
(Richardson, 2008): the American Petroleum Institute
Method (API) method (API RP 2A‐WSD R2006, 2006)

FIGURE 16 Installation and service status of suction‐embedded
plate anchor.

FIGURE 17 Plate anchor failure modes in seabed.
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and the Marine Technology Directorate (MTD) method.
Among them, the API method assumes that the failure
mode of the torpedo anchor is similar to that of the end
bearing friction pile. The uplift bearing capacity of
torpedo anchor consists of three parts: anchor weight,
friction between anchor and soil, and end bearing capacity
of anchor end. Physical model tests, field tests, and
centrifuge model tests were conducted to explore the
interaction between anchors and seabed soils (Han
et al., 2019; O'Loughlin et al., 2014). O'Loughlin et al.
(2004) found that adding side wings increases the contact
area between soil and anchor, thus improving the bearing
capacity of torpedo anchors. Richardson (2008) revealed
that two peaks appear in the anchor loading process with
displacement, which is caused by the unsynchronized
development of the interface friction and the anchor end
resistance. O'beirne et al. (2015) carried out a series of
pull‐out tests using small‐scale torpedo anchors, and
found that the uplift bearing capacity of torpedo anchor
is greatly affected by the load angles.

5.5 | Trench near anchors

5.5.1 | Trench impact on anchors

The seabed trenches have inverse impacts on the anchor
capacity, for example, reducing the anchor capacities
(Alderlieste et al., 2016; Arslan et al., 2015; Feng et al., 2019;
Gao et al., 2022; Hernandez‐Martinez et al., 2015; Rui,
Guo, Wang, Zhou, et al., 2022). Hernandez‐Martinez et al.
(2015) investigated the anchor capacity with the existence
of a trench near a suction anchor, and found anchor
capacity exhibits a reduction depending on the loading
angles. Arslan et al. (2015) found that the trench impact on
the passive suction at the anchor bottom is limited without
the seepage path around the anchor. Based on FE
simulation, Feng et al. (2019) found that the trench width

has a great impact on the anchor capacity. Rui, Guo,
Wang, Wang, et al. (2022) conducted a series of centrifuge
model tests to investigate the trench impact on the anchor
capacity in carbonate sand (Rui, Guo, Si, et al., 2021), and
found that due to the impact of the trenches, the anchor
failure mechanism changes from the translational move-
ment to the forward rotation, and the anchor capacity
decreases accordingly.

5.5.2 | Trench formation

The trench formation is a complex process involving the
chain movement, soil erosion, soil remolding and
consolidation, soil collapse and removal, among which
the chain‐seabed interaction is the trigger factor (Rui,
Guo, Wang, Duo, et al., 2022; Rui, Guo, Wang,
et al., 2021; Sassi et al., 2017; Versteele et al., 2017).
For chain‐soil tangential interaction, Rui, Wang et al.
(2020), Rui, Wang, Guo, Zhou et al. (2021); Rui, Wang,
Guo, Zhang et al. (2021) designed a chain–soil interac-
tion apparatus to measure the chain axial resistances,
and proposed a new expression of chain axial resistance
to predict the chain profile in sand. Rui, Guo, Wang,
Duo et al. (2022) established a framework to calculate
the axial soil resistance from three components. In fact,
trench formation is much more complex than
chain–seabed interaction (O'neill et al., 2018). To
simulate trench formation, Sassi et al. (2017) carried
out centrifuge model tests to simulate the trench
formation, and found that the chain movement under
the cyclic loads is a key factor. Based on the static finite
difference method, Versteele et al. (2017) proposed a two‐
dimensional (2D) model to simulate the trench evolution.
Based on large deformation FE approach, Sun et al.
(2020) established a numerical model to simulate the
trench formation. Similarly, with the FE method, Wang,
Rui et al. (2020) and Rui, Guo, Si et al. (2020)

FIGURE 18 Sketches of dynamically installed anchor (DIA) (Han & Liu, 2020). DEPLA, dynamically embedded plate anchor; L‐GIPLA, light‐
weight gravity installed plate anchor.
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established a 2D trench profile prediction method which
takes the mooring line‐soil dynamic interaction into
account. However, the detailed process of soil remolding
and consolidation, soil collapse and removal are not
considered in the above studies.

5.6 | Brief summary

Deep‐sea anchors, for example, suction anchor, fluke
anchor, SEPLA, and DIA, have different installation
methods and bearing capacity efficiencies. The installa-
tion and capacity analyzes of anchors should give full
consideration to the soil types. For instance, final
penetration depths should be considered when adopting
fluke anchor and DIA in the sand seabed. The anchor
selection should consider the fabrication, transportation,
installation, and so forth. In addition, the seabed trench
impact on the anchor is assessed in long‐term service, and
the trench formation is found to be closely related to the
chain movement, soil erosion, soil remolding and
consolidation, soil collapse and removal.

6 | SUMMARY

This study provided a brief introduction about seabed
structures and foundations related to deep‐sea resource
development. First, the floating structures were intro-
duced, and the sea environment loads were briefly
analyzed. Second, the subsea production structures,
including subsea manifolds and their foundations (mud-
mats, suction piles) were introduced. Third, the basic
characteristics and design methods of deep‐sea pipelines,
including subsea pipeline and risers, were analyzed in
detail. The fourth part placed its focus on the deep‐sea
anchors. The installation and bearing capacity were
presented accordingly. The seabed trenches were found
to influence the anchor capacity, which was particularly
analyzed. The main findings are as follows:

1. The floating structures mainly have four types, which
adapt to the different environmental conditions and
design requirements. Spar platforms adopt to rela-
tively deep water, and TLP platforms need larger
mooring line tension. Semi‐submersible platforms are
easier to be installed, and FPSOs are the most flexible
ones in practice. Environment loads, for example,
wind, wave, current, are the inputs for offshore
structure design. The accurate calculation of loads is
necessary for further structure design.

2. Subsea production structures are important components
at the seabed to transport oil & gas. A subsea manifold
system mainly consists of a manifold, a foundation and
a supporting structure. Manifold foundation includes
the mudmat with small aspect ratio and suction pile with
large embedded depth. For the mudmat, the overturning
and bearing capacity should be assessed. For suction
piles, the bearing capacity and installation resistance
should be carefully designed.

3. Subsea pipelines and risers have some different
problems due to their different configurations. For

the subsea pipelines, the on‐bottom stability, free‐
span analysis, and global buckling should be assessed,
which are closely related to soil–structure interaction
and pipeline stress state. For the risers, for example,
SCR, the fatigue damage induced by VIVs can be
fatal, which is related to soil resistance and floater
motion. Flexible risers have developed rapidly, which
can be adopted in deep water environments with high
pressure and temperature.

4. Four types of anchors in the deep‐sea region are
introduced from the aspects of installation and
bearing capacity. The suction anchor and SEPLA
are installed with the assistance of the suction,
fluke anchor by drag embedment, and DIAs by its
kinetic energy. For the capacity, different anchors
have their failure mechanisms based on the soil
properties and load conditions. In addition, the
seabed trench impact on the anchor is assessed in
long‐term service, and the trench formation is
found to be closely related to the chain movement,
soil erosion, soil remolding and consolidation, soil
collapse and removal.

This study provided a brief introduction about
seabed structures and foundations mainly from the
perspective of engineering design and pointed out the
research gaps and further research directions.

7 | LIMITATION

This paper fails to present detailed information due to
space limitations. The involved mechanics, especially
structural mechanics, fluid mechanics, and geo-
technical mechanics, have not been thoroughly ana-
lyzed and explored. This paper presents some design
methods and equations, but the final power of
interpretation still lies in the cited standards and
design codes.
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