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Abstract

Mooring systems are usually adopted to position floating structures, including mooring lines and anchors, and directly
determine the safety of floating structures. Seabed inspection reported that seabed trenches induced by mooring line-soil
interaction appear in front of the anchor and reduce the anchor bearing capacity. This work first introduces the research
progress of mooring line-soil interaction and seabed trenching simulation. Research about the suction anchor capacity in
clay and sand is presented, and the seabed trench influence on anchor capacity is analyzed. For anchor analysis, this study
gives a new perspective to analyze anchor installation and bearing capacity, i.e., structure-soil interface characteristic.
Some common anchor types are analyzed. Results showed that seabed trench simulation is still needed to acquire trench
3D profiles, in which the mooring line-soil dynamic interaction cannot be ignored. At present, the trench influence is not
considered in suction anchor design, making the design dangerous. For the anchor, the interface shear characteristics
control the most unfavorable loading conditions. Thus, accurate interface parameters should be obtained for anchor

analysis.
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1 Introduction

Marine resource exploitation leads to the rapid devel-
opment of offshore structures (Zhou et al., 2019, 2021a;
Zha et al., 2022). Floating structures, e.g., semisubmers-
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ible platforms, tension leg platforms, SPAR platforms,
and floating production storage and offloading (FPSO)
platforms, have been common types of oil and gas ex-
ploitation in deep sea in the past 50 years. In the last 15
years, floating wind turbines have developed rapidly,
and largescale and deep-water wind turbines are an im-
portant development direction in the future. As shown in
Figure 1, the world’s first floating wind turbine, Hy-
wind, was installed near the coast of Norway in 2009
(Madslien, 2009).

Floating structures require mooring systems for posi-
tioning, including mooring lines and anchors. A moor-
ing system is the load transfer structure that connects
the upper floating structures and the anchors. Its static
and dynamic characteristics in seawater and seabed di-
rectly affect the service performance of the floating plat-
form. The anchor transfers the load of the mooring line
to the seabed, and its bearing capacity is the main con-
cern for positioning floating platforms. Therefore, inves-
tigating the mooring line-seabed interaction and the an-
chor bearing capacity is necessary.

During the long service of mooring systems, some
cases that affect the mooring system safety perhaps ap-
pear. In taut or semi-taut mooring systems, the upper
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Figure 1
2009)

World’s first floating wind turbine, Hywind (Madslien,

floating structure drives the mooring line to move back
and forth in large amplitude. The seabed soil is repeatedly
cut by the embedded mooring line. The disturbed soil is
then washed away by the turbulence, and the seabed
trench appears. In 2014, seabed trenches appeared in
front of the suction anchor in the Gulf of Guinea (Bhat-
tacharjee et al., 2014), as shown in Figure 2. Owing to
soil loss, the soil resistance acting on the anchor is re-
duced, resulting in an increase in the risk of anchor fail-
ure. In consideration of the mooring system safety, the
mooring position was changed and the mooring lines
and anchors were reinstalled.

After that, 12 seabed trenches have also been found

around the FPSO mooring anchors in the North Sea
(Hess, 2015). The site water depth is 140 m, and the sea-
bed soil is soft clay. The latest report on seabed trenches
is from Colliat et al. (2018). The water depth is about
1 300 m, and the seabed soil is soft clay. The report in-
vestigated the seabed trenches in front of the mooring
system of FPSO and off-loading terminal buoys (OLTSs)
and found that a high mooring line tension leads to large
seabed trenches and trench development rate.

The above reports present that seabed trenches widely
exist in the mooring line touchdown area in front of the
deeply embedded anchors, leading to a reduction in an-
chor capacity. The anchors tend to be pulled out under
extreme loads, e.g., hurricanes or typhoons, resulting in
a major accident in the floating platform.

Mooring anchors are the final structures to resist envi-
ronment loads, and their bearing capacities originate
from seabed soil resistance. Different anchor types are
adopted according to the applicable water depth. Shal-
low-embedded anchors, such as gravity anchors, are of-
ten used in shallow water catenary mooring systems.
Deep embedded anchors, e.g., suction anchors, drag an-
chors, suction penetration plate anchors, and dynamic
penetration anchors, are usually adopted in deep water.
Anchor capacity is one of the main focuses in anchor de-
sign. The anchor capacity mobilizes from the interaction
between the anchor and seabed soil; hence, its bearing
capacity is affected by the anchor configuration and soil
properties and related to the interface characteristics be-
tween anchor surface and soil(Rui et al., 2021a, 2021b).

Figure 2 Schematic diagram of in-site seabed trench (Bhattacharjee et al., 2014)
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This work aims to introduce the research progress on
mooring system safety, including mooring lines and an-
chors. For mooring lines, this study mainly focuses on
mooring line-soil interaction and its induced seabed
trenches. For anchors, the suction anchor is introduced as
the most widely used anchor type for floating structures.
Its capacities in clay and sand are mainly investigated, and
the trench influence on the anchor capacity is investigated.
Furthermore, the anchor failure mode is found to be relat-
ed to interface strength, including all kinds of anchors.
From the perspective of the anchor surface-soil interface,
the installation and service characteristics of different an-
chor types are analyzed.

2 Seabed trenches induced by mooring line-
soil interaction

In this part, the research progress about mooring line-
soil interaction is introduced, which is the trigger factor
for trench formation (Sassi et al., 2017; Wang et al., 2020;
Rui et al., 2020a). The seabed trenches induced by the
mooring line-soil dynamic interaction are then analyzed.
Finally, the studies about the seabed trench development
are reviewed.

2.1 Mooring line-soil interaction

The formation of seabed trenches in the field is trig-
gered by mooring line-soil interaction, and the trench pro-
files can be predicted according to the mooring line move-
ment (Sassi et al., 2017; Wang et al., 2020). Thus, to re-

Figure 3 Diagram of anchor chain-soil interaction (Rui et al., 2021c)

veal the mechanism of trench formation, the mooring line-
soil interaction is one of the key points.

For the taut or semi-taut mooring system, the deeply em-
bedded anchors, e.g., suction anchors, are recommended ac-
cordingly. In this case, part of the mooring line is embed-
ded into the soil, which strongly interacts with the seabed
soil. Rui et al. (2021c, 2021d) drew the diagram of an-
chor chain-soil interaction. Figure 3 shows the two sec-
tions according to chain-soil interaction mode. The first
section is the lying chain from the touch-down point to
the dip-down point, wherein the chain direction is kept
horizontal. The other one is the inverse catenary section
fully embedded in the seabed, and its force analysis is rel-
atively complex. The mooring line-soil interaction signifi-
cantly influences the load magnitude and direction acting
on the anchor padeye, indirectly changing the anchor fail-
ure mode.

The lying section is always kept horizontal, and its axi-
al soil resistance F is proportional to chain unit weight W
with friction coefficient x. API-RP-2SK (2005), ISO-
19901-7 (2005) and DNV-OS-E301 (2013) recommend u=
1.0 under static/starting conditions and x=0.7 under sliding
conditions. The optimal value recommended by DNV-RP-
E301 (2012) is 0.7. The mechanism and calculation method
of chain axial resistance in the lying chain are relatively
simple.

The embedded section is an inverse catenary segment
completely embedded in the seabed, and its chain resis-
tance analysis is more complex. Reese (1973), Gault &
William (1974) and Vivatrat et al. (1982) discretized the
embedded section into several elements and derived the
equilibrium equation of soil resistance in two directions.
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where T and 6 are the mooring line tension and the tension
inclined angle to the horizontal plane, w is the unit chain
weight in water, and Q and F are the normal and axial soil
resistances, respectively. The mooring line configuration
in the seabed is mainly determined by normal resistance
Q, while the partial tension of the mooring line is resisted
by axial resistance F.

Degenkamp & Dutta (1989) carried out a series of mod-
el tests in saturated clay and proposed the calculation for-
mula of chain axial and normal resistances.

Q =E,dyd:q 3
F = Eqdy-d,f 4)

where d, is the chain nominal diameter; d, is the line ele-
ment length; q and f are the average normal and axial resis-
tances, respectively; and E, and E, are the chain axial and
normal width parameters, respectively. On the basis of ele-
ment test results, E=8 and E =2.5 are recommended in
clay. However, whether the value of E, and E, depends on
the clay properties is unclear.

Some numerical methods of simulating the mooring
line-seabed interaction have been proposed. Wung et al.
(1995) first proposed a 2-dimensional (2D) model using a
nonlinear spring and two dashpots to simulate the dynamic
interaction between the chain and seabed and calibrated
the numerical tools with the centrifuge tests. The results
showed that the chain-soil interaction can reduce the load
acting on the padeye. Wang et al. (2010a, b) established a
3-dimensional (3D) static numerical model for investigat-
ing the mooring line load transfer considering chain-soil
interaction. It is found that when the floating structures
have lateral movement, there is a tension component per-
pendicular to the initial plane at the anchor padeye. Xiong
et al. (2016, 2017) used the lumped mass method to simu-
late the chain-seabed dynamic interaction. The dynamic in-
teraction considering the soil cyclic degradation is studied,
and tension characteristics and chain touchdown area have
been analyzed. Guo et al. (2016) proposed a model to sim-
ulate the multicomponent mooring line behavior consider-
ing chain-seabed interaction. The results showed that the
increase in wire rope in moorings effectively limits the
floating facility motion. Rui et al. (2021f) established a dy-
namic model to simulate the mooring line-seabed interac-
tion, and investigated the mooring line load transfer. It is
found that the inertial force and soil resistance contribute
to the majority of mooring line tension variation. Although
the above work established the basic mooring line-soil in-

teraction, the complex soil properties were not considered
in their analyses.

Sun et al. (2019a, 2019b) predicted chain configuration
using the large deformation finite element method (cou-
pled Eulerian-Lagrangian, CEL). In the simulation, the
chain was considered as a series of cylinders, and the soil
strain softening effect was considered. It is found that the
chain mobilized friction coefficient is partial. However,
the calculation based on the CEL method is time-consum-
ing, which is not feasible for engineering applications.

The above work focused on the clay seabed. Some stud-
ies centered on chain-sand interaction. Choi et al. (2014)
carried out the chain drag tests in sand under 1g condition.
The test results showed that the passive resistance in front
of the first link accounts for more than 81% of total resis-
tance. On the basis of the assumption that the sand within
a single link moves with the chain, a calculation method of
chain axial resistance was proposed. Stanier et al. (2015)
conducted a series of one-way and cyclic chain drag tests
on sand seabed and obtained the relationship between axial
resistance and displacement. The results showed that the
chain axial friction coefficient in sand is greater than that
of pipelines and plates due to the chain’s passive soil resis-
tance. Frankenmolen et al. (2016) studied the monotonic
and cyclic interaction between chain and soil in calcareous
sand based on centrifuge tests. The results showed that the
chain friction coefficient of the embedded section is signif-
icantly lower than that of the lying section, and the friction
coefficient increases with the cycle. Shen et al. (2019) es-
tablished a finite element model to simulate chain profile
in both clay and sand under dynamic conditions and found
that the line tension decreases with the cycle numbers due
to the gradual dig-in effect. Rui et al. (2021c, 2021d) de-
signed a new chain-soil interaction apparatus to directly
measure the chain monotonic and cyclic axial resistances
under different confining stresses. Base on the test result,
the expression of chain axial resistance was obtained to
predict the chain profile in sand. Compared with the moor-
ing chain-clay interaction, the chain behavior in sand is
more complex (Rui et al., 2022b). However, the above re-
search lacked a specific study of the chain-sand interaction
mechanism.

2.2 Seabed trenches in the field

The mooring line-soil interaction in Section 2.1 is the
basis of trench analysis because the formation of seabed
trenches in the field is triggered by mooring line-soil dy-
namic interaction (Sassi et al., 2017; Wang et al., 2020).
The mooring line repeatedly cuts into seabed, leading to
the formation of seabed trenches near the mooring line
touchdown area. Three cases of seabed trenches in the
field have been reported since 2014. The first seabed
trench was first discovered in 2014 (Bhattacharjee et al.,
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2014), and another two cases were reported in 2015 and
2018 (Hess, 2015; Colliat et al., 2018). The details about
the trenches are summarized as follows:

Case 1: During the seabed survey of the Serpentina FP-
SO, the trenches were first found in the Gulf of Guinea
(Bhattacharjee et al., 2014), as shown in Figure 4(a). The
water depth of the FPSO was about 475 m. A single-point
mooring system with nine mooring lines was adopted. The
seabed soil was soft clay, and the padeye was located
about 9 m below the mudline. A total of 9 trenches were
found near the touch-down area. The trench depths were
among 4-7 m. The trench lengths and widths were among
25-40 m and 4-10 m, respectively.

Case 2: As shown in Figure 4(b), 12 seabed trenches
were reported around the FPSO named AHO01 in the

Figure 4 Trench profiles in the field from three reports

North Sea (Hess, 2015). The site water depth was about
140 m, and the soil was soft clay. The seabed trench
depths in front of the piles were up to 10 m. The trench
lengths were among 135-166 m, and the widths were
25-35 m.

Case 3: The latest report on the seabed trenches was from
Colliat et al. (2018). The water depth was about 1 300 m,
and the seabed soil was soft clay. Figure 4(c) shows two
typical shapes of different trenches. Colliat et al. (2018)
investigated the trenches for both the FPSOs and off-load-
ing terminal buoys (OLTs). Taking the OLTs for example,
30-45 trenches were detected in situ. The anchor padeye
depths were 9-12 m. The trench depths were 1-12 m. The
trench lengths and widths were among 80-90 m and 1-13 m,
respectively.
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Table 1 Main information about seabed trenches discovered in the field
. . Trench
Time Location Water Soil Platform Mooring Trench Padeye Trench lenath Trench
depth (m)  property strategy numbers  depth (m) depth(m) (r?]) width (m)
Gulf of . .
2014 Guinea 475 softclay Serpentina FPSO  Semi-taut 9 9 4-7 25-40 4-10
2015 North Sea 140 soft clay AHO001 FPF - 12 >10 <10 135-166 25-35
2018 Gulf of 1300 soft clay FPSO Semi-taut 60-90 12-15 0-5 90-100 0-7
Guinea oLT Semi-taut  30-45 9-12 1-12 80-90 1-13

Figure 5 Typical formation phases of the trench (Wang et al., 2020)

The main information about the trenches is summarized
in Table 1. Some common characteristics are found in
these cases. The semi-taut mooring strategy was mainly
adopted and the anchor padeyes were embedded below the
mudline. The cyclic movements of the upper structures
lead to the chain repeatedly cutting into the soil. It is found
that the soils are soft clay, which has low shear strength
and is easy to be remoulded and removed by the flow.
Though the trenches were discovered mainly in front of
suction anchors and piles, the trench formation is not relat-
ed to the anchor type. If the anchor padeye is embedded in
the seabed, then the trench possibly appears near the moor-
ing line touchdown area.

2.3 Trench formation process and its simulation

As shown in Figure 5, Sassi et al. (2017) proposed pos-
sible phases for trench formation in the deep-sea. Wang et
al. (2020) draw the specific schematic diagram for each
phase as follows:

Phase 1: An initial weak plane in the seabed is formed
as the chain cuts through the soil.

Phase 2: The mooring line repeatedly cuts into the sea-
bed and simultaneously induces current turbulence near
the seabed, which induces the shallow soil erosion.

Phase 3: The softening, fluidization, and removal of seabed
soil cause the shallow trench to become deeper and longer.
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Phase 4: The trench wall becomes unstable and then col-
lapses. The collapsed soil is gradually removed by the wa-
ter turbulence and possible current.

Phase 5: An inner cavity formed at the trench bottom
progressively moves toward the anchor padeye.

The seabed trench formation is a complex process in-
volving mooring line movement, water disturbance, and
soil collapse and migration. Among these, the mooring
line seabed dynamic interaction is the trigger factor (Sassi
etal., 2017; Versteele et al., 2017).

Sassi et al. (2017) conducted a series of centrifuge
model tests to simulate the trench formation. It is found
that the mooring line movement under cyclic loads play a
key role in the trench formation. Versteele et al. (2017)
proposed a 2D model for simulating the trench develop-
ment using the analysis tool CASCI. However, the meth-
od adopted by the analysis tool CASCI is a static finite
difference method that cannot consider the mooring line-
seabed dynamic interaction. O’Neill et al. (2018) pro-
posed a method for predicting the trench profile using the
theoretical solution of the mooring line proposed by Neu-
becker & Randolph (1995). However, the above method
did not consider the mooring line dynamic effect, so the
prediction results were quite different from the actual
trench profiles. Sun et al. (2020) established a numerical
model base on a coupled Eulerian-Lagrangian (CEL) ap-
proach to simulate the trench formation. The chain is simu-
lated as a series of cylindrical elements and the soil is mod-
elled by a strain-softening Tresca material. Without the
consideration of chain out-of-plane movements and hydro-
dynamic effects, a stable trench profile is formed after a
few cycles. However, the mooring line dynamics is not
considered in the method. Wang et al. (2020) established a
2D trench profile prediction method based on the finite ele-
ment method. This model is the first to consider the moor-
ing line-soil dynamic interaction. The trench profile pre-
dicted by the model is compared with the field data, which
verified that the mooring line dynamics cannot be ignored
in accurate trench profile prediction, as shown in Figure 6.

Figure 6 Comparisons of prediction trench profiles with the trench
profiles in situ (Wang et al., 2020)

The seabed trench is formed due to the mooring line-
soil dynamic interaction, and it is not related to the an-
chor type (Wang et al., 2020). The seabed trench is influ-
enced by the anchor padeye depth, because it changes
the mooring line embedded length and potential final
trench depth. However, the seabed trench is not directly
affected by anchor installation and bearing capacity.
Seabed trenches change the anchor failure mode and re-
duce the anchor bearing capacity, which will be intro-
duced in Section 3.1. In addition, seabed trenches do not
affect the anchor installation.

3 Suction anchor research progress

A suction anchor is a steel thin-walled bucket structure
and the most widely used anchor for floating structures in
deep water. Its top is closed and equipped with a water
valve, and its bottom is open. It has the advantages of ac-
curate positioning, convenient construction, and the abili-
ty to withstand large vertical loads (Randolph & Gour-
venec, 2011). It is also suitable for catenary and taut
mooring systems. The suction anchor has a diameter of 4-
6 m, and the ratio of length to diameter is generally be-
tween 3-6.

The suction anchor originates from the suction pile. It
can be traced back to the 12 suction piles installed in the
Gorm oilfield in 1981. The pile length is 8.5-9 m. In 1989,
16 suction piles were interconnected to form the founda-
tion of the Gullfaks “C” concrete platform (Tjelta et al.,
1990), which penetrated 22 m into the soft clay. In 1994,
the suction anchor was first used in the CFD16-1 oilfield
system in the Bohai Sea, China. In addition, the suction an-
chor was also used in the world’s first offshore floating tur-
bine, Hywind, which was installed on the Norwegian coast
in 2009. The suction anchor has a diameter of 5 m, a
length of 16 m, and a weight of 300 t.

3.1 Suction anchor capacity in clay

Suction anchors are widely adopted in clay seabed. The
failure mode and bearing capacity of suction anchors in
clay have been extensively studied(House & Randolph,
2001; Byrne & Houlsby, 2002; Aubeny et al., 2003; EI-
sherbiny, 2005; Andersen et al., 2005; Aubeny & Murff,
2005; Rao et al., 2006; Zeinoddini et al., 2009; Kim et al.,
2009; Liu et al., 2013; Guo et al., 2018).

House & Randolph (2001, 2002) proposed a 3D upper
bound approach for the suction anchor capacity with hori-
zontal or rotation components and evaluated the method
accuracy by comparing it with the independent semi-ana-
lytical finite element results. This method can predict the
bearing capacity of suction anchors at different loading an-
gles. Byrne & Houlshy (2002) carried out monotonic and
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cyclic loading tests at different rates to investigate the
vertical response of suction caissons and discussed the
relationship between monotonic and cyclic loads to reveal
the key failure modes. Aubeny et al. (2003, 2005) pro-
posed a simplified method to estimate the horizontal ca-
pacity of suction anchors based on an upper bound plastici-
ty formulation to analyze the suction anchor capacity in
uniform and linear undrained strength profiles. Liu et al.
(2013) constructed the translational failure mode and force
equilibrium equation of suction anchor based on the
minimum force principle, and established the calculation
method of suction anchor capacity considering different
loading angles. The above studies focused on the ultimate
capacity but ignored the anchor pulling-out process. Guo
et al. (2018) carried out a series of model tests to investi-
gate the short-term static capacities and the failure modes
in clay and found that the loading angle decreases from
50.2° to 32.0°, the caisson’s failure mode changes to a
combined mode, and its corresponding capacity noticeably
increases.

3.2 Suction anchor capacity in sand

Some progress has been made in the research about suc-
tion anchor capacity in sand, including in finite element
calculation (Deng & Carter, 2000; Ahmed & Hawlader,
2014), experiment research (Bang et al., 2011; Gao et al.,
2013; Jang & Kim, 2013), and theoretical analysis (Bang
et al., 2006; Liu et al., 2015; Hirai, 2017; Guo et al., 2019;
Xu et al., 2023).

Bang et al. (2011) conducted a series of centrifuge
model tests to obtain the suction anchor capacity in
sand, and proposed an analytical solution for horizontal
pull-out capacity based on previous research results
(Bang & Cho, 2001; Bang et al., 2006). Gao et al.
(2013) studied the pull-out characteristics of suction an-
chors in sand under 1 g conditions and found that the
anchor movement mode changes with the increasing
loading inclined angle. When the load inclined angle
changes from 0° to 60°, the capacity reduction is signif-
icant. Jang & Kim (2013) carried out centrifuge model
tests to evaluate the horizontal capacity. The results
showed that the equation derived from Rankine passive
earth pressure equation has a good prediction of the
test results. Liu et al. (2015) proposed an analytical
model to predict the anchor capacity. The model adopt-
ed the soil resistance distribution proposed by Zhang et
al. (2005) and Bang et al. (2006) to calculate the failure
surface angle based on the minimum force principle.
The anchor capacity in sand was mainly investigated
by the model tests and numerical simulations. Never-
theless, the analytic method requires further develop-
ment.

3.3 Suction anchor capacity considering the

seabed trench

Seabed trenches have some influence on the anchor ca-
pacity, which is the focus of some studies.

Arslan et al. (2015) carried out finite element simula-
tions to study the trench influence on the suction anchor
capacity. The results showed that when the seepage path
around the suction anchor is not considered, the trench in-
fluence on the passive suction at the anchor bottom is lim-
ited. Alderlieste et al. (2016) studied the suction anchor ca-
pacity in the presence of trenches and found that trenches
reduce the anchor horizontal capacity. Therefore, it is sug-
gested that the anchor padeye should be moved downward
to improve the failure mode after the trench formation.
Sassi et al. (2018) conducted a series of centrifuge model
tests to explore the anchor capacity with and without
trenches. The results showed that small trenches do not af-
fect the mobilization of passive suction at the anchor bot-
tom, which is consistent with the numerical results of Ar-
slan et al. (2015). Feng et al. (2019) carried out a 3D finite
element numerical simulation and explored the trench
width influence on the anchor capacity. The anchor enve-
lope surfaces with and without the trench were compared,
and the findings showed that the anchor capacity decreases
significantly when the load direction tends to be horizontal
(Figure 7). Rui et al. (2022a) conducted a series of centri-
fuge model tests to investigate the trench influence on the
anchor capacity in carbonate sand and captured the anchor
movement and soil displacement through particle image
velocimetry (PIV) analyses. It is found that the soil loss
changes the anchor failure mode, and the anchor capacity
decreases accordingly. Existing studies only investigated
some special cases with the seabed trench, but the analysis
framework considering the trench influence is still not es-
tablished.

Figure 7 Effect of seabed trenching conditions on the inclined
capacity under zero-tension interface conditions (Feng et al., 2019)
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3.4 Suction anchor capacity considering vertical
cyclic loadings

Many experimental studies were conducted on suction
anchor responses under axial cyclic loadings, e.g., Byrne
& Houlshy (2002), Kelly et al. (2006), Bienen et al.
(2018), and Jeong et al. (2020). The results showed that
the behavior of suction anchors under axial cyclic loadings
is complex, and the effects of cyclic loading amplitude,
frequency, drainage condition, and loading history should
be adequately considered in the design. However, the dif-
ferential pressure (passive suction) acting on the caisson
lid is not considered in the mainstream design codes (API,
2014; DNVGL, 2017; OWA, 2019). Using the finite ele-
ment method, Thieken et al. (2014) and Cerfontaine et al.
(2016) numerically studied the differential pressure devel-
opment of uplifted suction anchors. It was found that the
differential pressure can considerably increase the caisson
uplift capacity. Tasan & Yilmaz (2019) used a fully cou-
pled two-phase model and a hypo-plastic constitutive mod-
el to simulate the suction anchor responses under cyclic
loadings, but the cycle number cannot be large due to effi-
ciency problem. Senders (2008) proposed a kind of spring
& damper model, which only needs a few parameters and
shows high computational efficiency. But all the springs
are elastic and linear, so this model cannot reflect the
changes of caisson-soil interface strength and stiffness un-
der cyclic loadings. In addition, the displacement and dif-
ferential pressure accumulations of the suction anchor
were not considered in the model. on the spring & damper
model from Senders (2008), Zhou et al. (2021b) developed
an elasto-plasticity model which can account for the cyclic
loading effects, including the cyclic degradations of inter-
face strength, stiffness and displacement accumulation,
and the. The model diagram is shown in Figure 8.

Figure 8 Spring & damper model (Zhou et al., 2021b)

4 Anchor behavior analysis based on the
anchor-soil interface

The anchor bearing capacity is the ultimate structure

to ensure the safety of the mooring system. The bearing
capacity comes from the interaction between structure
and seabed soil, so its capacity is not only affected by
the anchor configuration and soil parameters, but also re-
lated to the steel-soil interface shear characteristics. In this
part, a new perspective, the steel surface-soil interface, is
provided to analyze the anchor behavior.

4.1 Steel surface-soil interface shear characteristics

The steel surface-soil interface interaction has an impor-
tant influence on the anchor installation and service. White
et al. (2012) and Boukpeti & White (2017) provide a criti-
cal state framework for result interpretation from interface
shear tests on drained, partially drained and undrained con-
ditions. The steel-clay interface shear z, can be expressed
as:

T4 = a(o-llw )b < :umaxO-r: (5)

where o, is the normal effective stress, x,,, is the maxi-
mum interface coefficient of friction, and a and b are ma-
terial constants varying with soil type. The steel-clay in-
terface shear is related to various parameters, such as sur-
face roughness (R,), clay properties, clay drained condi-
tion, shear rate, etc. Martinez & Stutz (2019) studied the
effects of shearing velocity, surface roughness, and over-
consolidation ratio on the strength and deformation be-
havior of fine-grained soil-structure interface and pointed
out that increasing surface roughness promotes shear
strength under drained conditions. However, the expres-
sion of unified steel-clay interface strength considering
various factors remains to be developed for rapid engi-
neering design.

For steel-sand interface shear, the ratio of surface rough-
ness to mean particle size (R,/Dy,) is an important factor af-
fecting interface behavior (Rao et al., 1998; Dove & frost,
1999; DeJong & frost, 2002; Dietz & Lings, 2006; DeJong
& Westgate, 2009). Rao et al. (1998) explored the influ-
ence of different surface roughness and particle size on in-
terface shear strength based on the interface direct shear
apparatus and proposed that the interface normalized
roughness can be characterized by R,/D,,. Lings & Dietz
(2005, 2006) carried out an experimental study on inter-
face shear. According to the normalized roughness R,/D,,,
the roughness is divided into three grades (smooth, medi-
um, and rough). The influence of normal stress on shear
strength depends on the normalized roughness. DeJong &
Westgate (2009) conducted a series of tests to explore the
effects of different factors. It is found that if the interface
is rough, the interface dilatancy/contraction behavior be-
comes significant. Meanwhile, the interface soil does not
change significantly under smooth interface conditions.

Rui et al. (2018, 2021a, 2021b) conducted the large-dis-
placement interface shear to investigate the monotonic and
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cyclic interface behaviour, and assessed the particle size
and shape evolution(Rui et al., 2020b, 2021e). It is found
that the particle breakage has a great influence on the inter-
face strength under large-displacement shear. Zhou et al.
(2020a, 2020b) investigated the cyclic degradation behav-
ior of interface strength considering the effects from the
previous large-displacement shear process and found that
the shear displacement and shear path during the previous
shear process have significant effects on the interface’s cy-
clic degradation. Although the above studies analyzed the
steel-sand interface interaction, the constitutive model still
needs to be established.

4.2 Suction anchor

The suction anchor padeye is often located at about 2/3-
3/4 of the anchor length below the mudline, and the suc-
tion anchor bears horizontal and vertical loads. During the
installation of the suction anchor, the penetration resis-
tance mainly includes the interface shear resistance and an-
chor tip resistance. Among these, the interface resistance is
dominant; that is, it controls the penetration resistance.

API specification (API-RP-2SK, 2005) presents the fail-
ure envelope of the suction anchor in clay, as shown in
Figure 9. Three failure modes of suction anchors have
been discovered under combined loadings. When the load-
ing angle is less than 15°, the anchor failure mode is con-
trolled by horizontal soil resistance, and the horizontal
bearing capacity is about 1.8 times the maximum vertical
capacity. When the loading angle is greater than 40°-45°,
anchor failure mode is controlled by the interface shear
strength. When the loading angle is between 15°-40°, the
anchor failure mode is controlled by the coupling effect.
Among them, the anchor capacity is the lowest when the
interface strength is controlled, which is the most unfavor-
able state in the project.

Figure 9 Failure envelope of suction anchor in clay (API-RP-2SK,
2005)

4.3 Vertically loaded anchor (VLA)

Vertically loaded anchor (VLA) is a new type of drag
penetration plate anchor. Its installation method is similar

to the traditional drag anchor. The anchor is slowly lifted,
placed, and embedded onto the seabed along a certain tra-
jectory through the cable length reduction or the installa-
tion ship movement. After the design depth is reached, the
angle adjuster is excited, and the cable is adjusted to turn
the anchor plate into a normal stress state. Under these
conditions, the loading direction of mooring tension is per-
pendicular to the anchor plate plane. Different from tradi-
tional drag anchorsis that it can bear the vertical uplift
bearing capacity, making it widely used in deep-water and
semi-taut mooring systems.

Figure 10 shows the VLA installation and service state.
The plate anchor is installed by exerting interface shear
strength. In service, the anchor capacity is mobilized by
normal soil resistance. Its characteristics are expressed as
follows: during installation or recycling, the interface
shear strength controls the minimum soil resistance, so the
loading direction of the plate anchor is adjusted to be par-
allel to the tangential direction of the anchor plate to re-
duce the penetration resistance. During the service, the
bearing capacity is controlled by the normal soil resis-
tance, and the maximum bearing capacity of the plate an-
chor can be exerted by adjusting the load direction almost
perpendicular to the normal direction of the plate anchor.

Figure 10
anchor

Installation and service status of a vertically loaded

4.4 Suction embedded plate anchor

In 1999, Aker marine contractors used a suction anchor
with a diameter of 4.5 m to penetrate the anchor plate,
which verified the concept of suction embedded plate an-
chor (SEPLA) for the first time. SEPLA adopts the pene-
tration method of suction anchor, and thus can be posi-
tioned more accurately than the drag plate anchor. After in-
stallation, its service mode is similar to that of the VLA.
SEPLA needs to be pretensioned by tightening the cable
after installation (Dove et al., 1998). In this process, the
anchor chain cuts into the seabed, and the anchor plate ro-
tates in the seabed to obtain the maximum bearing capacity.
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This process is called “keying” process, as shown in Fig-
ure 11. During this process, the penetration depth decreas-
es due to plate rotation. O'Loughlin et al. (2006), Gaudin
et al. (2006), and Song et al. (2009) studied the possible re-
duction of penetration depth during plate rotation by cen-
trifuge tests and finite element results. Yu et al. (2009)
studied anchor plate rotation in “keying” and considered
that the loading eccentricity is one of the important factors
influencing depth reduction. However, depth loss during
“keying” still requires analytical analysis.

For the SEPLA, the interface strength also plays an im-
portant role. During the anchor installation, the main resis-
tance of SEPLA includes the tip resistance and interface
shear resistance, corresponding to the minimum penetration
resistance. After the “keying” process, the plate anchor ro-
tates to make the loading almost perpendicular to the an-
chor plate to mobilize the maximum capacity. Consistent
with the VLA, SEPLA also adjusts the plate direction per-
pendicular to the loading direction in service.

Figure 11 Installation and service status of a suction embedded

plate anchor

4.5 Dynamic penetration anchor

The dynamic penetration anchor penetrates into the sea-
bed by the anchor’s kinetic energy, among which the torpe-
do anchor is widely used in engineering (Han et al., 2020).
Torpedo anchors consist of anchor shafts and wing plates,
as shown in Figure 12. The torpedo anchor is low-cost and
easy to install in deep water. However, since the chain is
generally connected to the anchor top, the anchor may
have rotation anchor in service, so the ratio of its bearing
capacity to its weight is lower than that of other anchor
types.

The distribution of soil resistance during torpedo anchor
installation and service is shown in Figure 12. In the instal-
lation process, when the torpedo anchor penetrates into the
seabed vertically, its soil resistance includes end resistance
and interface friction. When the anchor is in service, the
loading direction is generally inclined upward. At that
time, the force state of torpedo anchor is similar to that of
suction anchor under an inclined load, which has three fail-

ure modes. When the loading angle is large, the failure
mode of the torpedo anchor is mainly controlled by the in-
terface strength.

Figure 12  Distribution of soil resistance during torpedo anchor
installation and service

5 Conclusions

This paper first introduces the research progress of
mooring line-soil interaction and the seabed trenching sim-
ulation. Then, the research about the suction anchor capaci-
ty in clay and sand is presented, and the seabed trench in-
fluence on the anchor capacity is analyzed. For the anchor
analysis, this paper gives a new perspective to analyze the
anchor installation and bearing capacity, i.e., the structure-
soil interface characteristic. Some common anchor types
are analyzed. The main conclusions are as follows:

1) Seabed trench formation is triggered by the mooring
line-soil interaction. In the simulation of trench formation,
the mooring line-soil dynamic interaction cannot be ig-
nored. The 2D trench profiles have been acquired, but the
3D profiles are still needed for anchor capacity analysis.

2) The trench mainly reduces the anchor’s horizontal ca-
pacity and has minimal influences on the vertical capacity
under undrained conditions. The trench influence is not
considered in suction anchor design, which will make the
design more dangerous.

3) For the anchor, the interface shear characteristics con-
trol the most unfavorable conditions. For all anchor designs,
the interface shear resistance is mobilized to minimize the
installation resistance, and normal resistance is exerted to
maximize the capacity in service. Additional accurate in-
terface parameters should be obtained for anchor analysis.

From the analysis above, the main shortcomings related
to mooring lines and anchors are summarized as follows:
(1) no methods can be used to predict the final 3D trench
profiles at present, which have a great influence on anchor
capacity; (2) trench formation involves complex processes
that need to be revealed, and simulating this process is dif-



S.J. Rui et al.: Review on Seabed Trenches Induced by Mooring Lines and Analyses of Anchor Bearing Capacity 307

ficult; (3) the anchor capacity is reduced due to the seabed
trench; thus, trench influence should be assessed, especial-
ly in long term service; and (4) interface strength controls
the anchor failure mode and bearing capacity, but its mobi-
lization feature in different anchor types is not clear.

Research topics in the future study include (1) accurate
seabed trench profile prediction according to the mooring
system configuration and soil properties; (2) trench forma-
tion mechanism related to mooring line dynamics, current/
turbulence, soil degradation and removal, etc.; (3) anchor
capacity design considering the trench influence in the
long term; and (4) failure mode analysis of different an-
chor types based on the soil-structure interface strength.
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