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Abstract: Seabed trenches reduce anchor capacity. However, the adverse influence is not considered
in the current design, and no guideline is found in engineering practice. This paper presents a
framework for mooring and anchor design in sand considering seabed trenches based on floater
hydrodynamics. First, a hydrodynamic calculation of the studied floater coupled with the mooring
system was conducted. Then, the potential trench profile was assessed using a mooring line—seabed
dynamic model. Third, after assessing the suction anchor performance based on its installation and
capacity, a refined anchor, caisson—plate gravity anchor (CPGA), was proposed, and the capacity
mechanisms were analyzed. It was found that the tensions of mooring lines I1 and /2 resist maximum
loads under a 45° load condition. Due to the sand’s high strength, a trench is difficult to form in this
mooring type. The suction anchor is not suitable as an anchor for the carbonate sand, considering its
installation and capacity. The analyses indicate that the increase in soil stress and soil mobilized range
in front of the caisson promotes the capacity of CPGA. This paper provides a framework/example to
design moorings and anchors considering potential trenches and provides a solution to the anchor
design in carbonate sand.

Keywords: anchor capacity; floater; mooring system; sand; seabed trench

1. Introduction

Offshore floating structures developed rapidly with marine oil & gas exploitations [1,2].
Recently, floating wind turbines have shown their significant potential in 60 m water
depth, and they have been widely applied in Europe, Australia, and East Asia [3,4]. To
position the floating structures, mooring systems are adopted, including mooring lines and
anchors [5-7]. Mooring lines are the structures transferring the load from the floaters to
the anchors [8-12]. The anchors are bottom structures to resist the load transferred by the
mooring lines, and their bearing capacity is one main concern in the anchor design [13,14].
For the floating wind turbines, multiline anchors have been proposed to reduce the total
costs of the mooring system [15].

Seabed trenches near the moor lines and pipelines have an ignorable influence on these
structures [16]. In some semi-taut mooring systems, the upper floaters drive the mooring
line to repeatedly penetrate the soil, which remolds and degrades the surficial seabed
soil [17-19]. Then, the soil particles are eroded by the seabed flow /turbulence, which leads
to seabed trenches near the mooring chain touchdown area, as shown in Figure 1 [20].
The first case reported in 2014 indicated that obvious trenches were formed in front of the
anchor in soft clay [19]. Then, some trenches were found in the North Sea [21]. The latest
report presented three-dimensional trench profiles [22].
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Figure 1. Seabed trench in front of anchor due to mooring line repeatedly cutting.

2. Literature Review

The above reports presented that the seabed trenches existing near the chain touch-
down area in front of the anchors led to a reduction in anchor capacity. Considering
the trench influences, some finite element (FE) simulations were carried out [23-28].
Hernandez-Martinez [23] used an FE model to study the holding capacity considering a
trench close to a suction anchor and found that the calculated capacity was reduced by
20-45% depending on the inclined loading angle. Arslan [24] utilized a 3D finite element
method to estimate the suction anchor holding capacity and discussed the influence of the
trench and loading conditions on failure modes. Alderlieste [25] recommended a down-
ward movement of the padeye to account for possible trench formation, but it may lead to a
larger trench after a long-term period. Feng [26] investigated the effect of the trench width
on the anchor capacity and verified that the anchor capacity has an apparent reduction
when the trench width reaches the anchor diameter. The above analyses were mainly based
on finite element calculations and were not verified with model tests/field data.

Based on the centrifuge model tests, more verifications about the trench influence
on the anchor capacity were carried out [29,30]. Sassi [29] verified the mobilization of the
reverse-end bearing (passive suction) capacity in the trench cases. Wang [31] pointed out
that seabed trenches not only affect the anchor capacity but also make the loading direction
turn to be more horizontal. For sand seabed, Rui [30] conducted centrifuge model tests
to investigate the trench influence on the anchor capacity and found that trenches change
the failure mode and reduce the anchor bearing capacity. It is agreed that seabed trenches
near the anchors reduce anchor capacity. However, the adverse influences are not well
considered in anchor design, and no analysis procedure/example can be referenced for
mooring and anchor design.

3. Objective and Novelty

This paper developed a framework for analysis procedure considering potential
seabed trenches, which includes hydrodynamic calculation of the floater, seabed trenching
evaluation, anchor selections, and capacity analyses. The maximum mooring line tension
and platform displacement were analyzed. The seabed trench profile was evaluated using
the proposed trench prediction method. A new-type anchor, a caisson—plate gravity anchor,
was proposed to provide a solution to the anchor design in carbonate sand.

This paper mainly has two contributions to current mooring and anchor design. The
first one is to propose an analysis framework to design moorings and anchors considering
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seabed trenches in sand. The second one is to propose a new anchor type, caisson—-plate
gravity anchor (CPGA), for anchors in carbonate sand, and reveal its capacity mobiliza-
tion mechanism.

4. Methodology

The framework proposed in this paper mainly includes three procedures, as shown
in Figure 2. The relationship between different procedures and methods is illustrated
as follows:

(1) Hydrodynamic calculation of the floater: Based on the AQWA (ANSYS, 2019), the
hydrodynamic analyses of a floater coupled with its mooring system were conducted
to obtain the frequency and time domain responses. The positioning performances of
the mooring system were evaluated, and the cyclic displacement curves of the fairlead
were obtained. The outputs, e.g., mooring line tension and fairlead displacement, are
the inputs of the seabed trenching evaluation.

(2) Seabed trenching evaluation: Considering the seabed properties, the dynamic calcu-
lation of a typical single mooring line was carried out based on COMSOL, and the
possible trench profiles were evaluated based on the mooring line-seabed interaction
model. The outputs, e.g., trench dimension and tension at anchor padeye, are the
inputs of the anchor selection and capacity analyses.

(3) Anchor selections and capacity analyses: The applicability of the suction anchor
was first assessed based on its installation and capacity analysis. A refined anchor,
the caisson—plate gravity anchor (CPGA), was proposed, and FE analyses based on
ABAQUS were adopted to verify whether it meets the design requirements [32].

A framework on mooring and anchor design in sand considering
seabed trench based on the floater hydrodynamics

{

U Hydrodynamic calculation of the floater

o Tools: AQWA

| Floater | o Method/model: potential flow theory

o Inputs: dimensions of floaters, sea conditions, mooring system parameters
—r~o Outputs: mooring line tension, fairlead displacement

{

QO Seabed trenching evaluation

o Tools: COMSOL

| Mooring line | o Method/model: mooring line dynamics considering chain-seabed interaction
L 30 Inputs: fairlead displacement, soil conditions, mooring line parameters

—o Outputs: trench dimension, tension at anchor padeye

{

Q Anchor selections and capacity analyses

o Tools: ABAQUS

| Anchor | o Method/model: finite method adopting advanced soil models

L350 Inputs: soil conditions, trench dimensions, tension at anchor padeye
o Outputs: anchor dimensions

Figure 2. A framework for mooring and anchor design in sand considering seabed trenches.

5. Model Descriptions and Results
5.1. Hydrodynamics of Floating Platform
5.1.1. Design Parameters and Numerical Models

(1) Basic Design Requirements

A floating platform was installed near an island in the South China Sea. The water
depth where the floating platform was positioned was about 40 m. According to the China
classification society regulations, the floating platform and mooring system must meet the
sea states with a 50-year return period, as shown in Table 1. The designed significant wave
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height Hs was 4 m and the maximum wind speed was 46.2 m/s. The NPD wind spectrum
of average wind speed was adopted in the hydrodynamic calculation, and the JONSWAP
spectrum was adopted as the wave spectrum. The spectral peak period T, was determined
by the ISSC recommended formula, and the intermediate value was taken respectively. The
recommended formula was v/13Hs < T}, < 1/30H;, and the peak enhancement factor was
v =2.0.

Table 1. Designed sea conditions with the 50-year return period.

Average Wind Speed Significant Wave Spectral Peak Period Current Velocity V.
Vi (m/s) Height H (m) T, (s) (m/s)
Survival condition 46.2 4.0 9.1 1.0
Operational condition 8.0 1.0 4.5 0.3

(2) Floating platform

The floating platform was constituted and connected by two semi-submersible mod-
ules. The length and width of a single module were 30 m and 25 m, respectively. Each
module’s height was 14.2 m, and the draft was 5.5 m. The interval between the two modules
was 1 m, and the total length of the floating platform was 63 m. These two modules were
hinged by the connecting structure. The total mass of the platform was 1827 t. Table 2
shows the main dimensions of the floating platform.

Table 2. Main dimensions of the floating platform.

Parameters Values
Total length 63 m
Total width 25m
Single module length 30m
Module height 142 m
Module draft 55m
Total displacement 1827 t

According to the API specification [33], the calculations of wind and flow force coeffi-
cients of floating structures were completed, and the relevant force coefficients were shown
in Table 3.

Table 3. Wind and flow coefficients of a single module.

Wind Current
x y x y
Area (m?) 137.7 152.7 109.5 116.5
Force coefficient (N/(m/s)?) 105.7 117.2 66,781.3 71,050.4

(3) Mooring system design

Based on the sea states and requirements, the mooring system was designed, including
the fairlead position, the mooring line composition, and the layout of the mooring lines.
Figure 3 presents the mooring system of the floating platform (top view). A 4 x 2 mooring
configuration was adopted, and two parallel mooring lines were connected to the fairleads
of the floating platform. The origin of the coordinate was the center of gravity of the
floating platform. The x axis pointed from the bow module to the stern module, and the
y axis pointed to the starboard side of the floating platform. The z axis pointed upwards.
The angles between the mooring lines and the x axis were —135°, 135°, 45°, and —45°,
respectively. The mooring radius was 170 m.
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Figure 3. Mooring system of floating platform (top view).

Table 4 illustrates the position of fairleads and fixed points of the mooring system.
The fairlead was located at the column, which is 6 m from the platform baseline, i.e., 0.5 m
higher than the water level. The distance between the two parallel mooring lines is 2.6 m.
The parallel arrangement of mooring lines can make two lines connected on the same
anchor, which can reduce the number of anchors and economic costs, as well as satisfy the
accident limit state with one broken mooring line.

Table 4. Position of fairleads and fixed points in the mooring system.

Cod Fairlead on the Platform Fixed Point on the Seafloor
odes
x (m) y (m) z (m) x (m) y (m) z (m)
11 —26.4 —12.5 0.5 —146.6 —132.7 —40.0
2 -29 -12.5 0.5 —149.2 -132.7 —40.0
3 -29 12.5 0.5 —149.2 132.7 —40.0
14 —26.4 12.5 0.5 —146.6 132.7 —40.0
5 26.4 12.5 0.5 146.6 132.7 —40.0
16 29 12.5 0.5 149.2 132.7 —40.0
17 29 —12.5 0.5 149.2 —132.7 —40.0
I8 26.4 -12.5 0.5 146.6 -132.7 —40.0

Each mooring line consists of four components, and their basic parameters are shown
in Table 5. The upper part is a polyethylene cable with a length of 10 m. Following that,
nylon cable with a 75 m length is adopted to reduce the line weight. The last part interacting
with the seabed is the chain, including a 6 m transition part with a chain nominal diameter
of 120 mm and an 88 m ground chain with a chain nominal diameter of 208 mm (nominal
diameter, dy,, refers to the bar diameter where the chain is made).

Table 5. Parameters of each mooring line.

. . - Feature Diameter Breaking Force
Mooring Line Position Components Length (m) (mm) (KN) Mass (kg/m)
Upper part Polyethylene 10 194 19,600 17.2
Middle part Nylon 75 259 19,600 46.8
Transition part Chain 6 120 (dy) 13,573 288
Ground part Chain 88 208 (dp) 34,619 862

The hydrodynamic calculation of the floating structures coupled with the mooring
system was conducted based on the software AQWA (ANSYS, 2019R3), and the established
model is shown in Figure 4.
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Figure 4. Hydrodynamic calculation model of floating platform in AQWA.

5.1.2. Hydrodynamic Calculation Results

(1) Frequency Domain Analysis Results

Considering the typical wave loads on the floating platform, three load directions
(0°, 45°, and 90° to the x axis) were adopted to calculate the response amplitude operators
(RAOs) under different wave periods, as shown in Figure 5. When the wave direction is 0°,
the main motion response is surge and pitch. The surge RAO decreases with the increase
in the wave frequency, and the response is significant in the low-frequency region. The
pitch RAO has two peaks at wave frequencies of 0.46 rad /s and 0.87 rad/s, corresponding
to 13.7 s and 7.2 s periods, respectively. When the wave direction is 90°, the sway and
roll motions of the platform have a certain increase. The sway RAO gradually decreases
with the increase in the wave frequency, and the roll RAO presents a bimodal state. When
the wave direction is 45°, the floating platform is subjected to oblique force. As a result,
the platform has a certain displacement/rotation in both the x and y directions, which is
smaller than the displacement/rotation in a 0° or 90° wave direction. For the heave motion,
the platform has similar motions in these three wave directions, though small differences
appear when the wave frequency is between 0.5 and 2. In addition, the platform in a 45°
wave has a larger yaw RAO compared with that in 0° and 90° waves.

(2) Time domain analysis results

To evaluate the performance of the mooring system, the responses of the floating
platform coupled with the mooring system were analyzed in the time domain. The designed
sea conditions under the survival condition (shown in Table 2) were adopted as the input
parameters. The NPD spectrum with an average wind speed of 46.2 m/s was adopted. The
JONSWAP spectrum with a significant wave height of 4 m was utilized. The wave peak
period T was 9.1 s, and the peak enhancement factor -y was 2.0.

Considering the sea state with a 50-year return period, the directions of wind, wave,
and current were assumed to be the same. Three working conditions with different load
directions of 0°, 45°, and 90° to the x axis were selected for analyses. The response of the
floating platform coupled with the mooring system was analyzed to acquire the movement
and mooring line tension in the time domain. The calculation time was 1 h.

For anchor design, it is important to acquire the maximum platform displacement and
the mooring line tension under extreme sea states. The calculation results indicated that
the platform movement and the mooring line tension in 45° are larger than those in 0° and
90°, which are the inputs in the trench evaluation and anchor design. Thus, the calculation
results in 45° are mainly displayed and analyzed.
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Figure 5. Response amplitude operators in different wave periods and directions.

Figure 6 shows the time-history curve of platform movement when the load direction
is 45°. Under this condition, the maximum sway, surge, and heave motions are 5 m, 3.55 m,
and 3.11 m, respectively. The sway motion is larger than the surge and heave motions due
to its larger loading area. In addition, because of the smaller flatform width, the smaller
inertia moment along the x axis needs the maximum pitch of 14.92° to resist the maximum
rotational torque. On the contrary, the maximum roll is only 2.43° due to the large inertia
moment along the y axis. The maximum yaw angle of 9.46° indicates that the platform has
an obvious rotation along the z axis.

Figure 7 shows the time-history curves of the mooring line tension at the fairlead
when the load direction is 45°. Under a 45° load direction, mooring lines /; and I, are
the main mooring lines to resist the loads since the mooring line directions are parallel to
the load direction. It is found that the tensions change synchronously, and the difference
between the maximum tensions of the two lines is small. This is because the parallel lines
are very close and have similar restoring forces acting on the platform. The maximum
tensions of I; and I, are 2178 kN and 2000 kN, respectively. The difference between the

maximum line tensions comes from the counterclockwise rotation of the platform at this
moment (see yaw in Figure 6).
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Figure 6. Time-history curves of the platform motion under the load direction of 45°.
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Figure 7. Time-history curve of chain tension at the fairlead. (a) Mooring line /;; (b) mooring line I,.

Figure 8 presents the time-history curves of chain tension at the seabed fixed point
when the load direction is 45°. The maximum tensions of mooring lines I; and I, are
1472 kN and 1503 kN, respectively. The tensions at the seabed fixed point are smaller
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than that at the fairlead because the heavy mooring line also contributes to part of the
restoring force of the mooring line. However, the tensions at these two points have a similar

variation trend. The results under the extreme sea states can be adopted as the inputs in
the anchor design.

16007 1472kN 1600 1503 kN

1400 1400

1200 | 1200
Z 1000 % 1000
=] =]
.S 800 .S 800
Z Z
5 5
= 600 = 600+

400 - 400

200 200
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Figure 8. Time-history curve of chain tensions at seabed fixed point. (a) Mooring line /1; (b) mooring
line ;.

Table 6 summarizes the maximum values of the motion components and mooring
line tensions under different load directions. The resultant displacement refers to the
combination of the maximum surge, sway, and heave. Under a 90° load direction, the
maximum resultant displacement reached 7.43 m, which was adopted in the trench profile
evaluation. The maximum load appears when the load direction is 45°, which was utilized
as the input value to design the anchor.

Table 6. Maximum values of platform motions and mooring line tensions.

Incident Load Direction

Parameters

0° 90° 45°
Surge (m) 4.78 0.19 3.55

Sway (m) 0 6.19 5
Heave (m) 3.6 4.1 3.11
Resultant displacement (m) 5.98 743 6.88
Pitch (°) 0 17.69 14.92
Rolling (°) 4.29 0.74 243
Yaw (°) 0 1.39 9.46
Tension at fixed point (kN) 878.25 1141.5 1503

5.2. Evaluation of Seabed Trench Profile
5.2.1. Calculation Method

To acquire larger anchor capacity, anchors are usually embedded in the seabed; thus,
part of the anchor chain is below the mudline. For the suction anchor, the anchor padeye
is located at about 2/3 of the embedded depth. Thus, the interaction between the chain
and the seabed must be considered to determine the load magnitude and direction at
the padeye. This section established a numerical model to evaluate the configurations of
the mooring line. Then, the possible trench profiles were evaluated based on the method
proposed by [31].

Table 7 lists the main parameters for trench profile assessment. According to the
hydrodynamic calculation results (Table 6), the maximum platform motion at 90° is 7.43 m,
which was adopted as the displacement amplitude in the numerical model. The typical drift
period Tt was taken as 100 s and the mooring radius R was 170 m. The fairlead movement
adopted a sine shape, and each mooring line had a total length of 179 m. The anchor padeye
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was set to be 6 m below the mudline, corresponding to a suction anchor with 9 m in length.
The seabed soil was relatively uniform carbonate sand; thus, the variability and reliability
of the parameters were not considered in this paper. The sand properties were determined
based on the triaxial shear test and interface shear test [34]. The sand had a mean saturated
unit weight of 18 kN/ m3. The mean sand critical friction angle was 36.2°, and the interface
friction angle between the sand and steel surface was 26° [35,36].

Table 7. Calculation parameters for the trench profile assessment.

Parameter Types Parameters Values
Floating platform Motion a.rr}plltl%de, Af 743 m
di Balance position distance, R 170 m
isplacement . .
Cyclic period, Ty 100 s
L Anchor padeye depth, d, 6m
Mooring line Mooring line length, L 179 m
Saturated unit weight, 7 18 kN/m3
Seabed soil Sand critical friction angle, ¢ 36.2°
Interface friction angle, 6 26°

5.2.2. Calculation Results

Figure 9a shows the calculated mooring line configurations in the fifth cycle. Under
the catenary mooring, there is always a ground chain lying on the seabed. Due to the sand’s
high strength, it is difficult for the mooring line to cut into the soil. Since the embedded
chain does not cut into the seabed repeatedly, the trenches are difficult to form based on
the assumption in [31]. Therefore, the lying chain moves up and down near the mudline.
The embedded chain near the padeye always remains in the vertical direction. Figure 9b
presents the time-history curve of the tension at the padeye. The inclined loading angle
to the horizontal at the padeye maintains 90°. Under this condition, the suction anchor is
subjected to pure vertical force.

427 100+

90
804
70
60
50
40

30+

20 Inclined angle
Mudline -

104

Anchor

36

Load inclined angle remains 90<
30

Mooring line
~

Inclined angle (9

6 | Padeye ; ; ; ! 0 T T T T |
0 50 100 150 200 0 100 200 300 400 500
x (M) Time (s)
(a) (b)

Figure 9. Mooring line configurations and inclined loading angle at the padeye. (a) Mooring line
configurations in the fifth cycle; (b) inclined loading angle at the padeye.

5.3. Anchor Design and Capacity Analyses
5.3.1. Suction Anchor Evaluation

In this case, two parallel mooring lines are connected to the same anchor at different
padeyes, e.g., I; and I, to reduce the total costs. The resultant force passes through the
central axis of the anchor. Hydrodynamic calculations indicate that the maximum tension
of the mooring line at the seabed fixed point is 1503 kN, and the resultant load on the same
anchor is 3006 kN. According to [32], the safety factor of the suction pile and gravity anchor
is 1.6 under the horizontal load in the permanent mooring. Considering the safety factor of
1.6, the design capacity of the anchor is 4810 kN.
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At present, embedded anchors mainly include suction anchors, drag anchors, dynami-
cally installed anchors (DIAs), and other anchor types [37]. Among these anchors, suction
anchors are also widely adopted in sand and are easier to install in medium-dense sand by
suction. Therefore, suction anchors were first assessed in this case.

Because the catenary mooring system was adopted in this case, a trench was difficult
to form as shown in Section 5.2.2. Liu [38,39] proposed an analytical method to calculate
the bearing capacity based on the translation movement mode of the suction anchor. The
length and diameter of the suction anchor were 9 m and 3 m, respectively. The embedded
depth of the padeye was located 6 m below the mudline (2/3 of the embedded depth) [40].

Figure 10 shows the relationship between the calculated anchor capacity and the
inclined loading angle. For the fully translational movement mode, the capacity of the
suction anchor can reach 27,500 kN. With the increase in inclined loading angle, the anchor
capacity decreases rapidly. Therefore, if the design load of 4810 kN is reached, the inclined
tension angle at the padeye to the horizontal should not exceed 50°.

35000
| Maximum value: 27500 kN
30000 - .
S
S
g &
S5
25000 e
2 1 <
B M S d
g 20000 1 5 Padeve
Q 1 S/
3 :
5 15000 + l
.8 ) w
é 10000 7
1 Design load: 4800 kN
5000f - -2 - - ____ >
Vertical capacity: 1570 kN
O T T T T T T T T 1

Load inclined angle, 8 (°)

Figure 10. Calculated capacity of suction anchor versus inclined loading angle.

The results in Section 5.2.2 indicated that the inclined loading angle that is transferred
from the chain to the anchor padeye is 90°. Under this condition, the capacity of the suction
anchor is 1570 kN, which accounts for only 5.6% of the maximum horizontal capacity.
This value is far lower than the design load of 4810 kN, which cannot meet the design
requirements. The suction anchor will always be in the vertical loading state. The bearing
capacity mainly depends on the internal and external interface frictions and anchor weight,
so its bearing capacity is significantly reduced. In addition, due to the high permeability of
carbonate sand, it is difficult for suction anchors to penetrate the sand with the assistance of
passive suction [41-43]. Therefore, a suction anchor is not suitable as an anchor in carbonate
sand considering installation and bearing capacity.

5.3.2. Caisson-Plate Gravity Anchor

Gravity anchors mainly mobilize their resistances from the interface friction between
the foundation and the seabed. Since the interface friction coefficient is generally less
than 1, gravity anchors are designed in large dimensions, adding costs to transportation
and installation. The design capacity is 4810 kN. If the gravity anchor is adopted and the
interface friction coefficient is about 0.48, the gravity anchor mass reaches 1000 t.

Gravity anchors with skirts embedded in the seabed are often adopted in shallow water
to increase the anchor capacity. In this paper, a new configuration, a caisson—plate gravity
anchor (CPGA), is adopted. Figure 11 presents the configuration of CPGA, including the
caisson diameter (d), the caisson embedded depth (), the cover plate diameter (D), and
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the vertical pressure of the cover plate (V). The caisson—plate gravity anchor is designed
according to the soil condition and design requirements.

p
/" Plate
/ N

Figure 11. Configuration of the caisson—plate gravity anchor.

(1) Preliminary size design

According to engineering conditions, the preliminary design of a caisson-plate gravity
anchor in a sand seabed was conducted. Its bearing capacity is closely related to its
dimensions. Based on the seabed soil parameters, the preliminary sizes of the caisson—plate
gravity anchor after some trial calculations were determined, as shown in Table 8. The
caisson embedded depth is 3.7 m, and the cover plate diameter is 11.1 m. The outer caisson
diameter is 3.7 m, and the wall thickness is 44 mm, according to [32]. The vertical pressure
of the cover plate is 16 kPa, and the total anchor weight is 164 t. In this case, the ratio
of calculated capacity to weight is 2.92. Compared with the weight of a gravity anchor
(1000 t), the weight of the caisson—plate gravity anchor is reduced by 83.6%, and the ratio
of capacity to weight increases by more than five times.

Table 8. Designed dimensions of the caisson—plate gravity anchor.

Parameters Values
Caisson outer diameter, d 3.7m
Caisson embedded depth, k 3.7m
Caisson wall thickness, ¢ 44 mm
Cover plate diameter, D 11.1m
Vertical pressure of the cover plate, V), 16 kPa
Anchor total weight, W 164.3 t

(2) Finite element verification

According to the preliminarily designed dimensions, a finite element model was
established based on ABAQUS to calculate the anchor capacity, and the sand hypoplastic
constitutive model was used [44,45]. The model parameters were based on the results of
triaxial shear tests and interface shear tests [30,46,47]. The padeye was set at the mudline.
The calculated load—displacement curve is shown in Figure 12.

The bearing capacity calculated by the FE simulation is 5700 kN, and the required
anchor capacity in this paper is 4810 kN. The calculated capacity is about 18.5% higher
than the designed capacity. The FE results indicate that the preliminary design results are
reliable. At the same time, it is found that when the anchor capacity reaches the design
capacity of 4810 kN, the anchor displacement is 0.21 m, which is about 5.7% of the caisson
diameter. For the suction anchor design, the anchor capacity refers to the load when the
displacement reaches 10% of the anchor diameter. According to this criterion, the anchor
capacity of CPGA meets the design requirements.
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Figure 12. Load displacement curve of the caisson—plate gravity anchor.

Figure 13a shows the soil displacement field when the caisson—plate gravity anchor
reaches the ultimate capacity. It is found that soil displacement in the caisson basically
presents a translational failure mode, which means that soil near the caisson tip mainly
mobilizes horizontal shear resistance. Two wedge-type regions appear, one in front of the
caisson and one at the back of caisson. The wedge-type region in front of the caisson is
much larger than the one in the back, and it has a significant increase due to the restriction
of the cover plate. The anchor capacity mainly comes from the resistance in the front
wedge-type region and soil horizontal shear resistance near the caisson bottom.

U, Resultant

+8.957e-01
+8.210e-01

+5.971e-01
+5.225e-01
+4.478e-01
+3.732e-01
+2.986e-01
+2.239e-01
+1.493e-01
+7.464e-02
+0.000e+00

(@)

S, Pressure
(Avg: 75%)

+4.859e+05
+4.454e+05
+4.048e+05
+3.643e+05
+3.238e+05
+2.833e+05
+2.428e+05
+2.022e+05
+1.617e+05
+1.212e+05
+8.067e+04
+4.015e+04
-3.726e+02

(b)

Figure 13. Finite element calculation results of the caisson—plate gravity anchor. (a) Soil displacement

field (unit: m); (b) soil average stress field (unit: Pa).

Figure 13b shows the distribution of average soil stress. Under the limit state, the
soil stress under the cover plate and in front of the caisson is significantly enhanced. The
length of the soil stress region extends to the plate edge, and the depth reaches the caisson
bottom. Compared with the soil stress in front of the caisson, the stress in the caisson is
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much smaller, which indicates that the major resistance mobilizes from the front region.
In addition, the stress enhancement area also significantly increases due to the restriction
of the cover plate. The results show that the capacity of the caisson—plate gravity anchor
mainly benefits from the increase in soil stress and the mobilized range in front of the
caisson. After the verification of the finite element calculation, the dimensions of CPGA
meet the design requirements.

6. Limitations and Recommendations

This paper mainly focuses on floating platforms for oil and gas exploitation, and the
coupling analyses of floating wind turbines should consider the aero-hydro-servo—elastic
coupling effect. In addition, the seabed trench analyses do not consider the actual process
related to soil erosion, which needs further investigations. Lastly, the anchor capacity
analyses adopted the mean values of soil parameters, which do not consider the soil
parameter uncertainty. Thus, a reliability study could generate a better understanding of
the results. In addition, for the long-term behavior of anchors, whole-life analyses of the
anchors should be considered in the design [48-51].

7. Conclusions

This paper presented a framework for mooring and anchor design in sand considering
seabed trenches based on floater hydrodynamics. The framework includes three proce-
dures. First, a hydrodynamic calculation of a floater coupled with a mooring system was
conducted to obtain the maximum displacement and mooring line tension. Second, the
potential trench profile was assessed using a mooring line-seabed dynamic model based on
the fairlead movement. Third, an anchor was designed according to seabed soils and design
requirements. The applicability of the suction anchor was assessed using its installation
and capacity analyses. Then, a caisson—plate gravity anchor (CPGA) was adopted, and its
bearing capacity was calculated using the FE simulation to verify the anchor dimensions.
The main conclusions are as follows:

(1) In the hydrodynamic calculation of the floating platform, the tensions of mooring
lines /1 and I, resist the maximum loads under the 45° load condition, and the tension
difference between these two mooring lines is small. The maximum load at the seabed
fixed point appears under the 45° load condition, which is adopted as the input value
to design the anchor. Under a 90° load condition, the resultant displacement reaches
the maximum value of 7.43 m, which is adopted in the trench profile evaluation.

(2) Inthe sand seabed, due to the sand’s high shear strength, it is difficult for the mooring
line to penetrate into the soil, especially for the catenary mooring system. Thus,
repeatedly disturbing and degrading the shallow soil by the mooring line no longer
occurs, and the load direction at the padeye always remains vertical. According to
this study, a trench is difficult to form under the condition of the catenary mooring
system and sand seabed.

(38) The applications of different anchors were evaluated. A suction anchor is not suitable
as an anchor for carbonate sand, considering its installation and bearing capacity.
Combined with engineering cases, the caisson—plate gravity anchor (CPGA) was
applied and verified with the FE method. The results show that soil displacement
in the caisson basically presents a translational failure mode, and two wedge-type
regions appear, one in front of the caisson and one at the back of the caisson. Under
the limit state, the soil stress under the cover plate and in front of the caisson is
significantly enhanced. The length of the soil stress region extends to the plate edge,
and the depth reaches the caisson bottom. Compared with the soil stress in front of
the caisson, the stress in the caisson is much smaller, which indicates that the major
resistance mobilizes from the front region. The finite element calculation indicates
that the designed dimensions meet the requirements.
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