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Abstract: Very large floating structure (VLFS) is an environmentally sensitive technology which
creates artificial land at sea. Designated for the open sea, the Delta is a new type of VLFS. Formed,
inherently, by the innovative geometry, the sheltered basin is a unique feature of the Delta. Its
year-round operability as the gateway of the structure directly affects the Delta’s utilization. This
study examines the basin in terms of its operability as a service port. Relying on potential flow theory
and applying the boundary element method, we conducted a nonlinear hydrodynamic analysis
of a moored vessel at the basin. It consists of a time-domain simulation of a tanker, berthed via
nonlinear mooring system along the Delta’s side hull under severe wave conditions typical to the
East Mediterranean Sea. The system is evaluated in terms of acceptable motion of the ship and
permissible load on the mooring system. The favorable results indicate that the basin enables most
cargo handling operations under waves conditions of Hmo = 2.5 m, and minimal downtime of less
than 6% of the year. In this paper we present the analysis procedure, the evaluation criteria, and
the mooring system’s design. The study results and their significance are presented and discussed
as well.

Keywords: VLFS; hydrodynamic analysis; mooring design; time domain

1. Introduction

Overexploitation of the land, enhanced by the constant rise of population density
in coastal regions is a major global concern [1–3]. A very large floating structure (VLFS)
is an environmentally sensitive alternative for the creation of artificial land at sea [4–7].
Offering broad space and high stability, it can be utilized for the accommodation of land-
based operations out at sea. Thus, it may provide a much-needed relief and enable a more
sustainable development in coastal regions.

VLFS types are traditionally categorized by their hull configurations into the pon-
toon or the semisubmersible types [8,9]. The Delta-type VLFS [10,11] is a newly devel-
oped concept. It is designed to operate at intermediate open sea condition and to with-
stand severe weather conditions with minimal downtime. The unique delta shape (see
Figures 1 and 3) is designated to provide high hydrodynamic efficiency and a broad op-
erational area. The innovative hull design maintains acceptable loads and motions and
minimizes the structural complexity. A unique and important feature of the Delta concept
is the integrated sheltered basin. Protected from the incoming waves by the frontal delta
and the side hulls, the sheltered basin provides a year-round access to and from the facility.
The basin’s ability to host a wide range of cargo handling operations with minimal down-
time directly influences the operability and the utilization range of the Delta. Drimer and
Gafter [10] introduced the Delta VLFS, elaborated on the design considerations, studied the
hydrodynamic attributes, and showed the favorable performance of the structure. Focusing
on the structural design aspects of the Delta, [11] presented a primary strength assessment
tool, developed for the Delta. This study focuses on the sheltered basin and examines

J. Mar. Sci. Eng. 2022, 10, 382. https://doi.org/10.3390/jmse10030382 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse10030382
https://doi.org/10.3390/jmse10030382
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-2851-6159
https://orcid.org/0000-0002-6054-083X
https://doi.org/10.3390/jmse10030382
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10030382?type=check_update&version=2


J. Mar. Sci. Eng. 2022, 10, 382 2 of 19

its operability as a service port and, as an expansion to the mentioned hydrodynamic
study, we constructed an analysis procedure so it may be utilized as a design evaluation
tool. The study aims to assess by practical engineering methods the performance of the
sheltered basin serving the VLFS. While the same practice is common to the development
of harbors, by means of numerical or physical agitation models, we here applied it to assess
an innovative concept of VLFS, to extend the use of the open sea.

For the mooring design [10], as well as for the structural design of the VLFS [11], we
applied extreme storms. However, for the operability aspects, as the downtime is in the
order of few percent, we indicated the limit storms that will disturb the operability, which
are storms that statistically appear every year. This is a common practice for harbors design,
where the stability of the breakwaters is tested for extreme storms (stability models),
while the operability is tested for storms that statistically appear every year (agitation
models) [12]. We followed this practice for the VLFS. For the storms that statistically
dominate the downtime, the representation of a real sea by a spectrum of nonbreaking
waves is practical and valid.

The hydrodynamic performances of the Delta are fundamental to the operability and
feasibility of the concept. While the motion attributes of the hull were fairly examined in
previous work, as presented by [10], under severe wave conditions, the motion response of
the structure was extremely low. The results of the application of the comfort evaluation
criteria, presented in [10], clearly demonstrated that low motion response. In addition,
the time-domain analysis of the moored structure, presented in [10], showed that under
severe oblique waves, the structure maintained its preferable position, oscillating within
acute angle while facing nearly head-on to the incoming waves. Presented in [10] as well,
the operability of the sheltered basin was studied in terms of wave agitation parameters
alone. This work expands the operability research of the sheltered basin by conducting a
hydrodynamic study of a typical ship moored to the Delta under severe sea conditions.
As a significant part of the methodology, developed for the advancement of the Delta
concept, the preliminary design of the mooring system aims to provide an initial frame of
reference for basic evaluation and qualitative measure. The behavior of the system (the
interacting Delta VLFS and moored ship) was simulated in the time domain, enabling
the modeling of the mooring system with realistic nonlinear response characteristics.
Such a simulation fairly represents the actual motion of the berthed ship and allow the
evaluation of the sheltered basin in terms of its operability as the service port of the Delta.
While, at this stage, we implemented the mooring analysis for the evaluation of the design
that was hydrodynamically optimized in early stages, on later design stages (as more
specific requirements emerge), the procedure may be readily used for other geometrical
configurations as well.

Following the introduction, Section 2 presents the theoretical background, the analysis
methods, the analysis tools, and provides the system’s description, evaluation criteria, and
the load cases. Section 3 details the results and, finally, Section 4 presents a discussion
and conclusions.

2. Materials and Methods
2.1. Analysis Method

The motion response to waves is fundamental to most design stages of a VLFS and is
at the base of many of the operability and maintenance considerations [13–15]. In this study,
the analyzed hulls have substantial dimensions, and the hydrodynamics is characterized
by a large Reynolds number (ratio of inertia to viscous forces). Therefore, we may neglect
the viscous forces and use potential flow theory for the resolution of the wave–(large) body
interaction problem [16]. Several methods may be implemented for the study of dynamic
fluid structure interaction systems: the finite volume method [17], finite-element-based
arbitrary Lagrangian–Eulerian method [18], smoothed particle hydrodynamics [19], and
hybrid methods [20,21]. However, the BEM practical technique is implemented extensively
for the research and design of VLFS [22]. To analyze hulls, such as that of the Delta, at
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zero forward speed, it is common to use the boundary element method (BEM). Relying on
potential flow theory, the BEM is used for the numeric resolution of the linearized wave–
structure interaction problem. The calculation of the first-order motions of large floating
bodies under regular waves are almost exclusively obtained using the BEM [23,24]. In such
procedures, second-order loads and motions, or viscosity effects, may be approximated by
postprocessing the linear solution [25]. The real sea emulation is conducted by combining
the first-order response with a spectral representation of real conditions [24,26–29]. While
it is obvious that the motion response of a floating structure under wave conditions is
governed by the dynamic wave–structure interaction, it is important to note that it may
govern the structural response as well. Specifically, in the field of VLFS, the hydroelastic
response of flexible structures such as the pontoon of a VLFS is a major concern as it governs
both the motion and the structural response of the structure [30]. As presented by [31–33],
for example, the dynamic coupling effect of the interaction between the structural response
and the wave loading may have a significant amplification/deamplification effect on the
system. However, as presented in [10], we conducted our research under the assumption
that in the case of the Delta, such effects are relatively low and may be neglected.

As presented by [34–36], the ANSYS AQWA (BEM) (Ansys Inc., Canonsburg, PA,
USA) software tool provides a high accuracy and valid description of the motion charac-
teristics of floating structures. Therefore, the study consisted in employing AQWA for the
hydrodynamic analysis and time-domain simulation of the system. AQWA-LINE (Ansys
Inc., Canonsburg, PA, USA) solves wave–structure interaction linear problems to obtain
the hydrodynamic database at a representative range of wave periods. AQWA-LIBRIUM
(Ansys Inc., Canonsburg, PA, USA) evaluates the equilibrium state of the system applied
to the steady forces, and, finally, AQWA-DRIFT (Ansys Inc., Canonsburg, PA, USA) sim-
ulates the time-domain response. The simulation emulates real sea conditions, accounts
(approximately) for the second-order slow-varying wave loads and enables the modeling
of a nonlinear mooring system in the time domain. The formulation of the wave–structure
interaction problem as well as the mathematical description of the numeric solution and its
postprocessing for the time-domain simulation are detailed in [37].

2.2. Conceptual Framework
2.2.1. Model Description

As presented in Figures 1 and 2, the system consists of the Delta VLFS, anchored
to the seabed via a single point mooring (SPM) system, and a tanker, berthed along the
side hull in the sheltered basin. As presented by [10], the SPM system assures that the
Delta’s position is maintained close to the optimal head-on direction to the waves, with
small variations. Therefore, to reduce the transition response, we specified the incoming
wave initial direction to the head-on to bow direction. As a result, the calculation of the
equilibrium position by AQWA-LIBRIUM was significantly shortened.

The layout of the mooring system (see Figure 2) of the tanker to the Delta berth,
followed the Oil Companies International Marine Forum (OCIMF) recommendations [38].
At the initial position, the vertical angles of all lines were less than 5◦ and so were the
horizontal angles of the spring lines. The breast lines were, initially, perpendicular to the
berth and the ship and all the lines were approximately 40 m long (upstretched). The
fenders were spread evenly along the berth, 28.7 m apart.

Figure 3 and Table 1 present the geometry and main dimensions of the Delta VLFS
as modeled for the mooring analysis. This geometry results from a previous design and
analysis of the hydrodynamic and structural aspects [10,11].
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Table 1. The Delta VLFS—additional dimensions.

Length over all (parallel to the x axis in Figure 3) 611 m
Breadth over all 558 m

Depth 50 m
Draft 20 m

displacement ~1,600,000 ton

The ship model was of a generic tanker (or bulk carrier) in weight and dimensions that
are typical to the large vessels that we expect to berth at the Delta basin. Table 2 presents
the ship’s general dimensions and displacement. The natural periods of the Delta in the
vertical Degrees of Freedom (DOFs) are presented in Table 3.

Table 2. Ship’s specifications.

Length over all 230 m
Breadth 32.5 m
Depth 19.85 m
Draft 14 m

Displacement 84,000 ton

Table 3. Natural period of the Delta and the berthed ship.

DOF Delta (s) Ship (s)

Heave 20.1 10.1
Roll 13.6 12.9
Pitch 13.6 9.0
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The Delta, anchored at 50 m water depth, was moored to the seabed by a SPM system,
consisting of 24 catenary lines of 3 segments each, as shown in Figure 4. Table 4 specifies
the mooring lines characteristics. For elaborations on this mooring system, see [10].
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(3) mooring lines arrangement. Note: actual geometric configuration and dimensions of the Delta are
as shown in Figure 3.

Table 4. Specification of the Delta’s SPM mooring lines.

Segment 1 (Ground):
Chain K4 Studless

Segment 2:
Polyester Cable

Segment 3 (Top): Chain
K4 Studless

Length m 50 1584 250
Diameter mm 122 223 122

Mass kg/m 326.0 31.8 326.0
Weight in water N/m 2429.1 78.5 2429.1

Stiffness AE kN 1,327,000 384,600 1,327,000
Mean braking load

(MBL) kN 14,360 13,730 14,360

Following the Permanent International Association of Navigation Congresses (PI-
ANC) [39] and OCIMF [38] recommendations, the berth mooring system consisted of
4 linear mooring lines and 9 fenders. Figure 2 presents the layout of the lines and fenders of
the berth. For the study of the system, we considered a relatively stiff and a more compliant
setup. For convenience, load cases in which the compliant system was used are marked
with “c”, and load cases where the stiff system was used are marked with “s”.
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For both setups, we considered a Super Cone Fenders, SCF2500 (Trelleborg Marine
System Company, Trelleborg, Sweden) [40]. Figures 5 and 6 present the stiffness curves
and the polynomial representation of the complaint and stiff fenders, respectively.
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1. SCN2500 F2.2

• Length: 2500 mm;
• 100% energy: 6888.6 kN/m (72% deflection);
• 100% reaction force: 4882 kN (35% and 72% deflection);
• Stiffness: see Figure 5 for stiffness curve and its polynomial representation.

2. SCN2500 F3.1:

• Length: 2500 mm;
• 100% Energy: 9151 kN/m (72% deflection);
• 100% reaction force: 6871 kN (35% and 72% deflection);
• Stiffness: see Figure 6 for stiffness curve and its polynomial representation.

The mooring lines were modeled as four single linear lines of the following specifications:

1. Compliant system:

• Length: ~40 m;
• Stiffness: 7420 kN/m;

2. Stiff system:

• Length: ~40 m;
• Stiffness: 10,440 kN/m.

For the evaluation of the results, we considered an 80 mm polyester rope with no tail
(Superline Polyester by the English Braids company [41]). The specifications of the rope are:

• Diameter: 80 mm;
• Stiffness: 931 kN/m;
• MBL: 4473 kN.

While the same type of rope was used for both systems, we considered for each line 7 ropes
in parallel for the compliant (“c”) system and 10 ropes in parallel for the stiff (“s”) system.

For the analysis, we applied sea conditions typical to severe weather from the East
Mediterranean Sea. Such wave conditions are at the upper 6th percentile of annual events
expected in the region. The real sea conditions were represented by the Joint North Sea
Wave Project (JONSWAP) spectrum.

The significant wave heights and peak periods were:

• Hmo = 2 m
(
Tp = 7.71 s

)
, exceeding probability: 6%

• Hmo = 2.5 m
(
Tp = 8.62 s

)
), exceeding probability: 3%

• Hmo = 3 m
(
Tp = 9.44 s

)
, exceeding probability: 2%

• Hmo = 3.5 m
(
Tp = 10.20 s

)
, exceeding probability: 0.5%

The probabilities were based on long-term wave statistics [42].

2.2.2. Evaluation of Operability Criteria

The acceptable motions of the moored ship were in accordance with the PIANC [43]
recommendations, presented in Table 5.

The loads applied to the mooring system were evaluated in terms of permissible loads
(i.e., tension in cables and compression in fenders).

As recommended by OCIMF [28], the maximal tension in any single mooring line
should not exceed the following level of the maximal breaking load (MBL):

• 55% MBL for wires;
• 50% MBL for synthetic ropes;
• 45% MBL for polyamide.

Unlike the case of the mooring lines, the fender’s manufacturer does not specify the
maximal permissible load or deflection values. However, for a qualitative analysis such as
this, reasonable values may be deduced from the provided data. For the SCN fenders, the
installation requirement is to provide clearance for deflection of 75% of the nominal length.
The manufacturer also specifies that 100% of the impact energy (nominal) is absorbed at
about 72% deflection.
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Table 5. Acceptable motion for moored ships [43].

Ship Type Cargo Handling Equipment Surge (m) Sway (m) Heave (m) Yaw (◦) Pitch (◦) Roll (◦)

Container vessels
100% efficiency 1.0 0.6 0.8 1 1 3

50% efficiency 2 1.2 1.2 1.5 2 6

Bulk carriers

Cranes 2.0 1.0 1.0 2 2 6

Elevator/bucket-wheel 1.0 0.5 1.0 2 2 2

Conveyor belt 5.0 2.5 3

Oil tankers Loading arms 3.0 3.0

Gas tankers Loading arms 2.0 2.0 2 2 2

2.2.3. Load Cases

Table 6 presents the load cases where the ‘c’ indicates the compliant mooring system
and ‘s’ indicates the stiff mooring system.

Table 6. Load cases specifications.

Compliant System (c) Stiff System (s)
Load Case Hmo(m) Load Case Hmo(m)

c1 2 s1 2
c2 2.5 s2 2.5
c3 3 s3 3
c4 3.5 s4 3.5

3. Results

Typical to all load cases, the Delta’s position in load case c2, under the incoming waves
is presented in Figure 7. As expected, in all load cases, the structure oscillates within an
acute angle to the incoming waves. Due to the asymmetry of the system, caused by the
ship berthed to one side of the Delta, the point of equilibrium of the motion is not along the
symmetry axis of the Delta.
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Figure 7. The position of the Delta under the incoming waves—load case c2. Note that the position
of the Delta in the horizontal degrees of freedom is dominated by the slow-varying and constant
drift load. It is characterized by slow oscillations of large amplitude about a point of equilibrium
accompanied by the low amplitude, fast wave frequency oscillation.
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The wave frequency position of the berthed ship along the 10,000-s simulations of the
c2 and s2 load cases, are presented in Figures 8 and 9, respectively. The surge and sway
motion are relative to the motions of the delta and the heave and rotational motions are
absolute. However, in such conditions, the heave and rotational motions of the Delta are
minimal and, therefore, negligible. The frequency position of the ship in all load cases are
presented in Appendix A.
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Table 7 presents the maximal motions (for a relatively high sea state duration of 10,000 s)
of the moored ship in each load case. Table 8 presents the maximal tension in the mooring
lines and the maximal compression in the fenders for each load case.

Table 7. Maximal motions in each degree of freedom per load case.

Load Case (Hmo) Surge (m) Sway (m) Heave (m) Yaw (◦) Pitch (◦) Roll (◦)

c1 (2) 0.58 0.47 0.38 0.38 0.43 2.45
c2 (2.5) 1.04 0.84 0.83 0.85 0.95 3.68
c3 (3) 2.94 1.18 1.25 1.78 1.73 6.60

c4 (3.5) 14.31 1.26 1.70 3.43 2.39 7.63

s1 (2) 0.79 0.35 0.38 0.33 0.42 2.07
s2 (2.5) 2.49 0.73 0.82 0.54 0.96 3.14
s3 (3) 4.187 0.71 1.25 0.87 1.74 4.07

s4 (3.5) 11.35 1.02 1.67 1.55 2.49 5.63

Table 8. Maximal load on the mooring lines and fenders per load case.

Load Case
(Hmo)

Acceptable
Tension on
Lines (% of

MBL)

Max.
Tension on
Breast Line

(kN)

% of
MBL

Max.
Tension on
Spring Line

(kN)

% of
MBL

Acceptable
Load on

Fenders (kN)

Max.
Compression

on Fender
(kN)

% of Max.
Reaction

Force

c1 (2) 50 4930 16 2301 7 4882 2733 56
c2 (2.5) 50 8859 28 2726 9 4882 4630 95
c3 (3) 50 18,455 59 5542 18 4882 4824 99

c4 (3.5) 50 29,772 95 12,515 40 4882 9789 200

s1 (2) 50 5297 12 3704 8 6871 2984 43
s2 (2.5) 50 7969 18 4737 11 6871 5205 76
s3 (3) 50 12,442 28 6348 14 6871 6910 101

s4 (3.5) 50 19,041 43 11,992 27 6871 7515 109

The acceptable load cases, in terms of motions, for each ship type and cargo handling
equipment were:

1. Container vessel

• 100% efficiency: c1, s1;
• 50% efficiency: c1, c2, s1;

2. Bulk carriers

• Cranes: c1, c2, s1;
• Elevator/bucket-wheel: -;
• Conveyor belt: c1–c3, s1–s3;

3. Oil tanker

• Loading arms: c1–c3, s1, s2;

4. Gas tankers

• Loading arms: -.

The tension loads applied on the berths’ mooring lines in load case c2 are presented
in Figure 10. While the maximal load varies, the general trend is similar in all load cases.
The highest load is applied on the breast lines, from which the stern line is the most loaded
(line 27 in Figure 10). From the spring lines, the highest load is applied on the line closer to
the stern (line 26 in Figure 10).
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In terms of fender loading (compression), for significant wave heights of up to 2.5 m (load
cases c1, c2 and s1, s2), the maximal reaction force does not reach the maximal nominal
values of the fenders and, therefore, the maximal deflection is less than 35%.

For the assessment of the mooring line tension, we considered for each line 7 ropes for
the compliant (“c”) system and 10 ropes for the stiff (“s”) system. As can be seen in Table 7,
the 50% MBL is reached for wave heights of over 2.5 m in the case of the compliant system
and, in the case of the stiff system, the maximal tension is within acceptable limits for all
load cases.

4. Discussion and Conclusions

The wave conditions considered in this study were selected to obtain the operability
limits, in order to present the operability of the VLFS that forms a service basin at the
selected design site. Indeed, the results are representative of the East Mediterranean Sea,
while the method of assessment is general.

As investigated by [44–46] and others, the analysis of the effects of important load
mechanisms, such as wave breaking, slamming loads, and two-phase flow, directly influ-
ences the design of marine structure. While treating these subjects was out of the scope of
this analysis they will be addressed in later stages of the design.

The modeling of the mooring system was simplified into the very basics: compression
bearing fenders and tension bearing (linear) ropes. As such, unlike an actual mooring
system, the simplified system offered no damping mechanisms (e.g., material damping,
friction) that can reduce the risks of resonant effects and suppress loads and motions. For
example, while the surge peaks at the 4000 s and 8000 s can be explained as a dynamic
reaction to the Delta’s surge motion, that peaks approximately at those instances as well
(see Figure 7), still, the amplitude of the ship’s motion may well be affected by a resonance
response. However, considering that such phenomena is directly related to the specific
ship dimensions, its dimension-to-wavelength ratio [47], and to the mooring system speci-
fication, it is an important matter to attend to at later stages of the more detailed design
However, as it is, the study indicates that for most types of ships and cargo-handling
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equipment, the sheltered basin provides adequate protection and allow for safe berthing
conditions for waves conditions of up to Hmo = 2.5 m (operability during 95% of the year).
In some cases, higher wave conditions are acceptable as well.

Providing additional assurance to the validity of the analysis, we conducted a sensi-
tivity test in which we forced the incoming wave direction to a different, less acute, angle
of about 15 degrees. As can be seen in Figure 11, the applied tension on the mooring
lines is even lower than in the more acute angle incoming direction presented in Figure 10.
Therefore, we are confident in the validity of our findings.
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We expect that a detailed design and optimization of the mooring system may improve
the operability of the sheltered basin. First, such design will include modeling the material
damping of the fenders and the friction between the moored ship and the fenders, which
will reduce the loads and motions as well as reduce resonant effects. Second, the design will
include a more specific selection of the mooring equipment. Adjusting the mooring system
specifically to each expected ship type, size, or cargo-handling operation, will improve its
performance and assure the expected minimal downtime operability of the sheltered basin.
In addition, if required, a structural optimization of the hull, oriented towards maximizing
the basin’s performance will surely produce significant improvements as well.

The study clearly points towards a general trend in the mooring line tension. The
results show that the highest loads are applied on the breast line and the loads applied
on the spring lines are lower. However, as all loads are practically in the same order of
magnitude, especially in the case of the bow and stern division, we cannot recommend
optimization measures regarding the rope selection or division between the mooring lines.

As presented in the appendix figures, the compliant system’s surge increases with the
wave height. Since the surge DOF of the moored ship is dominated by the second-order
drift loads, the nonlinear growth of the surge amplitude with the increase of the wave
height is expected. In addition, for wave heights of up to 3 m the surge motions are much
lower with the compliant mooring, while the sway and yaw motions are lower with the
stiff mooring. As, typically, the surge is the most critical, we conclude that the compliant
mooring is more efficient.
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As expected and practical, the vertical movements (heave, roll, pitch) are not consider-
ably affected by the mooring stiffness.

As a design tool, especially in early, preliminary stages, the application of the time-
domain simulation using AQWA-DRIFT is practical and efficient. The evaluated results
of the mooring system’s loads and the ship’s motion provide comparable numerical mea-
sures to the basin’s operability and may be readily used as an integral part of the design
methodology of the Delta concept.
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Appendix A

The wave frequency position of the berthed ship along the 10,000-s simulations of each
load case, are presented in Figures A1–A8. Figures A1–A4 are of the compliant (c) mooring
system and Figures A5–A8 are of the stiff (s) system. In all, the surge and sway position are
relative to the position of the Delta and all other DOF’s are the absolute position of the ship.
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Figure A1. Load case c1 (Hmo = 2 m)—wave frequency position. The surge and sway positions are
relative to the position of the Delta, the other positions are absolute position of the ship.
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relative to the position of the Delta, the other positions are absolute position of the ship.
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