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ARTICLE INFO ABSTRACT

Keywords: Caissons, typically transported via towing, face significant challenges in shallow waters, including limited
Caisson passability, grounding risk, and restricted maneuverability. Conventional wet- and dry-towing methods have
Towing in shallow waters proven inadequate due to vessel constraints and depth limitations. Instead, the present study proposes a
CDPR . multi-towline collaborative towing method based on a framework of cable-driven parallel robots to enhance
Passable region

operational flexibility. To consider complex shallow-water seabed topography and prevent caissons from
hitting the seabed, an operability analysis framework can be used to evaluate environmental conditions (ECs)
through a discretized bathymetry map, converting elevation data into seabed wedge modules. This probabilistic
methodology integrates potential flow theory results validated by computational fluid dynamics with time-
domain multi-body simulations for extreme value analysis. A distance-based criterion is employed to assess
caisson passability under specific ECs. Parametric analysis across varying water depths, slopes, and aspects
is used to establish characteristic distances and a data-driven approach employed to explore any nonlinear
relationships, enabling passable region determination. The results demonstrate that seabed slope and aspect
significantly influence caisson hydrodynamics, with water depth, slope, and aspect collectively determining
passable regions.

Operability analysis

1. Introduction However, towing caissons in shallow waters poses certain chal-
lenges. From 2000 to 2020, grounding incidents accounted for 7%
Caissons are widely utilized in the construction of various off- of maritime accidents in China (Deng et al., 2021). Among these,
shore and coastal structures in shallow waters, including harbor walls floating structures and small vessels with a total length of less than
(Hendry, 1983), breakwaters (Ye et al., 2021; Zhou and Ye, 2022), and
cross-sea bridges (Wei et al., 2022; Qiu et al., 2023). Typically, caissons
lack self-propulsion capabilities and are transported to the designated
location by being towed by tugboats or carried by semi-submersible
vessels.
Early research on caisson towing focused on conventional dry tow-
ing by semi-submersible vessels and wet towing by tugboats. For nu-

50 meters exhibited a grounding frequency of 79% (Pilatis et al.,
2024). Notably, the primary dimensions of caissons fall within this size
range. First, water depth limits passability. Second, obstacles resulting
from the complex seabed topography such as underlying rocks and
the rocky sides of coastlines result in a higher likelihood of grounding
incidents. Third, caisson maneuverability affects safety and efficiency.

merical simulations, potential flow theory is commonly employed and There have been a number of incidents where a towed object has failed
the towing effect considered through the app]ication of a current in to avoid obstacles during towage due to maneuvering limitations and
the opposite direction that is equal to the towing speed (Kang and the massive inertia of tugboats (Transportation Safety Board of Canada,
Kim, 2014; Heo and Park, 2016). Hydrodynamics in shallow waters 2008). Moreover, the risk of grounding accidents caused by ineffective
are very complicated (Gu et al., 2024b; Xing and Chen, 2017). The  tugboat course-keeping remains high (National Transportation Safety
hydrodynamic response caused by cable breakage during towing has Board Marine Accident Brief, 2013). Wave-induced motion increases

been investigated in previous research (Gu et al., 2024a). Slip forces
induced by inertia and gravity have also been explored for caisson
towing by tugboats and semi-submersible vessels in various wind-wave
conditions (Kang and Kim, 2014; Alam et al., 2025; Li et al., 2016). The
influence of towing speed has also been studied (Park et al., 2018).

the magnitude of caisson motion and the risk of hitting the seabed.
Conventional wet towing by tugboats is constrained by their ma-

neuverability, hindering caissons’ effective obstacle avoidance and in-

creasing grounding risk. According to the China Classification Society,
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Fig. 1. The composition of the CDPR (left) and the MTCT mechanism (right).

tugboats should stay far away from shallow water regions (China Clas-
sification Society, 2011). Alternatively, dry towing uses a large semi-
submersible vessel, typically with a summer draft exceeding 6.09 m
(Boskails, 2018). Their sizeable dimensions require a certain water
depth for submersion. Consequently, conventional towing methods are
unsuitable for shallow water caisson towing, necessitating the estab-
lishment of a novel towing method suitable for shallow waters with
complex seabed topographies.

Cable-driven parallel robots (CDPRs) employ multiple parallel-
arranged flexible cables to realize the precise motion control of a
mobile platform and are widely applied in fields such as offshore lifting
operations (Zhao et al., 2024; Ren et al., 2021; Sun et al., 2023; Chen
et al., 2024; Ma et al., 2025) and radio telescopes (Nan et al., 2011).
Similar to the framework of a CDPR, a multi-towline collaborative
towing (MTCT) mechanism for caissons is proposed here (see Fig. 1).
Such a mechanism will effectively improve the maneuverability and
flexibility of caisson towing, as well as reduce the required water depth.
The details are described below in Section 2.1.

Appropriate sea states must be selected to ensure that caissons do
not hit the seabed during towing, resulting in a lower risk of structural
damage (Zhang and Ren, 2025). Therefore, it is necessary to conduct an
operability analysis in shallow waters. However, previous research has
not engaged in parametric study of operable environmental conditions
(ECs) for caisson towing (Jiang et al., 2018; Verma et al., 2020; Wang
et al., 0000).

Variations in seabed topography or bathymetry in shallow waters
significantly influence the motion response of floating structures across
all degrees of freedom (Belibassakis, 2008; Magkouris et al., 2021; Chen
et al., 2025; Liu et al., 2023). Therefore, it is crucial to consider the
effects of seabed slope and aspect when calculating the response of a
marine floating structure in shallow water. Under the assumption of
slowly varying bathymetry and based on three-dimensional potential
flow theory with linearized free-surface boundary conditions, a mild
slope model was developed to analyze wave-induced motion (Takagi
et al., 1994). To extend the applicability to larger slopes, an expanded
mild slope model is proposed here. By discretizing the domain using
a simple Rankine source, the boundary element method can be used
to address the effects of arbitrary seabed variations without relying
on any mild slope assumptions (Belibassakis et al., 2018; Magkouris
et al., 2021; Feng et al., 2021, 2019). The seabed can alternatively be
incorporated into a panel model as a secondary structure located on the
seabed (ten Oever et al., 2014; Ferreira and Newman, 2009; Buchner,
2006). However, early studies regarding the effects of bathymetry vari-
ations on floating body motion have lacked experimental validation and
comparisons with other numerical methods. Furthermore, in the mild
slope model, expanded mild slope model, and simple Green function
method, the functions describing the seabed shape must be sufficiently
smooth, which may not accurately represent the complex real-world
seabed topography.

In this research, a simplified method of incorporating the seabed
into a panel model is supplemented by comparisons with computational
fluid dynamics (CFD) results. The specific shallow-water seabed is

simplified into a series of wedge modules and a criterion introduced to
determine whether each wedge module is passable, thereby construct-
ing a dataset. Constructed by a neural network, a high-dimensional
interpolator is employed to identify the passable areas in the shallow-
water region. The main contributions and differences are summarized
as follows:

o A CDPR-based MTCT methodology is proposed for efficient
shallow-water towing operations.

« The influence of slope and aspect on the wave-induced motions of
a floating structure is considered as part of a parametric analysis.

» A probabilistic framework is proposed for assessing safe towing
regions in specific shallow-water regions through an operability
analysis.

This research is organized as follows. Section 2 introduces the
concept of the proposed MTCT mechanism, describing the composition
of the system and towing operation procedures. Section 3 outlines the
system modeling process, proposes a simplified modeling method for
complex shallow-water seabed topography, and introduces a process
for addressing grounding issues. In Section 4, a probabilistic framework
is proposed to analyze passable regions, including a time-domain anal-
ysis, extreme value analysis, CFD, and back propagation (BP) neural
network. Section 5 compares the potential flow and CFD results of the
caisson motion responses, discusses a caisson’s passability under differ-
ent ECs, and calculates the passable regions in a specific shallow-water
region. Section 6 concludes the research.

2. Concept of the MTCT mechanism
2.1. System description

The proposed MTCT mechanism consists of three main components:
a caisson, multiple jack-up platforms, and a towing system (see Figs. 2
(a) through (c)). The legs of the platforms are driven into the uneven
seabed and platforms are considered fixed points. The multi-towline
towing system includes a frame cover, multiple towlines, several sets
of truss structures, and corresponding hydraulic winches.

Many regions in shallow waters can become obstacles due to the
complex seabed topography and grounding obstructions, resulting in
the risk of structural damage to caissons. Therefore, satisfactory ma-
neuverability is required for caisson towage in shallow waters to enable
effective obstacle avoidance.

As shown in Fig. 2(d), conventional caisson towing uses one or
two main towlines that connect the caisson to the tugboat, giving
the caisson a large radius of gyration. The risk of grounding grows
higher due to the increased number of tugboats involved. Instead, the
proposed MTCT system uses a number of towlines to pull the cais-
son from different directions, increasing the number of actuators and
improving operational accuracy, effectively avoiding the occurrence
of grounding accidents caused by tugboats. Moreover, due to its fast
movement speed, large load-bearing capacity, and high modularity, the
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Fig. 2. MTCT concept and conventional caisson-towing operation:(a) MTCT caisson-towing concept, (b) MTCT concept: Towlines connection to the caisson, (¢) MTCT concept:
zoom in on the multi-towline towing system on the jack-up platform, and (d) conventional caisson towing by tugboats (FCC, 2013).

mechanism is suitable for parallel transportation of large quantities of
caissons.

The hydraulic winch bases and truss structures are mounted on ro-
tatable turntables. During the caisson towing operation, the tension, di-
rection, and payout/haul-in speed of the towlines can be adjusted based
on any errors between the real-time caisson position and predetermined
route, further controlling the caisson’s speed and heading.

2.2. Towing operations

The entire MTCT towing process can be divided into the following
steps:

Step 1 - Preparation of the jack-up platforms: The jack-up plat-
forms are transported to the pre-selected locations. The legs are
driven into the seabed to support the platforms above the wa-
ter surface and the leg-lower distances adjusted to overcome
topographic variations in shallow waters.

Step 2 - Caisson transportation to the designated site: The caissons
are pre-assembled and processed at the construction yard. They
are then transported to the starting points in the shallow-water
region, using large semi-submersible vessels or high-powered tug-
boats when in deeper waters.

Step 3 - Towline connection: The caisson and frame cover are
connected by buckles. One end of each towline is attached to the
frame cover and the other end is connected to a hydraulic winch.

Step 4 - Collaborative towing: Hydraulic winches on each plat-
form are adopted to retract and release towlines, controlling the
caisson’s movement along the pre-determined route.

Step 5 - In place: The frame cover is unbuckled to release the
caisson after arrival at the designated site.

Step 6 - The frame cover is transported to the next caisson via the
retraction towlines and Steps 3 through 5 are repeated.

The jack-up platforms are equipped with sensors (e.g., GPS, tension
meters) to monitor position, load, and ECs, and the data fed into the
control system. High-capacity hydraulic winches are used to enable
precise adjustments to towline tension, payout, and haul-in speeds, dy-
namically responding to real-time inputs such as wave-induced caisson

movement. Towlines, typically made of high-strength synthetic fibers
(e.g., HMPE, Kevlar), are employed to minimize sag and drag in water.
Algorithms can then optimize towline tension in real time to reduce
energy consumption and risks such as grounding and excessive drift.

The complex seabed topography makes it difficult to construct a
refined seabed panel model based on potential flow theory. Substantial
variations in topography can easily result in non-convergent calcula-
tions. Moreover, the introduction of a high number of seabed panels
results in low calculation efficiency. In this study, we focus on the
problem of caisson towing in shallow waters (Step 4).

3. Problem formulation
3.1. Seabed topography simplification

A seabed topography simplification approach is adopted here as
a means of overcoming the problems associated with constructing a
whole seabed panel model. Slope and aspect are key parameters when
describing seabed topography. Variations in the seabed topography
cause changes in seabed boundary conditions, which in turn influence
caisson hydrodynamics. The effects of seabed slope and aspect on a
caisson’s hydrodynamic response are taken into account in the process
proposed here, and seabed topography is simplified into a series of
wedge modules.

The seabed topography simplification method is illustrated in Fig. 3.
A bathymetry map for a specific shallow-water region can be obtained
from public bathymetry data, onsite measurements, etc. Due to data
resolution, water depth at only a limited number of points can be
known. Hereinafter, these points represented by known bathymetry
will be referred to as elevation data points (EDPs). For each EDP, a
simplified wedge module is constructed based on its corresponding
water depth, slope, and aspect. Then, the bathymetry map is converted
into a series of wedge modules. In the potential flow software WAMIT,
the wedge module is set as a fixed submerged body. This approach
transforms the hydrodynamic coupling effect between the caisson and
seabed into that effect between the caisson and a series of simplified
wedge modules.

Three right-hand reference frames are then defined (see Fig. 4).
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Fig. 3. Seabed topography simplification.

» North-east-down (NED) reference frame {N}: The origin O is
located at the equilibrium point on the free water surface, where
the caisson is at rest (i.e., it is not subject to any environmental
loads or external disturbances). The x-, y-, and z-axes are north-
ward, eastward, and downward, respectively. The rotations about
the x-, y-, and z-axes are named roll(¢), pitch(9), and yaw(y),
respectively.

Caisson body-fixed reference frame {B}: The origin O is located
at the caisson center of gravity (COG) and the x’-, y-, and z"-axes
are along the length of the caisson, the width of the caisson, and
downward, respectively.

Wedge module-fixed reference frame {.S'}: The wedge module is
fixed and the origin O° is located at the bottom vertex of the
wedge module. The x*-, y°-, and z*-axes are along the length,
width of the wedge module, and downward, respectively.

An overview of the simplified system model is presented in Fig. 4.
The aspect y of a certain wedge module is defined as the rotation angle
of {§} relative to {N} around the z-axis and the wave direction ,, is
defined as the angle between the wave propagation direction and the
positive direction of x°.

According to the data processing of the digital elevation model, the
Horn’s method can be used to calculate the slope and aspect (Cadell,
2002). A 3 x 3 local moving window is considered, including the center
EDP and the surrounding eight EDPs, as presented in Fig. 3. The slope
and aspect of the center EDP can be calculated by

= aretany /(7 + (2, )

6z o6z
.. = arctan2(—, —=—), 2
Vi ( 5y 5x) (2)
where i and j are the indexes of the EDPs in the y- and x-directions,
respectively, y denotes the aspect (i,e., the orientation of the wedge
module), arctan(-) is the inverse tangent function, and arctan2(-) rep-

resents the orientation angle from O to the point (Z—;,—g—)’;) (i.e., the
6z

angle with the x-axis). The change rates along the x- and y-axes, =
and Z—;, can be calculated using the third-order inverse distance square
weighted difference algorithm,

6z @icijpr = Zic1j-) + 2z — Zijo) + (Zigyjan — Zigrj-1)
ox 84 ’

X

3

6z _ Zic1jo1 = Zigrjm1) +2GZis1; = Zigr ) + (Zis1jgn = Zigre1)

R 4
5y 84, Q)

where 4, and 4, are the resolutions of the EDPs in x- and y-directions,
respectively.

Simplified seabed

Fig. 4. The simplified system model and reference frames.

3.2. System modeling

To facilitate an understanding of the dynamics of complicated sys-
tems, the model is simplified according to several assumptions:

(1) The structural deflection of the caisson is relatively small com-
pared to its hydrodynamic response. Therefore, the caisson is
considered to exhibit rigid behavior and is modeled as a rigid
body.

(2) During the towing process, the frame cover and the caisson are in-
tegrated and can be regarded as a rigid connection. Consequently,
the frame cover is not included in the modeling and the towlines
are connected directly to the caisson.

(3) The jack-up platforms, truss structures, and hydraulic winches act
as frames and are reduced to fixed points.

(4) The towing speed is assumed to be low, allowing it to be ap-
proximated using frequency-domain hydrodynamic results at zero
speed. The hydrodynamic results under zero-speed conditions are
validated to be more conservative at the general towing speed of
the caisson.

(5) To ensure the accuracy of the hydrodynamic coupling between
the caisson and wedge modules in the frequency domain, the tow-
ing capacity (namely, retracting and releasing towlines operation)
is neglected. The towlines are modeled as linear springs.
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3.3. Minimum and characteristic distances

Time-domain simulations are performed and the time series of the
caisson COG position determined. The four bottom corners of the
caisson are most likely to hit the seabed and be damaged during towing;
thus, they are considered when performing the grounding detection be-
tween the caisson and wedge modules. The positions of the four bottom
corner points, hereinafter referred to as interesting points (purple dots
in Fig. 5), can be calculated by

Pe(t) = py + R0, 91", )

where e € {1,2,3,4} represents the eth interesting point, p, is the
position of the eth interesting point in {N}, p, is the caisson COG
position in {N}, R} € R3*3 is the rotation matrix from {B} to {N},
and /® is the position of the eth interesting point in {B}. It is assumed
that the coordinates of the four vertices on the topside of the wedge
module at {.S} (red dots in Fig. 5) are p},z € {1,2,3,4}. The positions
of the four vertices in { N} are

Pe = Ppy + R{0,0,9 — y)p7, (6)

where p, is the position of O° in {N}, p, = [x,,y,,z,]T, and R" € R¥3
is the rotation matrix from {.S'} to { N}, which is represented by

cos(y —y) —sin(y —y) O
RI(0,0,y —y) =|sin(y —y) cos(w—y) Of. @
0 0 1

According to p,, the plane equation describing the topside can be
constructed by

n(x, —=x)+n,(y, —y)+n,z,
z== > -, ®

ng

n=(p; —pp) X(py — p3), ©

where n = [n,, ny, nz]T is the topside normal vector of the wedge module
and the vertical distance of the projection point P, on the topside I" for
the eth interesting point can be expressed as
n(x, —x,)+ ny(yT —Y,)+n,z,

n

z (10)

pmj,‘r(l)
z

The vertical distance between the eth interesting point and projec-
tion point can be calculated by

Ze = Zproje(D)s P.er,
do() = {z i an

. — D, otherwise.

The minimum distance can be defined by
Dixt =min(d,(?)),t € [1,Ty;,],e € {1,2,3,4}, 12)

where T, is the simulation time length and D¢ is the minimum
distance between the interesting points and their projections during
the entire time domain simulation. A specific number of random seeds
are used to conduct extreme value analyses on the minimum distance.
The characteristic distance D,,,, is defined by a given non-exceedance
probability.

char

3.4. Problem statement

It is worth mentioning that the water depth D is defined as the z-axis
distance from the mean sea level to the topside of the wedge module,
as shown in Fig. 5. In order to avoid difficulties in meshing the sharp
part, the front end is cut a small amount 6z. The dimensions of the
wedge module are determined based on the dimensions of the caisson
and water depth.

To ensure that the slope’s influence on the caisson is maintained, the
length and width of the wedge module should exceed the dimensions
of the caisson. Additionally, the top of the wedge module must remain
submerged below the water surface.

Ocean Engineering 323 (2025) 120581

ECs are defined as the different combinations of wave direction
angle f,, significant wave height H,, peak period T,, water depth D,
slope «, and aspect y, which can be expressed as

c ={ (B Hy Ty D, a.1) | By € (B B). Hy € [Hy Hil,
as)
T, €T, T,),D € [D,D],a € [a,al,y € [y,7] }

where (-) and (-) denote the lower and upper limits for a specific
parameter, respectively.

The objective of this research is to obtain the passable region of a
designated caisson under specific sea conditions in a particular shallow-
water region, using known bathymetry data. The goal is to rapidly
evaluate the passable regions for caisson towing in shallow waters with
complex seabed topographies, focusing on the critical impacts of seabed
slope, aspect, and wave peak period on towing safety. Concentrating
on these key variables enhances the study’s precision and efficiency.
Moreover, the current framework is adaptable and future studies can
incorporate additional environmental factors to improve applicability.

Secondary factors such as ocean currents, wind forces, and fine-
scale depth variations could to some extent influence the results. For
instance, ocean currents might increase drag and lateral forces, affect-
ing towing path stability; wind forces could induce sway and pitch,
reducing maneuverability; and fine-scale depth variations might am-
plify local hydrodynamic effects, raising grounding risks. These factors
are excluded here to simplify the model and validate the analytical
framework.

4. Methodology
4.1. Overview

Fig. 6 presents the probabilistic framework for determining passable
regions during MTCT caisson towing. For all ECs, frequency-domain
response amplitude operators (RAOs) are obtained via the additional
damping correction determined by the CFD results. Time-domain sim-
ulations are performed to obtain real-time caisson COG positions. After
coordinate transformation and an extreme value analysis, the char-
acteristic distances under different ECs are calculated, constructing
the dataset with conditions as input and characteristic distances as
output. A BP neural network is then applied to determine the nonlinear
relationship and serve as an interpolator to obtain the passable regions
for specific shallow waters with preset safe boundaries.

4.2. RAO calculation using potential flow theory

Potential flow theory is based on the basic assumptions of inviscid
and irrotational fluids. Total velocity potential ¢ satisfies the Laplace
equation

V2 =0. 14)

The total velocity potential ¢(x, y, z,t) is subject to physical bound-
ary conditions on a body wet surface S, free surface S;, and seabed

Sy, which can be expressed as

:—Z = an on Sy, (15a)
Z—Z—Z—’Z:OonS, (15b)
2 rgn=0ons,, (15¢)
(3)_(5 =0on Sy, (15d)

where n, is the normal vector of the body surface toward the fluid
domain, V,, is the body surface velocity in the direction n,, and # and g
are free surface elevation and gravitational acceleration, respectively.
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Fig. 6. Overview of the methodology to determine the passable regions.

According to the Bernoulli equation, the hydrodynamic pressure on
the body surface p() can be calculated by

= _p%
PO =—p=", 16)

where p denotes the fluid density. The frequency-domain Froude-
Krylov force F; and diffraction force Fj;, can be obtained after p(r) is
solved (Liu et al., 2021).

Thus, motion RAOs can be obtained by
F(iw) + Fp(iw)

RAO = ,
—0*(M + M () — ioB(w) + K|

a7

where M € R% is the rigid mass matrix of the caisson, w is the angular
frequency of incident waves, M, € R®® is the added mass, B € R%®
is the radiation damping, and K, € R®*® is the hydrostatic restoring
matrix.

4.3. RAOs correction using the CFD method

In order to correct the calculation results of the constructed poten-
tial flow model, StarCCM+ is used to establish a numerical wave tank
and calculate the caisson hydrodynamic responses for the wedge mod-
ule in shallow waters. An unsteady incompressible Reynolds-averaged
Navier-Stokes approach is applied. The volume of fluid method is used
to capture the air-water free surface. It is recommended to use 60
to 80 grids per wavelength and 12 to 20 grids per wave height to
ensure accurate waveform capture without over-densifying the grid.
The caisson is considered a rigid body and the interaction between the
caisson and fluid is simulated using the dynamic fluid body interaction

model. The caisson parameters are consistent with the settings in
potential flow theory.

Due to the absence of a mooring system, allowing the surge degree
of freedom in head-sea conditions would cause the caisson to drift away
under wave action, making it impossible to achieve the desired results.
Therefore, under head-sea conditions, only the heave and pitch degrees
of freedom of the caisson are allowed.

4.3.1. Computational domain

The boundary condition setting is shown in Fig. 7(a). An inclined
segment is set to represent the sloped seabed. The inlet and outlet in
the computational domain are both set as velocity boundaries, and the
sloped bottom is set as a no-slip wall. The two sides are set as symmetry
conditions and pressure condition is applied to the top boundary. The
size of the calculation domain is taken as 9.3L x 2.67L, as per to
the recommendation of the International Towing Tank (Recommended
ITTC, 2011), where L is the caisson length. The detailed dimensions of
the calculation domain are shown in Fig. 7(b).

An overset mesh technique is used to realize the movement of the
caisson in the fluid domain, as shown in Fig. 7(c). The overset mesh
technique involves using a background mesh for the entire computa-
tional domain and an overlapping body-fitted mesh for the solid body
to allow for flexible and accurate simulation.

4.3.2. Response amplitude operator

By stimulating the caisson with long-crested waves for a specific
period, the caisson responses across a specific degree of freedom can be
obtained as well as the wave-response transfer function (i.e., the RAO)
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Fig. 7. System configuration in CFD: (a) Boundary conditions, (b) dimension of computation domain, and (c) computational mesh.

under the corresponding wave period can be obtained. For a given wave
period, the caisson RAOs in heave and pitch can be calculated by

m

RAOheaue = H—l, (18)
m

RAOpitch = H_I’ (19)

where #, and 5, are the heave and pitch motion amplitudes, respec-
tively, and H, is the wave height of the incident wave.

4.3.3. Determination of the additional damping

The model is based on potential flow theory, which only considers
radiation damping; viscous damping is ignored. Viscosity correction
is necessary when using potential flow theory; otherwise, the motion
amplitude near the natural period could be very large, deviating from
the actual situation (Zhang et al., 2023). The critical damping method
is used to perform damping correction on the two degrees of freedom
and additional damping is added to the damping terms. The additional
damping is determined by

B, = 2-¢ '\/(dejd + Mg )Kf,jd’jd =345,

where j, is the j,th degree of freedom of the caisson, ¢ is the critical
damping coefficient, M; ; is the (jg,j;) item of the rigid body mass
matrix, M, ; ; is the (js. j;) item of the added mass matrix under the
natural period, and K ;, is the hydrostatic restoring force of the j,-
th degree of freedom. The value of ¢ can be chosen according to the

proximity of the results to potential flow theory and CFD.

(20)

4.4. Time-domain simulations

The added mass and radiation damping are calculated in the
frequency-domain and the results are then applied to a two-body cou-
pled motion analysis in the time-domain through retardation functions.
The second-order wave loads for surge, sway, and yaw are obtained
according to Newman’s approximation.

A time-domain model based on Cummins equation
(Cummins, 1962) with zero forward speed can be established as fol-
lows:

t
(M + M, (0))%.(1) + / K(t — v)x.(v)d7 + B x.(1)
0 21)
+stc(t) = Fwauel (t) + FwaueZ(t) + Frowl[ne(t)’

where M,(c0) € R® denotes the added mass matrix at the infinite
frequency; x.(t) € RO refers to the vector of time-domain caisson

motion, K(f) € R%%® is the matrix of retardation functions (i.e., the
impulse response functions serving as the kernel of the convolution
term that represents the fluid memory effects), B, is the additional
damping in Eq. (20), F, 4. (1) € R® and F,,,..(t) € RS are the first-
and second-order wave-induced loads, respectively, and F,,,;;,.(t) € R®
is the tension in the towlines.

4.5. Extreme value analysis

4.5.1. Regional frequency analysis

The probability distribution of a random variable describes the
probability that the variable is equal to a specific value and reflects
the probabilistic nature of a stochastic process. The non-exceedance
probability can be calculated by:

F(A) = P(A< A, (22)

where F(4) is the value of the cumulative probability distribution
function at 4 and P(A < ) is the non-exceedance probability for the
random variable A.

If the cumulative probability distribution function is strictly increas-
ing and continuous, it has an inverse function (namely, the quantile
function), which represents the value of the random variable when
the non-exceedance probability is equal to P,. The quantile function
is given by:

A(Py) = F™(Py). (23)
The frequency analysis is used to accurately estimate the quan-
tile function and the quantiles of the unknown overall distribution
by analyzing a limited number of samples and fitting a theoretical
probability distribution model to infer the underlying feature of the
overall distribution. For a more comprehensive introduction to interval
frequency analysis, please refer to Hosking and Wallis (1997).

4.5.2. Maximum likelihood parameter estimation of Gumbel distribution

The Gumbel distribution, a theoretical model describing the statis-
tical distribution of extreme values, is widely applied in hydrological
and oceanic extreme response analyses. The distribution features dis-
tinct forms for minimum and maximum values. For minimum values,
the cumulative distribution function, or non-exceedance probability, is
expressed as follows when 4 = d2* and A = D¢

dgxt7,4

F(d;xt) = P(D;Xt < d;xt) =1—e¢¢ °

(24

,—00 < d;xr < 00,
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where y and ¢ are the position and scale parameters of the Gumbel dis-
tribution, respectively;both parameters are estimated. The probability
density function of the minimum Gumbel distribution is

pext_y, DEX! -y

SO o) = Lo et T 25)
(o2

Assuming that the random Gumbel variables Di"k’ fork=1,2,...,N,

are independent and follow the minimum Gumbel distribution, their
joint probability density function is

L(u0) = F(DE, D%

z,1°7z2°"

ext
> DN #:0)

DokH (26)

N
e~ Zkzkl e

ety

Nk Z,)
= (l)Nke k=1 o
o

Maximizing a likelihood function is equivalent to maximizing the
natural logarithm of the likelihood function. Then the likelihood func-
tion can be expressed as

R Y
InL=-Nlho+) ——— - e "o . @7
=t ° k=1

Taking the partial derivative of the likelihood function with respect
to each parameter to be estimated, the likelihood equation can be
obtained by

Ny pext_y,
N 2.k
el:()})ﬁ:__ulze T =0, (28a)
H o 0.0
N, ext __ ext __ N, pext_
oL _ N DL m DIoH G i
eZ—T——7—ZT+TZ€ o —0. (28]))

k=1 k=1

The solutions u and o of the likelihood equation are the maximum
likelihood estimates. In order to evaluate the parameter estimation
model, goodness of fit (GOF) is introduced to describe the degree of fit
for the regression line relative to the observed values. GOF is calculated

by

Ny 1 _ fexty2
—1- zk:l(D?k - D7)

N —ext’ (29
Zkzkl(Di(kt - Dz )

where ﬁixk’ is the minimum distance value obtained by the fitted

t
probability distribution model and Bix is the average of N, minimum
distance values Di"k’ ,k=1,2,..., N. The closer the GOF R%?isto 1, the
more truly the parameter estimation model reflects the distribution of

N, random variables.
4.6. Characteristic distance prediction using a BP neural network

Given a specific bathymetry map, discrete points can display various
combinations of slope, aspect, and water depth, making exhaustive
calculations of the characteristic distance impractical. Therefore, con-
structing a higher-order nonlinear relationship between water depth
D, slope a, aspect y, and characteristic distance D,,, is necessary.
Machine learning algorithms can effectively perform these types of
higher-order approximations (Zhou et al., 2023; Wang et al., 2025;
Deng et al., 2024).

4.6.1. Neural network architecture

A BP neural network is a multi-layer feedforward network trained
using the error backpropagation algorithm. It consists of an input layer,
hidden layer, and output layer. The input layer has four neurons: water
depth D, slope «a, aspect y, and peak period T,. The output layer
contains one neuron, representing the characteristic distance D,
Fig. 8 illustrates the network structure. A single hidden layer structure
with 12 neurons, determined through parameter tuning, is chosen
to balance simplicity with sufficient nonlinear fitting capability. The
Sigmoid activation function is used in the hidden layer to effectively
capture the intricate input—output relationship, as its smooth output
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Fig. 8. Architecture of the BP neural network.

range (0,1), combined with data normalization, enhances training sta-
bility and ensures the physical interpretability of the predictions. Given
the limited training data, Bayesian regularization is used as the training
algorithm, offering better control over model complexity and reducing
overfitting, as compared to traditional methods like SGD or Adam. This
approach ensures robustness in small-sample scenarios while improving
the model’s generalization to varying input features.

4.6.2. Data preprocessing

In order to speed up the convergence of the network and prevent
the output saturation of neurons, the input and output vectors of the
network are normalized:

. x-x ‘

Xy = m(xd - mm(xd)) +x, (30)
where x and x are the upper and lower limits of the normalized interval
respectively, x, are the data that needs to be normalized, and x, are
the data after normalization. The input vector is normalized to [0, 1]
(i.e., X and x are taken to be 1 and 0, respectively). The output vector
is normalized to [—1,1].

4.7. Passable region

For each environmental condition ¢; € C, the corresponding
D, g (c;) can be obtained through extreme value analysis. From this,
the safe boundary D, > 0 is set. When D, (c;) > Dy, ,, the caisson
under the corresponding EC ¢; is passable; otherwise, it is impassable.

Given a certain sea condition f,,, H,, and T,, the passable region
can be calculated by

C ={c¢; | Deparlcj) = Dyype, Vej € ChL (31)

safe

5. Simulation results
5.1. Simulation overview

The principal dimensions and parameters of the considered cais-
son and wedge modules are shown in Table 1. The variables D, a,
and y of the wedge modules are set according to preset conditions
and 6z is taken to be 0.2 m. The connection points and param-
eters of the towlines are listed in Table 2. The interesting points

e € (1,2,3,4} are the four corner points (i.e., p, = (X, V. 2,) =
(15,10, -5), (-15,10,-5), (-15,-10,-5), and (15,-10,-5) m, respec-
tively).

Time-domain multi-body simulations are performed via the SIMA
workbench. The dynamic analyses are conducted using a 0.01 s sam-
pling interval, with 20 simulations per EC employing distinct random
wave seeds. Each 2400 s simulation excludes the initial 600 s dur-
ing post-processing to eliminate transient effects, yielding an effective
duration of 1800 s. The JONSWAP wave spectrum is used, with short-
crested waves applied for time-domain simulations. The target non-
exceedance probability is taken as 10~2 in the extreme value analysis,
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Fig. 9. The considered shallow-water region: (a) Bathymetry, (b) slope, and (c) aspect.
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Table 1
Selected dimensions and parameters of the caisson and seabed wedge modules.
Object Parameter Unit Symbol Value
Length m L 30
Breadth m B 20
Height m H 10
Draft m T, 5
Caisson Mass kg M, 3.07E6
Moment of inertia in x? kg-m? I, 1.28E8
Moment of inertia in y* kg-m? I, 2.56E8
Moment of inertia in z* kg-m? I.. 3.33E8
Length m L, 40
Wedge seabed module Breadth m B, 40
A small amount at front end m 6z 0.2
Table 2
Connection points and parameters of towlines.
Parameter Value
Length of towline (m) 836.85
Linear stiffness (N/m) 2E8
Connection points on caisson in {B} (m) (-15, —10,0), (-15,10,0), (15,10,0), (15, —10,0)
Fixed points in {N} (m) (—800, —300,0), (~800,300,0), (800,300,0), (800, —300,0)
Table 3
Environmental condition groups.
ECG D (m) a (°) T, (s) r (®)
1 6 0, 2.5 56,7, 8 0
2 6 0, 2.5 7 45, 90, 135, 180, 225, 270, 315
3 7 0, 25,5,75 56,7, 8 0
4 7 25,5,75 7 45, 90, 135, 180, 225, 270, 315
5 8 0, 25, 5,75, 10 56,7, 8 0
6 8 25,5,7.5, 10 7 45, 90, 135, 180, 225, 270, 315
7 9 0, 2.5, 5, 7.5, 10, 12.5 56,7, 8 0
8 9 5, 7.5, 10, 12.5 7 45, 90, 135, 180, 225, 270, 315
9 10 0, 2.5, 5, 7.5, 10, 12.5, 15 5,6,7,8 0
10 10 2.5, 5, 10, 15 7 45, 90, 135, 180, 225, 270, 315
11 11 0, 2.5, 5, 7.5, 10, 12.5, 15, 16, 17, 18, 19, 20 56,7, 8 0
12 11 5, 10, 15, 20 7 45, 90, 135, 180, 225, 270, 315
13 12 0, 2.5, 5, 7.5, 10, 12.5, 15, 16, 17, 18, 19, 20 56,7, 8 0
14 12 5, 10, 15, 20 7 45, 90, 135, 180, 225, 270, 315
15 13 0, 2.5, 5, 7.5, 10, 12.5, 15, 16, 17, 18, 19, 20 56,7, 8 0
16 13 5, 10, 15, 20 7 45, 90, 135, 180, 225, 270, 315
17 14 0, 2.5, 5, 7.5, 10, 12.5, 15, 16, 17, 18, 19, 20 56,7, 8 0
18 14 5, 10, 15, 20 7 45, 90, 135, 180, 225, 270, 315
19 15 0, 2.5, 5, 7.5, 10, 12.5, 15, 16, 17, 18, 19, 20 5,6,7,8 0
20 15 5, 10, 15, 20 7 45, 90, 135, 180, 225, 270, 315
21 16 0, 2.5, 5, 7.5, 10, 12.5, 15, 16, 17, 18, 19, 20 56,7, 8 0
22 16 5, 10, 15, 20 7 45, 90, 135, 180, 225, 270, 315
23 17 0, 2.5, 5, 7.5, 10, 12.5, 15, 16, 17, 18, 19, 20 56,7, 8 0
24 17 5, 10, 15, 20 7 45, 90, 135, 180, 225, 270, 315
Table 4 to 8 s. The region is characterized by water depths 0 < D < 13 m,
Working conditions for the CFD simulations. seabed slopes 0 < « < 24.75°, and aspects 0 < y < 360°. ECs are
D (m) r® Hy (m) « e systematically categorized into environmental condition groups (ECGs),
15 0 2 0 6,6.5,7,75,8, 85 as detailed in Table 3. Each ECG is comprised of multiple ECs; for
1 2 . . . . . . ..
> ° > 6. 65,7, 7.3, 7.5 instance, ECG 1 consists of eight ECs, combining two water depths
with four peak periods. The complete analysis encompasses 24 ECGs,
Table 5 totaling 740 ECs.
Comparison of simulation results from three different meshes.
Mesh N,/10% Heave (m Pitch (° . .
n ve (m) O 5.2. CFD simulations
M1 210 0.3989 3.3325
M2 250 0.4081 3.5053
M3 300 0.4154 3.5177 A CFD caisson model with inclined seabed boundary conditions is

meaning that D¢ will be less than D, once out of every 100 towing
operations. The safe boundary D, is set as 1 m.

Based on a long-term statistical analysis of a specific shallow-water
region (see Fig. 9), characteristic wave parameters can be established,
including significant wave height H; = 1.25 m and peak periods T, = 5

10

then established and validated against potential flow results. Working
conditions are detailed in Table 4. Mesh convergence analysis is per-
formed using the case of « = 5° and T = 6 s. As shown in Table 5, the
maximum deviation between M1 (coarse mesh) and M2 (medium mesh)
is 4.93% in the pitch direction. This deviation reduces to 0.35% be-
tween M2 and M3 (fine mesh) for pitch. The largest deviation between
M2 and M3 is 1.76%, observed in the heave direction. The variable N,,
denotes the total number of meshes.
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Fig. 12. Visualization of the free surface flow field for T =7 s: (a) « =0° and (b) a =5°.

Fig. 10 demonstrates minimal variation in the results across dif-
ferent mesh densities. Based on the balance between computational
accuracy and efficiency, a mesh count of 2.5 x 10° elements is pursued
for subsequent analysis.

For the sake of simplification, only waves with head sea (8,, = 0°)
are considered, requiring motion amplitude corrections in heave and
pitch (j; = 3,5 in Eq. (20)). Using the conditions from Table 4, the
caisson’s RAOs are calculated via Egs. (18) and (19). Fig. 11 compares
potential flow predictions with CFD results across various critical damp-
ing coefficients £. Optimal agreement between potential flow theory
and CFD is achieved with & = 0 for heave RAO and ¢ = 15% for pitch
RAO and these values are then retained for subsequent potential flow
analyses.

The influence of the caisson on the flow field over a flat seabed is
shown in Fig. 12(a). It can be observed that the flow field distribution is
relatively symmetric along the wave propagation direction, with wave
height exhibiting a regular striped pattern. In contrast, the influence
of the caisson on the flow field over a sloped seabed is depicted in
Fig. 12(b). Due to the presence of the slope, wave refraction and
scattering occur during propagation, resulting in an asymmetric flow
field and more complex variations in wave height. In the sloped region,
waves become focused, leading to a significant increase in local wave
height, which is particularly pronounced around the structure. The
change in topography breaks the symmetry of the floating structure’s
influence on the flow field, causing notable differences in wave height
distribution between the front and rear.

Overall, the caisson significantly impacts the flow field under both
conditions, altering the wave propagation direction and creating no-
table flow disturbances. However, the sloped seabed intensifies the
effect, leading to more pronounced local wave height increases and an
asymmetric distribution.

5.3. Frequency-domain RAOs and time-domain simulations

Frequency-domain and time-domain simulations are conducted for
all ECs; however, only partial results are shown herein, due to
manuscript length limitations. The caisson motion RAOs for heave and
pitch are presented in Figs. 13(a) and 13(b) for y = 0°, D = 11 m,
and B, = 0°, with varying slopes. Slope has a significant impact on the
motion RAOs in terms of both heave and pitch. As the slope increases,
the heave motion amplitude gradually rises. When a = 15°, the heave
RAO peak at the natural period exceeds 2.5 m/m. The trend of the
pitch RAO increase with slope is the same as what is seen with heave.
Meanwhile, it can be observed that the pitch natural period grows
continuously as the slope increases. Moreover, the existence of slope
causes a new peak below the natural period for the pitch.
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Fig. 13. Motion RAOs for ECGs 11 and 12, with D =11 m and g, = 0°.

Figs. 13(c) and (d) present the heave and pitch RAOs for a = 5°,
D =11m, and g, = 0°, with varying aspects. Compared to the influence
of slope a, aspect y has a relatively smaller impact on the response
amplitudes. Aspect affects both the heave and pitch natural periods.
The natural period for pitch gradually decreases as the aspect increases.

Figs. 14(a) and (b) present the heave and pitch motions with respect
to « when D = 10 m, y = 0°, and T,=5s and a certain wave random
seed is selected. The wave-induced motions in terms of heave and pitch
generally increases with an increasing « in most time.

Figs. 15(a) and 15(b) illustrate the motion trajectories of the spec-
ified interesting point in the xz-plane. In head seas, the surge motions
dominate over the heave and pitch motions, with their influence inten-
sifying at higher peak periods T, likely due to second-order drift forces.
Heave and pitch motions critically influence grounding assessment
by determining the vertical distances between interesting points and
their projections. Seabed slope « affects the distances through two
mechanisms: steeper slopes increase both heave and pitch motion am-
plitudes while simultaneously reducing the distances between bottom
interesting points and the topside of the wedge module.

In sum, a higher a not only increases the hydrodynamic response
of the caisson, it also changes the collision boundary conditions due to
changes in water depth.
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Fig. 15. Motion traces of the caisson interesting point (15,10,-5) in { N} for ECG 9,
with D =10 m, y = 0°, and seed=1: (a) « =5° and (b) a = 10° for different 7, values.

5.4. Extreme value analysis of minimum distance

Figs. 16(a) and 16(b) present the distance time series between the
four interesting points and the corresponding projection points on the
wedge seabed module, using a certain random wave seed in ECG 5 with
a =2.5° and 7.5°. It can be seen that the time series of the interesting
points that are symmetrical at about the x-axis are almost completely
overlapped. This is due to the fact that g, = 0° and the roll motions
are small. The minimum vertical distance is less than zero for EC 5 with
a =7.5°, meaning that groundings with the wedge module do occur.

Extreme value distributions of Dg"’ are described in Figs. 16(c) and
(d) by the estimated parameters y and ¢ in ECG 5 for « = 2.5° and
7.5°. Simulations are repeated 20 times using random seeds in each
EC. The minimum value of the vertical distance between the caisson’s
interesting points and the projections is extracted and then fitted by the
Gumbel distribution. The extreme value distribution in ECG 5 for T, = 5
s is on the rightmost side and that for T, = 8 s is on the leftmost side,
meaning that the average D¢ for T, = 5 s is larger than that for 7, = 8
s during the repeated simulations. The GOF of the Gumbel distribution
for the minimum distance D¢ is larger than 0.89.

Figs. 16(e) and (f) show the characteristic distances with regards
to slopes a and peak periods 7, for ECG 5. These values are obtained
through the minimum Gumbel distribution and the predetermined
non-exceedance probability. The black dash-dotted line represents the
non-exceedance probability of 1072 and the point where it intersects
the fitting curve is the characteristic distance for the specific EC. The
safe boundary D,,, is set at 1 m, which can be adjusted by taking into
account factors such as changes in local tide levels. The characteristic
distances for which the values are larger than D, are marked as
green dots, and those values less than D,,;, are marked as red dots.
The characteristic distance is the smallest at 7, = 8 s and reaches
approximately 0.6 m and -2 m at « = 2.5° and 7.5°, respectively.
Furthermore, the characteristic distance increases with the decrease of
T, and the largest value appears at 7, = 5 s, resulting in a relatively
low probability of groundings.
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5.5. Characteristic distance under different ECs

Figs. 17(a) through (d) compare the characteristic distances under
different peak periods T, and slopes « for ECGs 5, 9, 13, and 19. It can
be observed that for a small slope (« < 2.5° for D =8 and 10 m and « <
7.5° for D = 12 and 15 m), the characteristic distance D,,,. decreases
as T, increases, indicating that long-period waves pose a threat to the
towing safety. For a larger slope, T, = 7 s is important (i.e., D,
decreases as T, increases when T, < 7 s, but D, increases as 7T,
increases). The natural periods of the caisson’s heave and pitch motions,
within the considered range of slopes and aspects are approximately
7 s (see Fig. 13). As a result, the D, adopts 7 s as the critical
period, showing opposite variation trends on either side of this value.
Additionally, D,,,. generally decreases with an increase of « for all D
values. D, is determined by the responses of the caisson and seabed
slopes. Its value is dominated by the slopes when T), is small. In other
cases, it is dominated by the responses.

The characteristic distances of the different aspects y and slopes
a for ECGs 6, 10, 14, and 20 are shown in Figs. 18(a) through (d).
The characteristic distance D,,,. exhibits approximate symmetry of
about y = 180° for each slope value, corresponding to the direction
parallel to wave propagation (f,). It is clear that the impact of aspect
on characteristic distances D,,,. depends on a. D, slightly changes
with an increase in y when the slope is small (« = 5°) and the influence
of « on D,,,. becomes significant when « is larger (« = 15 and 20°).
As a increases, the decrease in the free space of the caisson caused by
the change in y is more significant. Specifically, the caisson is more
passable under conditions of larger slopes when the aspect y = 90° (or
270°), which is due to the caisson’s width direction aligning with the
wedge module length, and when the caisson length is larger than the
width, resulting in a smaller depth variation than the caisson length
direction. When « is small (i.e., « = 5°), the caisson is more passable
for y = 45° (or 315°).

To access the passability of the caisson under a specific EC using
a single parameter (D,,,), the characteristic distance is compared to
the safe boundary (see Figs. 17 and 18). When D = 8§ m and y = 0°,
there are five ECs in which the caisson can pass safely. The caisson can
pass the wedge module with @ = 0° and 5° at 7, = 5 and 6 s, while it
can barely pass flat seabed at 7, = 7 s. For D = 12 m, the increased
water depth provides a larger passable region for the caisson and it
can pass the wedge module successfully with a« < 12.5°. For D = 15 m,
it can safely pass under all considered a and 7, values. As the aspect
varies, the caisson cannot pass under all ECs in ECG 6, and it cannot
only pass the wedge module only with « = 20°, y = 135°, and 225° in
ECG 20. These results can support caisson towing in shallow waters by
fully using the water depth caused by tide.

5.6. Construction of a higher-order interpolator

The ECs in Table 3 are simulated and analyzed to obtain the cor-
responding D, which serves as the dataset for the neural network.
In the dataset, there are 740 samples. Of the total, 705 samples are
randomly selected as a training set, and the remaining 35 samples
are used as the test set to evaluate the approximation accuracy of
the trained network. The performance on the test set is presented in
Figs. 19(a) and (b). The regression coefficient is 0.998, and the optimal
mean squared error (MSE) reaches 9.58x10~* after 429 iterations.
Fig. 20(a) presents the regression plot of D,,,, in the test set, with most
data points falling within the confidence interval. Figs. 20(b) and (c)
show the relative error and its distribution, revealing that the relative
error of D, predominantly lies within the range of —10% to 10%.

Furthermore, 30 additional samples are applied as the validation set
to validate the generalization ability of the trained network. Note that
sample parameters in the validation set (see Table 6) are not included
in Table 3. The prediction accuracy of the trained network on the
validation set is shown in Figs. 21(a) through (c). It can be seen that
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the network performs well with varying « and D values, with regression
coefficients close to 1 and MSE values of 4x10~#, and 1.8x1073, which
are close to or better than the optimal MSE (9.58x10™*) in the test
set. Fig. 22(a) presents the regression of D,,,., with most data points
falling within the 95% confidence interval. This indicates a strong
alignment between the network’s predictions and the computed results,
demonstrating minimal bias. Figs. 22(b) and (c) illustrate the relative
error and its distribution. It can be observed that the relative error of
the D, mostly falls within the range of —4% to 6%. However, for the
22nd sample, the relative error reaches as high as 1380%. This is likely
due to the calculated value being close to zero, coupled with the limited
representation of this type of sample in the training dataset, leading to
significant prediction deviations. However, if the safe boundary Dy, , is
set to 1 m, this result does not affect the determination of the passable
area.

When dividing the passable region based on D,,,, deviations in
network prediction accuracy may lead to division errors. For example,

13

D,p,, for Sample 23 is close to D, (pink dotted line), but the
network-predicted D,,,,. is slightly higher than the calculated value,
resulting in a misjudgment. To reduce the occurrence rate, Dy, , can
be appropriately increased to add tolerance, thereby reducing division
errors caused by network prediction accuracy deviations. The network
performs slightly worse in the y dimension, due to the limited samples
of varied y. To obtain better prediction accuracy, the original dataset
can be further expanded.

In sum, the trained network has satisfying generalization capabili-
ties and meets the requirements of the characteristic distance interpo-
lator.

5.7. Determination of the passable region

In the shallow-water region (shown in Fig. 9), the corresponding
characteristic distance for each EDP is obtained based on D, « and y
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Table 6
Samples in the validation set.
Sample D (m) a (®) r ()
1 17.5 15.5 40
2 17.5 15.5 50
3 17.5 15.5 70
4 17.5 15.5 100
5 17.5 15.5 120
6 17.5 15.5 140
7 17.5 15.5 220
8 17.5 15.5 230
9 17.5 15.5 240
10 17.5 15.5 260
11 15.5 3 30
12 15.5 3.5 30
13 15.5 6 30
14 15.5 6.5 30
15 15.5 8 30
16 15.5 8.5 30
17 15.5 11 30
18 15.5 11.5 30
19 15.5 12 30
20 15.5 12.5 30
21 6.5 3 70
22 7.5 3 70
23 8.5 3 70
24 9.5 3 70
25 10.5 3 70
26 11.5 3 70
27 12.5 3 70
28 13.5 3 70
29 14.5 3 70
30 15.5 3 70

-2 FH=1.25m, y=0°, D=10m
5 6 7 8

D par (!n)

5 6 7
T, (s)

(d)

Fig. 17. Characteristic distance w.r.t. « and T, in (a) ECG 5, (b) ECG 9, (¢) ECG 13, and (d) ECG 19.

using the constructed interpolator. The results are shown in Figs. 23(a),
(d), and (g). Figs. 23(c), (f), and (i) describe the calculated passable
region according to the predetermined safe boundary in a specific sea
state of H;, = 125 m, T, = 65, 6.8, and 7 s, and §,, = 0°. The
green region represents the passable region, with the depth of color
indicating D, while the white region represents the impassable region.
To investigate the necessity of considering the slope and aspect for
the division of the passable region, the shallow-water region is divided
based solely on the minimum D, as presented in Fig. 23(b).

Comparing Fig. 23(b), (e), and (h) to 23(c), (f), and (i), it is evident
that D plays a dominant role in determining the passable region.
However, the influence of « and y cannot be ignored.

6. Conclusions

This research proposes a concept of MTCT for caissons and a prob-
abilistic framework of determining the passable regions in specific
shallow-water regions. The complicated seabed is simplified into a se-
ries of wedge modules and an MTCT time-domain multi-body model for
caissons is established. The hydrodynamic coupling effect between the
caisson and the wedge module is considered and the frequency-domain
results are corrected using a CFD technique. For the shallow-water
region under consideration, time-domain simulations are performed
under various ECs and the passable region is divided based on a data-
driven method. By analyzing the relative vertical distances between the
caisson and wedge module during the towing process, the following
conclusions are reached:

« The slope and aspect of the seabed significantly influence the
hydrodynamic responses of the caisson in the heave and pitch

14
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Fig. 19. Prediction performance in (a) regression coefficient and (b) mean squared error.

directions. Changes in slope and aspect not only alter the RAO
amplitudes but also affect the natural periods of the heave and
pitch motions.

Simultaneously, variations in slope and aspect also change the
collision boundary conditions, resulting in a significant impact
when calculating the vertical distance between the interesting
points on the caisson and their corresponding projections on the
inclined seabed.

For a non-exceedance probability of 10~2, the vertical distance
between the caisson and a 40 m-long seabed (with slopes ranging
from 0° to 20°) exceeds the safe boundary at a 15 m water depth
and 0° aspect. For water depths of 6 to 17 m and peak period of 7
s, caisson passability for the seabed at aspects of 45°, 135°, 225°,
and 315° presents greater challenges under steeper slopes (a >

15

10°). Within the studied range, a peak period of 7 s represents a
critical period for slopes exceeding 2.5° at depths of 8 and 10 m,
and for slopes exceeding 7.5° at depths of 12 and 15 m. Caisson
passability exhibits approximately linear relationships with water
depth and slope (improving with increased depth and decreased
slope), while displaying complex, wave-direction-symmetric de-
pendencies on aspect. Wave period influences passability through
its modulation of the caisson’s hydrodynamic responses (RAO
amplitudes).

The constructed BP neural network effectively maps nonlinear
relationships for characteristic distance prediction. The network
achieves a regression coefficient of 0.998 and MSE of 9.58 x 10~*
for the test set. Validation results demonstrate strong general-
ization capability, with regression coefficients approaching 1 for
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Fig. 22. The comparison between the predicted results and calculated results of D,,, in validation set. (a) The regression plot, (b) the relative errors, and (c) the distribution of

the relative errors.

slope and water depth dimensions, and MSE values comparable to
or below the test set optimum. While aspect dimension prediction
shows marginally lower accuracy due to limited sampling, its
performance metrics remain acceptable.

o Although water depth primarily determines passable regions,
both slope and aspect significantly influence operability bound-
aries.

In this study, caisson hydrodynamic responses near sloped seabeds
are calculated using a simplified multi-body coupled potential flow
model. The hydrodynamic results are partially validated against CFD
simulations within computational constraints. The proposed method
for determining passable regions relies on the resolution of seabed
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topography data and the accuracy of the calculations based on potential
flow theory.

Future work will focus on enhancing hydrodynamic calculation
accuracy for floating bodies near sloped seabeds through advanced
potential flow modeling and experimental validation. Incorporating
factors such as ocean currents, wind forces, and high-resolution bathy-
metric data in future studies will enhance the model’s applicability in
complex real-world sea conditions, providing more precise guidance
for caisson towing path planning and risk assessment. Additionally, the
fusion of seabed topography data and real-time sea state measurements
will provide more precise boundaries for passable regions. The hydro-
dynamic experimental validation of caissons under sloped conditions
was completed in the laboratory and is being prepared for publication.
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