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Hydrodynamic constraint loads
estimation on connectors of
column-pontoon type very large
floating structure (CP-VLFS)
under wave stimulation

Linjian Wu, Han Jiang*, Xudong Ji, Xueli Ju, Zhouyu Xiang
and Mingjie Gu

National Engineering Research Center for Inland Waterway Regulation, School of River and Ocean
Engineering, Chongqing Jiaotong University, Chongqing, China
Column-pontoon type very large floating structure (CP-VLFS) operated at the

deep and sea faraway areas are generally exposed to the extremely complex wave

conditions. The connectors of CP-VLFS are generally subjected to complicated

hydrodynamic constraint loads when the modules of CP-VLFS are stimulated by

the long-tern wave forces. The general method for analyzing the hydrodynamic

performances for marine floating structures and their components is almost on the

basis of potential flow/fluid theory (PFT), but its algorithm principle is relatively

complex and would consume plenty of computing time. During the preliminary

design and scheme comparison stages for CP-VLFSs, the hydrodynamic results for

CP-VLFSs’ modules and their connectors required to be rapidly determined.

Hence, a rapid and high-efficiency estimating method for time-domain

hydrodynamic constraint loads of connectors on CP-VLFS considering the

mathematical and mechanical model of rigid module and flexible connector

(RMFC) is developed via this paper. During this estimation method, the Morison

theory of floating body is employed to assess the hydrodynamic excitation forces

by random and irregular wave (RIW) on CP-VLFS structures, and a series of concise

formulas for estimating the hydrodynamic constraint loads of CP-VLFS connectors

are derived based on the geometrical relationship of the CP-VLFS modules’

motion. For this paper’s explorations, a three-module CP-VLFS model is

considered as a case, and the time-domain hydrodynamic constraint loads of

CP-VLFS’s connectors are determined under the RIW stimulations with different

wave angles. Hydrodynamic constraint loads of CP-VLFS connectors estimated by

this paper agree well with the results of PFT and those of physical experiment,

validation the methodologies developed by this paper. Some useful conclusions

may provide significant technical supports for hydrodynamic characteristics of CP-

VLFS modules and their connectors optimization.

KEYWORDS

column-pontoon type very large floating structure (CP-VLFS), connector, hydrodynamic
response of CP-VLFS module, hydrodynamic constraint loads, random and irregular
wave (RIW)
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1 Introduction

The development and application of ocean resources has

gradually progressed from the coast to the deep sea (Rayner et al.,

2019; Liu and Molina, 2021). Under this background, researches on

very large floating structures (VLFSs) have become increasingly

significant (Lamas-Pardo et al., 2015; Xiao et al., 2016; Singla et al.,

2018; Wei et al., 2018; Yang et al., 2019). VLFSs are the ocean floating

structures whose dimensions are measured in kilometers, which can

be used as the multi-use floating island (Flikkema and Waals, 2019;

Drummen and Olbert, 2021), the platform of offshore wind turbines

(Xu et al., 2022), as well as the modular floating terminal (Souravlias

et al., 2020), etc. Especially, the column-pontoon type very large

floating structure (CP-VLFS) is generally regarded as a significant

carrier for human beings to explore ocean resources in deep and

faraway sea areas due to their superior hydrodynamic behaviors and

their suitability for complex and rough marine environments. The

CP-VLFS cannot be produced as a whole due to their very large scale,

which are typically fabricated structures and require the connectors

with specially designed to combine the multiple CP-VLFS modules

together (Wang and Tay, 2011). These connectors must be the

weaknesses for the entire structure of CP-VLFS, and very large

hydrodynamic constraint loads will occur on connectors under the

external marine environment forces, especially, the most unfavorable

forces on CP-VLFS modules (Lamas-Pardo et al., 2015). Therefore, it

is critical to develop a rapid, high-efficiency and reasonable method to

estimate the hydrodynamic constraint loads of connectors on CP-

VLFSs under the complicated external excitation forces.

The different connection types (rigid or flexible) between the two

adjacent VLFSs modules can directly determine the constraint loads

of connectors (Gao et al., 2011). Simplified mathematical and

mechanical models of the CP-VLFSs’ modules and connectors have

been classified into four aspects according to the rigidity or flexibility

of the modules and connectors (Wu et al., 2017), including the rigid-

module with flexible-connector (RMFC) model, the rigid-module

with rigid-connector (RMRC) model, the flexible-module with rigid-

connector (FMRC) model, and the flexible-module with flexible-

connector (FMFC) model. Particularly, the RMFC model is adopted

the most widely and indicates that the CP-VLFS modules’ stiffness is

infinitely greater than those of their connectors (Wu et al., 2017). This

means that the CP-VLFSs’ modules cannot appear to deform, but

only exhibiting the translation and rotation when the structures are

stimulated via marine environmental loads. Meanwhile, the

connectors are flexible and exhibit relative deformation, which

generates very large constraint loads.

General mainstream technique for determining the

hydrodynamic coefficient and environmental fluid force of marine

structures, especially the floating structures, is almost based on the

theories of PFT (Lian et al., 2020; Qiao et al., 2020), and some business

software, such as the SESAM of DNV, WAMIT, AQWA of ANSYS,

etc., on the basis of the PFT are used to investigate the frequency- and/

or time-domain hydrodynamic parameters and fluid forces on

floating bodies.

Kim et al. (2014) proposed a hydroelastic design contour

practically used for the preliminary design of pontoon-type

rectangular VLFSs, and the PFT was used to model the fluid forces
Frontiers in Marine Science 02
on VLFS. Wei et al. (2017) proposed a numerical method for

predicting the hydroelastic responses of VLFS by using the three-

dimensional PFT and finite element method, and the influences of

inhomogeneous seabed and wave field conditions were considered

during this method. In addition, Wei et al. (2018) developed a time-

domain estimating method for investigating the hydroelastic

responses of a freely VLFSs under inhomogeneous regular and

irregular waves, and the method of PFT was utilized to determine

the hydrodynamic coefficients and wave excitation forces acting on

VLFS. Wu et al. (2017) developed a simplified algorithm for assessing

the hydrodynamic performances of a three-module semi-submersible

type VLFS, as well as the hydrodynamic responses of connectors for

VLFS at rough sea states were analyzed (Wu et al., 2016a). On the

basis of the simplified method and the hydrodynamic response results

of VLFS, the optimal stiffnesses of connectors for this VLFS were

determined (Wu et al., 2018). Ding et al. (2017) established a direct

coupled method based on Boussinesq equations and RANKINE

source method to evaluate the hydroelastic responses of a single

module VLFS near islands and reefs. Next, Ding et al. (2019)

developed a simplified method and a software of THAFTS-IHIW to

evaluate the hydroelastic responses of an eight-module VLFS under

the inhomogeneous waves in the Typhoon of Kalmaegi. During the

numerical calculation process, the PFT was used to confirm the wave

excitation forces of VLFS. Subsequently, Ding et al. (2020a) utilized

the experimental and numerical methods to investigate the

hydroelastic responses of an eight-module VLFS deployed in

shallow water and near a typical island. The module motions and

connector loads of the VLFS were analyzed in detail. During the

numerical method, the PFT was adopted and combined with classical

hydroelasticity theory to assess the dynamic responses of VLFS.

Moreover, Ding et al. (2020b) investigated the loads of flexible

connectors installed in a three-module VLFS floated in the shallow

water areas based on the methods of physical experiment and

numerical computation. The three-dimensional hydroelasticity

theory based on PFT and RMFC model were used to build a

simplified analysis procedure for estimating the connector loads of

VLFS, and the influences of uneven seabed were considered. Ding R.

et al. (2020) carried out a physical experiment to investigate

characteristic evolution for a chain-type floating system with

increase of module numbers. The connector loads of the

experimental prototypes were estimated on the basis of RMFC

model and experimental measurements.

Qi et al. (2018) provided a fatigue estimation for a VLFS by using

a spectral-based fracture mechanics approach united hydrodynamic

response analysis based on PFT (ANSYS AQWA), spectral stress

intensity factor calculation, load spectrum, and fatigue crack

propagation model. Shi Q. J. et al. (2018) focused on the design of

stiffness of flexible-base hinged connector stiffness for a three-

modular VLFS. During this process, the orthogonal experimental

method was adopted to consider the relationship between the

connectors’ stiffness combination and VLFS module responses, and

the hydrodynamic forces on VLFS were estimated by using the PFT.

Ren et al. (2019) investigated the influence of outermost connector

types on time-domain hydrodynamic responses of a modular multi-

purpose floating structure system with seven modules by using the

numerical method. The linear PFT was used to estimate the wave
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force on modular multi-purpose floating structure during the

numerical computation. Zhao et al. (2019) proposed a genetic-

algorithm-based routine procedure and subsequently developed a

method to properly determine anisotropic stiffness of connectors for

multi-modular floating systems under various wave conditions.

During the numerical investigations, the PFT was adopted to

analyze the linear wave force on floating structure, and the optimal

stiffness configuration for an 8-modular floating system was

determined according to this aforementioned method.

On the basis of the aforementioned contents, some useful

information can be obtained: PFT still remains the main research

approach for studying the hydrodynamic characteristics of VLFSs and

their connectors. Although the PFT method has powerful universal

applicability, the corresponding theories are relatively complex and

would consume plenty of computing time. Generally, increasing the

accuracy of estimated results but sacrificing the solving efficiency

must consume more computational time to acquire the satisfactory

results. Nevertheless, during the preliminary design and scheme

comparison stages for CP-VLFS, the hydrodynamic results of CP-

VLFSs and their connectors required to be rapidly and high-efficiently

determined, but it is unnecessary to ensure the estimation accuracy of

the structural hydrodynamic results absolutely consisting with those

of the design stage of construction.

For this paper’s investigations, a rapid and high-efficiency

estimating method for time-domain hydrodynamic constraint loads

of connectors on CP-VLFS considering the RMFC model at high sea

states (HSSs) is developed via this paper based on some reasonable

assumptions. The Morison theory for floating body is employed to

assess the external excitation forces of RIW on CP-VLFS modules,

and a series of theoretical formulas for the hydrodynamic constraint

loads of connectors are derived on the basis of the geometrical

relationships of CP-VLFS modules’ motion. A three-modules model

of CP-VLFS at sea state six (SS6) is regarded as a case, and the

estimation results via this paper’s high-efficiency method are

compared with the results by PFT method and the measurements

from a referenced physical model test. Finally, the relative errors

among the results by the methods of this paper, PFT, as well as the

model test are simultaneously analyzed to elaborate the precision,

feasibility and reasonability of this paper’s high-efficiency method.
Frontiers in Marine Science 03
2 Theoretical analysis

2.1 General concept

The conceptual design scheme for CP-VLFS is exhibited in

Figure 1, in which consists of many individual modules connected

by connectors. A single CP-VLFS module constituted by three

components, including one top platform, eight columns and two

pontoons. The designed flexible connector for CP-VLFS is shown in

Figure 2 (Ding et al., 2020b).

The flexible connector of CP-VLFS has been designed to prevent

the linear displacement of CP-VLFS modules’ motion but allow their

angular rotation in three translational directions, which can be carried

out by using the springs with stiffness placed into a significant device

of syndeton. The key components of a single syndeton are as shown in

Figure 3, and the design principles, specific functions for various

components of a syndeton are explained by Wu et al., 2016b. Figure 2

elaborates the CP-VLFS flexible connectors with the multiple

syndetons in x, y, and z directions, which are the important

components for CP-VLFS’s flexible connectors.

This paper considers the flexible connector of CP-VLFS as a

simplified spring model in terms of the calculation model of RMFC,

as shown in Figure 4, as well as the kx, ky, and kzare the connectors’

stiffnesses in the directions of x, y, and z, respectively. Therefore, the

constraint loads of flexible connectors in the directions of x, y, and z

are estimated by Hook’s Law:

F
Cm
i,i+1

cx = kxCm
i,i+1

DxCm
i,i+1

F
Cm
i,i+1

cy = kyCm
i,i+1

DyCm
i,i+1

F
Cm
i,i+1

cz = kzCm
i,i+1

DzCm
i,i+1

8>>>><
>>>>:

(1)

where imeans the module i (Mi) of the CP-VLFS; C
m
i,i+1 represents

the connector m among the module i (Mi) and module i+1 (Mi+1),

where m=1,2,···j; and j denotes the number of connectors between the

two adjacent CP-VLFS modules. The symbols of kxCm
i,i+1

, kyCm
i,i+1

, and

kzCm
i,i+1

are the stiffnesses of Cm
i,i+1 in the directions of x, y, and z,

respectively. Meanwhile, the DxCm
i,i+1

, DyCm
i,i+1

, and DzCm
i,i+1

denote the
FIGURE 1

Conceptual design scheme for CP-VLFS.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1113555
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2023.1113555
relative deformations of Cm
i,i+1 in the directions of x, y, and

z, respectively.

Within Eq. (1), the connectors’ stiffnesses are the known

parameters, therefore the key issue for estimating the constraint

loads of CP-VLFS’s connectors is determining the connectors’

relative deformations in different directions of x, y, and z. The

relative deformations occur on CP-VLFS’s flexible connectors due

to the two adjacent modules experience relative motion under the

external marine environmental loads. Therefore, the precondition for

acquiring the relative deformations of CP-VLFS’s connectors is

determining the connectors’ hydrodynamic deformations between

the two adjacent modules of CP-VLFS.

To sum up, this paper regards a multi-modules CP-VLFS as a

multiple degree-of-freedom (DOF) system of structural dynamics

theory. Figure 5 shows the simplified RMFC model for CP-VLFS with

modules and connectors.

In Figure 5, Mi (i = 1, 2,…) is the module i and Ct(t = 1, 2,…) is

the connector t. On the basis of D’Alembert’s principle, the structural
Frontiers in Marine Science 04
dynamic equation (Wang et al., 2022a) for CP-VLFS is written

as follows:
½M� €X
� �

+ ½Cf � _X
� �

+ ½K� Xf g = Fwf g (2)

where [M]=[Ms]+[Mf], [Ms] is the mass matrix and [Mf] is the

added mass matrix of CP-VLFS. [Cf] is the structural damping

coefficient matrix. [K] is the stiffness matrix for floating structure,

and [K]=[Ks]+[Kf], where [Ks] is the structural global stiffness matrix.

[Kf] is the static resilience coefficient matrix. {Fw} is the external

excitation force matrix (vector). f€Xg, f _Xg, and {X} are the vectors of

acceleration, velocity and motion displacement for the CP-VLFS

modules, respectively.

Some reasonable assumptions are proposed to facilitate the

following theoretical derivation in this paper:
(1) The CP-VLFS has no navigational velocity;

(2) The mooring or anchoring facilities of CP-VLFS are not

considered in this paper tentatively, and the restraint
FIGURE 3

Schematic diagram of the syndeton.
FIGURE 2

Designed flexible connector of CP-VLFS.
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Fron
boundary conditions for the CP-VLFS models will be

explained in detail while solving the dynamical equations;

(3) Only a random and irregular wave (RIW) force at high sea

state is regarded as an external excitation force on CP-VLFS

modules;

(4) This paper concentrates on researching a high-efficiency

method for estimating the hydrodynamic constraint loads

of CP-VLFS connectors under the RIW of HSSs acting on.

Hence, the CP-VLFS’s columns and pontoons are both

considered as the small-scale components via comparing

with the very large wavelengths of HSSs (Stansby et al.,

2015; Shi Y. et al., 2018).
On the basis of the aforementioned assumptions, {Fw} in Eq. (2)

denotes the external force of RIW. Simultaneously, the wave field of

RIW varies with the continuous time, so themajor parameters in Eq. (2),

which consist of the unknowns X=X(t), hydrodynamic coefficients [Mf]

=[Mf(t)], [Cf]=[Cf(t)], [Ks]=[Ks(t)], and [Kf]=[Kf(t)] and the wave

excitation force {Fw}={Fw(t)}, all vary with time. Inserting these

parameters into Eq. (2) changes the dynamic equation to
tiers in Marine Science 05
(½Ms� + ½Mf (t)�) €X(t)
� �

+ ½Cf (t)� _X(t)
� �

+ (½Ks(t)� + ½Kf (t)�) X(t)f g
= Fw(t)f g

(3)

The hydrodynamic relationship for the whole CP-VLFS is

expressed via Eq. (3). To facilitate the following analysis, utilizing

the isolation method to acquire a CP-VLFS module’s motion

equations:

(½Ms� + ½Mf (t)�) €X(t)
� �

+ ½Cf (t)� _X(t)
� �

+ ½Kf (t)� X(t)f g
= Fw(t)f g + Fc(t)f g (4)

In Eq. (4), the global stiffness matrix of CP-VLFS [Ks]=0 means

that the entire structure of CP-VLFS is disconnected from the

connectors’ positions. Meanwhile, the connectors’ constraint loads

{Fc(t)} are changed from internal forces to external forces, as exhibited

in Eq. (4).

Each module of CP-VLFS exhibits hydrodynamic response

displacements along the six DOF directions, including the surge,

sway, heave, roll, pitch and yaw, under the external marine

environmental forces of RIW at HSSs. Therefore, six hydrodynamic

equations based on the Eq. (4) can be built to solve the hydrodynamic

displacements of CP-VLFS module in these six directions, and the

hydrodynamic relative deformations for various connectors of CP-

VLFS can be derived on the basis of the CP-VLFS connectors’

hydrodynamic deformations as well as the geometrical relationships

among the two adjacent CP-VLFS modules’ motions. The CP-VLFS

connectors’ hydrodynamic constraint loads can be ultimately

estimated by combining the connectors’ relative deformations with

Eq. (1). In sum, the research idea and implementation steps for this

paper’s simplified method are as follows:
(1) Solve the hydrodynamic equations of a CP-VLFS single

module within Eq. (4) to acquire each module’s motion

displacements in six DOF directions;

(2) According to the geometrical relationships before and after

the two adjacent CP-VLFS modules’ motions to deduce the

deformations and relative deformations of CP-VLFS

connectors in directions of x, y, and z;

(3) Utilize the Hook’s Law of Eq. (1) to evaluate the

hydrodynamic constraint loads of flexible connectors.
The global coordinate system (GCS) oxyz, the local coordinate

system (LCS) ox’y’z’, as well as the wave coordinate system (WCS)
FIGURE 5

Simplified RMFC model for the module and connectors of CP-VLFS and its coordinate system (oxy plane).
FIGURE 4

Simplified spring model of a flexible connector.
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OXYZ of the CP-VLFS in the oxy, ox’y’ and OXY planes are defined in

Figure 5, where d is the wave angle. The origins of the GCS (o) andWCS

(O) are coincident. The incident direction of RIWdefines always parallel

with the OX axis in OXYZ, and the WCS can revolve around the point

O. Figures 6 and 7 present the LCS ox’y’z’ for CP-VLFS module in the

ox’z’, oy’z’ planes and the physical dimensions of a single CP-VLFS

module. The wave angles can be varied from 0° to 90° in this paper.
2.2 Hydrodynamic constraint loads
for connectors

Figure 8 shows the simplified geometric model for a single module

and connectors of CP-VLFS, where the single module isMi and C1
i−1,i,

C2
i� 1,i, C

1
i,i+1, and C2

i,i+1 are the connectors between two adjacent

modules. This paper treats C1
i,i+1 and C2

i,i+1 as instances to derive

formulas of the hydrodynamic constraint loads, where C1
i,i+1 and C

2
i,i+1

denote connectors 1 and 2 between Mi and Mi+1. Some of the

geometrical parameters for CP-VLFS modules, including R, r, Rr, a,
b, and g, can be determined in Figure 8.

2.2.1 Deformations and relative deformations of
CP-VLFS’s connectors

(1) Due to the translation of CP-VLFS modules

Once the CP-VLFS moves by the external environmental wave

forces, the deformations and relative deformations of C1
i,i+1and C2

i,i+1

from the CP-VLFS module’s translation (surge, sway, and heave) in

the directions of x’, y’, and z’ are expressed as follows:
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(a) x’ direction:

xSurge(i)C1
i,i+1

= xSurge(i)C2
i,i+1

= xx(i)

DxSurgeC1
i,i+1

= DxSurgeC2
i,i+1

= xx(i+1) − xx(i)

8><
>: (5)

(b) y’ direction:

ySway(i)C1
i,i+1

= ySway(i)C2
i,i+1

= xy(i)

DySwayC1
i,i+1

= DySwayC2
i,i+1

= xy(i+1) − xy(i)

8><
>: (6)

(c) z’ direction:

zHeave(i)C1
i,i+1

= zHeave(i)C2
i,i+1

= xz(i)

DzHeaveC1
i,i+1

= DzHeaveC2
i,i+1

= xz(i+1) − xz(i)

8<
: (7)

where xSurge(i)C1
i,i+1

, ySway(i)C1
i,i+1

, zHeave(i)C1
i,i+1

and xSurge(i)C2
i,i+1

, ySway(i)C2
i,i+1

, zHeave(i)C2
i,i+1

denote

the deformations for C1
i,i+1 and C2

i,i+1 in the directions of x’, y’, and z’

due to the CP-VLFS module’s translation along the surge, sway, and

heave, respectively; DxSurgeC1
i,i+1

,DySwayC1
i,i+1

,DzHeaveC1
i,i+1

and DxSurgeC2
i,i+1

,DySwayC2
i,i+1

,DzHeaveC2
i,i+1

mean the relative deformations for C1
i,i+1 and C2

i,i+1; as well as xx(i),xy
(i),xz(i) and xx(i+1),xy(i+1),xz(i+1) denote the hydrodynamic response

displacements for Mi and Mi+1 along the surge, sway, and heave.

(2) Due to the rotation of CP-VLFS modules

Similarly, connectors of CP-VLFS can appear linear deformation

due to the two adjacent modules rotation along the directions of roll,
FIGURE 7

LCS and physical dimensions of a single CP-VLFS module in the oy’z’ plane.
FIGURE 6

LCS and physical dimensions of a single CP-VLFS module in the ox’z’ plane.
FIGURE 8

Simplified geometric model for a single CP-VLFS module and connectors.
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pitch, and yaw. The translational deformations for the flexible

connectors because of CP-VLFS modules’ rotation are derived by

means of the geometrical relationships before and after the CP-VLFS

modules’motions. Some plus or minus symbols are uniformly defined

to more advantageously deduce the following contents.

Two standards are stated during the investigations of this paper:

firstly, the unknown rotational angles, including qx(i), qy(i), and qz(i) for
CP-VLFSmodules are negative whenMi is the clockwise rotation around

the x’, y’, and z’ axes, as well as their opposites are positive; moreover, the

linear deformations of connectors, which are negative when they are the

same as the coordinate directions and positive otherwise.

When Mi is rotation along the pitch (as shown in Figure 9), the

translational deformations and relative deformations for C1
i,i+1 and

C2
i,i+1 in directions of x’ and z’ are determined in terms of the

geometrical relationships of CP-VLFS module before and

after rotation:

(a) x’ direction:

xPitch(i)C1
i,i+1

= xPitch(i)C2
i,i+1

= −r½sin (a + qy(i)) − sina�

DxPitchC1
i,i+1

= DxPitchC2
i,i+1

= −r½sin (a + qy(i+1)) − sin (a + qy(i))�

8<
: (8)

(b) z’ direction:

zPitch(i)C1
i,i+1

= zPitch(i)C2
i,i+1

= r½cosa − cos (a + qy(i))�

DzPitchC1
i,i+1

= DzPitchC2
i,i+1

= −r½cos (a + qy(i+1)) − cos (a + qy(i))�

8<
: (9)

When Mi is rotation along the roll (as shown in Figure 10), the

translational deformations and relative deformations for C1
i,i+1 and

C2
i,i+1 in directions of y’ and z’ are expressed as:

(a) y’ direction:

yRoll(i)C1
i,i+1

= −R½sin (b + qx(i)) − sin b�, yRoll(i)C2
i,i+1

=

−R½sin b − sin (b − qx(i))�
DyRollC1

i,i+1
= −R½sin (b + qx(i+1)) − sin (b + qx(i))�, DyRollC2

i,i+1

= R½sin (b − qx(i+1)) − sin (b − qx(i))�

8>>>>>>>><
>>>>>>>>:

(10)
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(b) z’ direction:

zRoll(i)C1
i,i+1

= R½cos b − cos (b + qx(i))�, zRoll(i)C2
i,i+1

=

−R½cos (b − qx(i)) − cos b�
DzRollC1

i,i+1
= −R½cos (b + qx(i+1)) − cos (b + qx(i))�, DzRollC2

i,i+1
=

−R½cos (b − qx(i+1)) − cos (b − qx(i))�

8>>>>>>>><
>>>>>>>>:

(11)

When Mi is rotation along the yaw (as shown in Figure 11), the

translational deformations and relative deformations for C1
i,i+1 and

C2
i,i+1 in directions of x’ and y’ are formed as:

(a) x’ direction:

xYaw(i)C1
i,i+1

= −Rr½sin (g + qz(i)) − sin g �, xYaw(i)C2
i,i+1

= Rr½sin g

− sin (g − qz(i))�
DxYawC1

i,i+1
= −Rr½sin (g + qz(i+1)) − sin (g + qz(i))�, DxYawC2

i,i+1
=

−Rr½sin (g − qz(i+1)) − sin (g − qz(i))�

8>>>>>>>><
>>>>>>>>:

(12)
FIGURE 9

Pitch rotation.
FIGURE 10

Roll rotation.
FIGURE 11

Yaw rotation.
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(b) y’ direction:

yYaw(i)C1
i,i+1

= Rr½cos g − cos (g + qz(i))�, yYaw(i)C2
i,i+1

= Rr½cos (g − qz(i)) − cos g �
DyYawC1

i,i+1
= −Rr½cos (g + qz(i+1)) − cos (g + qz(i))�, DyYawC2

i,i+1

= Rr½cos (g − qz(i+1)) − cos (g − qz(i))�

8>>>>>>>><
>>>>>>>>:

(13)

where xPitch(i)C1
i,i+1

, xYaw(i)C1
i,i+1

; yRoll(i)C1
i,i+1

, yYaw(i)C1
i,i+1

; zPitch(i)C1
i,i+1

, zRoll(i)C1
i,i+1

and xPitch(i)C2
i,i+1

,

xYaw(i)C2
i,i+1

; yRoll(i)C2
i,i+1

, yYaw(i)C2
i,i+1

; zPitch(i)C2
i,i+1

, zRoll(i)C2
i,i+1

are the deformations for C1
i,i+1

and C2
i,i+1 in the x’, y’, and z’ directions because of the CP-VLFS

module’s rotation along the pitch, roll, and yaw, respectively; DxPitchC1
i,i+1

,DxYawC1
i,i+1

;DyRollC1
i,i+1

,DyYawC1
i,i+1

;DzPitchC1
i,i+1

,DzRollC1
i,i+1

a n d DxPitchC2
i,i+1

,DxYawC2
i,i+1

;DyRollC2
i,i+1

,D

yYawC2
i,i+1

;DzPitchC2
i,i+1

,DzRollC2
i,i+1

are the relative deformations for C1
i,i+1 and C2

i,i+1

; as well as qx(i),qy(i),qz(i) and qx(i+1),qy(i+1),qz(i+1) are the

hydrodynamic response rotational angles of Mi and Mi+1 along the

roll, pitch, and yaw.

(3) Total relative deformations of CP-VLFS’s connectors

In summary, the total relative deformations of C1
i,i+1 and C

2
i,i+1 in x’

direction are the sum of the modules’ motion along the surge, pitch,

and yaw; those in the y’ direction are the sum of the motion along the

sway, roll, and yaw; and those in the z’ direction are the sum of the

motion along the heave, roll, and pitch. Therefore, the total relative

deformations for connectors in the directions of x’, y’, and z’ are

expressed as:

(a) ox’ direction:

DxC1
i,i+1

= DxSurgeC1
i,i+1

+ DxPitchC1
i,i+1

+ DxYawC1
i,i+1

DxC2
i,i+1

= DxSurgeC2
i,i+1

+ DxPitchC2
i,i+1

+ DxYawC2
i,i+1

8><
>: (14)

(b) oy’ direction:

DyC1
i,i+1

= DySwayC1
i,i+1

+ DyRollC1
i,i+1

+ DyYawC1
i,i+1

DyC2
i,i+1

= DySwayC2
i,i+1

+ DyRollC2
i,i+1

+ DyYawC2
i,i+1

8><
>: (15)

(c) oz’ direction:

DzC1
i,i+1

= DzHeaveC1
i,i+1

+ DzRollC1
i,i+1

+ DzPitchC1
i,i+1

DzC2
i,i+1

= DzHeaveC2
i,i+1

+ DzRollC2
i,i+1

+ DzPitchC2
i,i+1

8<
: (16)

where the expressions of the relative deformations for C1
i,i+1 and

C2
i,i+1 in different directions are determined from Eqs. (5) to (13).

2.2.2 Formulas for the constraint loads
of connectors

On the basis ofHook’s law, the Eqs. (14)-(16) are inserted into Eq.

(1) to confirm the formulas for calculating the constraint loads of

C1
i,i+1 and C2

i,i+1 in the x’, y’, and z’ directions, and the time-varying

characteristics for the motion displacements of CP-VLFS modules are

considered, as follows:
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C1
i,i+1 :

F
C1
i,i+1

cx (t) = kxC1
i,i+1

· DxC1
i,i+1

(t) = kxC1
i,i+1

·

½xx(i+1)(t) − xx(i)(t)� − r½sin (a + qy(i+1)(t)) − sin (a + qy(i)(t))�
�
−Rr½sin (g + qz(i+1)(t)) − sin (g + qz(i)(t))�g

F
C1
i,i+1

cy (t) = kyC1
i,i+1

· DyC1
i,i+1

(t) = kyC1
i,i+1

·

½xy(i+1)(t) − xy(i)(t)� − R½sin (b + qx(i+1)(t)) − sin (b + qx(i)(t))�
�
−Rr½cos (g + qz(i+1)) − cos (g + qz(i))�g

F
C1
i,i+1

cz (t) = kzC1
i,i+1

· DzC1
i,i+1

(t) = kzC1
i,i+1

·

½xz(i+1)(t) − xz(i)(t)� − R½cos (b + qx(i+1)(t)) − cos (b + qx(i)(t))�
�
−r½cos (a + qy(i+1)(t)) − cos (a + qy(i)(t))�g

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

(17)

C2
i,i+1 :

F
C2
i,i+1

cx (t) = kxC2
i,i+1

· DxC2
i,i+1

(t) = kxC2
i,i+1

·

½xx(i+1)(t) − xx(i)(t)� − r½sin (a + qy(i+1)(t)) − sin (a + qy(i)(t))�
�
−Rr½sin (g − qz(i+1)(t)) − sin (g − qz(i)(t))�g

F
C2
i,i+1

cy (t) = kyC2
i,i+1

· DyC2
i,i+1

(t) = kyC2
i,i+1

·

½xy(i+1)(t) − xy(i)(t)� + R½sin (b − qx(i+1)(t)) − sin (b − qx(i)(t))�
�
+Rr½cos (g − qz(i+1)(t)) − cos (g − qz(i)(t))�g

F
C2
i,i+1

cz (t) = kzC2
i,i+1

· DzC2
i,i+1

(t) = kzC2
i,i+1

·

½xz(i+1)(t) − xz(i)(t)� − R½cos (b − qx(i+1)(t)) − cos (b − qx(i)(t))�
�
−r½cos (a + qy(i+1)(t)) − cos (a + qy(i)(t))�g

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

(18)

where kxC1
i,i+1

, kyC1
i,i+1

, kzC1
i,i+1

and kxC2
i,i+1

, kyC2
i,i+1

, kzC2
i,i+1

are the

stiffnesses of C1
i,i+1 and C2

i,i+1 in the x’, y’, and z’ directions. In Eqs.

(17) and (18), the unknowns are only the hydrodynamic response

displacements for Mi and Mi+1 in the six motion directions xx(i+1)(t),
xy(i+1)(t), xz(i+1)(t), qx(i+1)(t), qy(i+1)(t), qz(i+1)(t), xx(i)(t), xy(i)(t), xz(i)(t),
qx(i)(t), qy(i)(t), qz(i)(t). These values all vary with time and can thus be

solved by the equations in Eq. (4), along with Eqs. (17) and (18), to

evaluate the constraint loads of C1
i,i+1 and C2

i,i+1.

2.2.3 Constraint load matrix of
CP-VLFS’s connectors

Expressions of the hydrodynamic coefficient matrix, RIW excitation

forcematrix, as well as constraint loadmatrix of CP-VLFS’s connectors in

the six DOF directions within Eq. (4) should be derived to solve and

obtain the hydrodynamic response results for CP-VLFS modules. Eqs.

(17) and (18) denote the formulas for the total constraint loads of C1
i,i+1

and C2
i,i+1 in directions of x’, y’, and z’ are different from the expressions

for the connectors’ constraint loads in the six DOF directions. According

to Sections 2.2.1 and 2.2.2, the expressions for the constraint load matrix

and its corresponding elements within Eq. (4) are as follows:
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Fci(t)f g = ½ FSurge
ci(j=2)(t) F

Sway
ci(j=2)(t) F

Heave
ci(j=2)(t) F

Roll
ci(j=2)(t) F

Pitch
ci(j=2)(t) F

Yaw
ci(j=2)(t) �T

(19)

FSurge
ci(j=2)(t) = kxC1

i,i+1
· DxSurgeC1

i,i+1
+ kxC2

i,i+1
· DxSurgeC2

i,i+1

= (kxC1
i,i+1

+ kxC2
i,i+1

) · ½xx(i+1)(t) − xx(i)(t)�

FSway
ci(j=2)(t) = kyC1

i,i+1
· DySwayC1

i,i+1
+ kyC2

i,i+1
· DySwayC2

i,i+1

= (kyC1
i,i+1

+ kyC2
i,i+1

) · ½xy(i+1)(t) − xy(i)(t)�
FHeave
ci(j=2)(t) = kzC1

i,i+1
· DzHeaveC1

i,i+1
+ kzC2

i,i+1
· DzHeaveC2

i,i+1

= (kzC1
i,i+1

+ kzC2
i,i+1

) · ½xz(i+1)(t) − xz(i)(t)�
FRoll
ci(j=2)(t) = kyC1

i,i+1
· DyRollC1

i,i+1
+ kyC2

i,i+1
· DyRollC2

i,i+1

+ kzC2
i,i+1

· DzRollC1
i,i+1

+ kzC1
i,i+1

· DzRollC2
i,i+1

= −kyC1
i,i+1

· R½sin (b + qx(i+1)(t)) − sin (b + qx(i)(t))�
+kyC2

i,i+1
· R½sin (b − qx(i+1)(t)) − sin (b − qx(i)(t))�

−kzC2
i,i+1

· R½cos (b + qx(i+1)(t)) − cos (b + qx(i)(t))�
−kzC1

i,i+1
· R½cos (b − qx(i+1)(t)) − cos (b − qx(i)(t))�

FPitch
ci(j=2)(t) = kxC1

i,i+1
· DxPitchC1

i,i+1
+ kxC2

i,i+1
· DxPitchC2

i,i+1

+ kzC1
i,i+1

· DzPitchC1
i,i+1

+ kzC2
i,i+1

· DzPitchC2
i,i+1

= −(kxC1
i,i+1

+ kxC2
i,i+1

) · r½sin (a + qy(i+1)(t)) − sin (a + qy(i)(t))�
−(kzC1

i,i+1
+ kzC2

i,i+1
) · r½cos (a + qy(i+1)(t)) − cos (a + qy(i)(t))�

FYaw
ci(j=2)(t) = kxC1

i,i+1
· DxYawC1

i,i+1
+ kxC2

i,i+1
· DxYawC2

i,i+1

+ kyC1
i,i+1

· DyYawC1
i,i+1

+ kyC2
i,i+1

· DyYawC2
i,i+1

= −kxC1
i,i+1

· Rr½sin (g + qz(i+1)(t)) − sin (g + qz(i)(t))�
−kxC2

i,i+1
· Rr½sin (g − qz(i+1)(t)) − sin (g − qz(i)(t))�

−kyC1
i,i+1

· Rr½cos (g + qz(i+1)(t)) − cos (g + qz(i)(t))�
+kyC2

i,i+1
· Rr½cos (g − qz(i+1)(t)) − cos (g − qz(i)(t))�

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

(20)

where the symbols are the same as above.
2.3 Hydrodynamic coefficients, RIW
excitation force, and hydrodynamic
equation solution

2.3.1 Hydrodynamic coefficient matrix
The expressions for the hydrodynamic coefficient matrix and the

elements of a single CP-VLFS module within Eq. (4) are given

directly, and the derivation of each expression is provided in

literatures (Li et al., 2017; Wu et al., 2017).

(1) Mass matrix

The expression of the mass matrix for CP-VLFSmodule is as follows:

½Ms� = diag½ms ms ms Ixx Iyy Izz � (21)

where diag[·] denotes the diagonal matrix; ms denotes the mass of

CP-VLFS module; and Ixx, Iyy, and Izz are the rotational inertias along

the directions of roll, pitch and yaw, respectively.

(2) Added mass matrix
Frontiers in Marine Science 09
The added mass matrix of CP-VLFS module can be quantized as

follows according to the strip theory of ship mechanics (Zhao et al.,

2014a):

½Mf (t)� = diag½mSurge
fx (t) mSway

fy (t) mHeave
fz mRoll

f qx (t) m
Ptich
f qy (t) mYaw

f qz �
(22)

where mSurge
fx (t), mSway

fy (t), mHeave
fz , mRoll

f qx (t), m
Pitch
f qy (t), and mYaw

f qz
denote the structural added mass of CP-VLFS module in six DOF

directions, whose expressions are shown in literatures (Li et al., 2017),

as expressed:

mSurge
fx (t) = ( rpD

2

4 ) ·o
k

i=1
zs(i)(t) + k

0
· C*m · r · l · a · b, C*m = C*m( l

a )

(23)

mSway
fy (t) = ( rpD

2

4 ) ·o
k

i=1
zs(i)(t) + k

0
· C*m · r · l · a · b, C*m = C*m( ab )

(24)

mHeave
fz = k

0
· C*m · r · l · a · b, C*m = C*m( ba ) (25)

mRoll
f qx (t) = ( rpD

2

12 ) ·o
k

i=1
z3s(i)(t) +

k
0

12
· C*m · r · b · l · a3, C*m = C*m( bl )

(26)

mPitch
f qy (t) = ( rpD

2

12 ) ·o
k

i=1
z3s(i)(t) +

k
0

12
· C*m · r · a · b · l3, C*m = C*m( b

a )

(27)

mYaw
f qz = k

0

12 · C
*
m · r · a · b · l3, C*m = C*m( ab ) (28)

where r is the density of sea water; the symbols of zs, a, b, l, D are

the geometric parameters for the CP-VLFS module, which can be seen

in Figures 6 and 7; i means an arbitrary column; C*m is an impact

coefficient, and C*m = ½0:8862 + 0:1938 · (s1=s2)�=(s1=s2), as elaborated
in Figure A.3 of Wu et al., 2017. k and k’ are the number of columns

and pontoons for a single CP-VLFS module, respectively.

(3) Damping coefficient matrix

The damping coefficients of CP-VLFS module are expressed as

follows:

½Cf � = diag½ cSurgef cSwayf cHeavef cRollf cPitchf cYawf � (29)

where cSurgef , cSwayf , cHeavef , cRollf , cPitchf , and cYawf denote the damping

coefficients for CP-VLFS module in six directions, as elaborated in

literature (Wu et al., 2017), i.e., cf>
Surge= 1.14×107, cf>

Sway= 3.30×107,

cf>
Heave= 2.52×107, cf>

Rol l= 8.80×107, cf>
Pitch= 6.35×107,

cf>
Yaw= 1.07×107.

(4) Static resilience coefficient matrix

The resilience of floating body structure happens in the directions

of heave, roll and pitch (Zhao et al., 2014b), and the static resilience

coefficient matrix of CP-VLFS module is as follows:

½Kf (t)� = diag½ 0 0 kHeavef kRollf (t) kPitchf (t) 0 � (30)

where kHeavef , kRollf (t), and kPitchf (t) are the static resilience

coefficients for CP-VLFS module in the directions of heave, roll and
frontiersin.org

https://doi.org/10.3389/fmars.2023.1113555
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2023.1113555
pitch, whose expressions were acquired in literatures (Li et al., 2017),

as expressed:

kHeavef = 2 · r · g · p · D2 (31)

kRollf (t) = r · g · o
k 0

i=1
½pD

2

4
· zs(i)(t)� + 2 · a · b · l

( )
·

o
k 0

i=1
½pD

2

8
· z2s(i)(t)� + 2 · a · b · l · zm

o
k 0

i=1
½pD

2

4
· zs(i)(t)� + 2 · a · b · l

− zG

8>>><
>>>:

9>>>=
>>>;

+r · g · 2 · p · D2 · ½( B2 )2 + ( D4 )
2�� �

(32)

kPitchf (t) = r · g · o
k 0

i=1
½pD

2

4
zs(i)(t)� + 2 · a · b · l

( )
·

o
k 0

i=1
½pD

2

8
· z2s(i)(t)� + 2 · a · b · l · zm

o
k 0

i=1
½pD

2

4
· zs(i)(t)� + 2 · a · b · l

− zG

8>>><
>>>:

9>>>=
>>>;

+r · g · ½p · D2 · (l21 + l22 +
D2

8 )�

(33)

where r is the density of sea water; g means the gravitational

acceleration; the symbols of zs, a, b, l, D, zm, zG, B, l1, l2 are all the

geometric parameters of CP-VLFS module, as seen in Figures 6 and 7.

2.3.2 Excitation force of RIW
This paper focuses on the development of a rapid and high-

efficiency method to obtain the hydrodynamic constraint loads of CP-

VLFS’s connectors at HSSs The significant components for CP-VLFS

module, including the columns and the pontoons, are both treated as

small-scale ones via comparing them with very large wavelengths at

HSSs. By means of the aforementioned considerations, the Morison

theory can be used to quantify the forces of RIW on CP-VLFSs at the

stage of preliminary design. For this paper’s studies, the Morison

equation offloating body is utilized to quantify the excitation forces of

RIW at HSSs (Nie and Liu, 2002), which can extremely improve the

efficiency of solving while ensuring sufficiently precise results.

The derivation process of floating body Morison theory and the

excitation force of RIW on CP-VLFS module are elaborated in detail

in literatures of Wu et al. 2016b. Summarily, the RIW excitation force

matrix for CP-VLFS module is written as follows:

Fw(t)f g = ½ FSurge
w (t) FSway

w (t) FHeave
w (t) MRoll

w (t) MPitch
w (t) MYaw

w (t) �T
(34)

where FSurge
w (t), FSway

w (t), FHeave
w (t),MRoll

w (t),MPitch
w (t), andMYaw

w (t)

denote the RIW excitation force of CP-VLFS module in the motion

directions of six DOFs, i.e., surge, sway, heave, roll, pitch, and yaw.

Due to the complex derivation process of wave forces on CP-VLFS

module, the tedious expressions of RIW forces in six DOF directions

were elaborated in details via Wu et al. 2016b and Wu et al. 2017.
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Every single CP-VLFS module connects with each other

depending on the specially designed flexible connectors installed on

the top platform of CP-VLFS, but the components of columns and

pontoons under the water are disconnected with others. When the

waves propagate along a certain direction, the fluid field around the

floating structure changes because of the shadowing effect among

adjacent modules (Yao and Shi, 2022). The excitation forces of RIW

acting on multi-columns show differences from the single one due to

the shadowing effects when the RIWs propagated from the front to

the back (Zhang et al., 2013), and the shadowing phenomenon among

different CP-VLFS modules’ columns is certainly considered by this

paper. The approach is similar to the method for evaluating the wave

forces acting on the pile group effects. Firstly, the excitation forces of

RIW acting on a single column are assessed via using the Morison

theory for floating body; and then, the RIW forces acting on groups of

CP-VLFS modules’ columns are equal to the estimation results of

single one multiplied via the coefficients of shadowing effect Kw,

which the empirical function for the Kw(L/D)=0.7167·exp[0.0813·(L/

D)] on the basis of Bonakdar and Oumeraci, 2015. It is worth noting

that the shadowing effects of groups of columns can be ignored when

L/D>4, where L is the separation distance of two adjacent columns

and D is the diameter of the column.
2.3.3 Hydrodynamic equation solution
According to Eqs. (17) and (18), the hydrodynamic constraint

loads of connectors have something to do with the two adjacent CP-

VLFS modules ofMi andMi+1. Twelve hydrodynamic equations ofMi

and Mi+1 are united to solve the time-domain hydrodynamic

responses of Mi and Mi+1. The general hydrodynamic equations for

Mi and Mi+1 are expressed as follows:

Mi : (½Ms� + ½Mi
f (t)�) €Xi(t)

� �
+ ½Ci

f (t)� _Xi(t)
� �

+ ½Ki
f (t)� Xi(t)f g = Fi

w(t)
� �

+ Fi
c(t)

� � (35)

Mi+1 : (½Ms� + ½Mi+1
f (t)�) €Xi+1(t)

� �
+ ½Ci+1

f (t)� _Xi+1(t)
� �

+ ½Ki+1
f (t)� Xi+1(t)f g = Fi+1

w (t)
� �

+ Fi+1
c (t)

� � (36)

where Eqs. (35) and (36) respectively include six independent

equations for Mi and Mi+1. {Xi(t)} and {Xi+1(t)} denote the column

vectors of the hydrodynamic response results for Mi and Mi+1, which

are expressed as follows:

Xi(t)f g = xx(i)(t) xy(i)(t) xz(i)(t) qx(i)(t) qy(i)(t) qz(i)(t)
� �T (37)

Xi+1(t)f g = xx(i+1)(t) xy(i+1)(t) xz(i+1)(t) qx(i+1)(t) qy(i+1)(t) qz(i+1)(t)
� �T (38)

where these elements within the column vectors of Eqs. (37) and

(38) denote the hydrodynamic response displacements x and

rotational angles q for Mi and Mi+1 in the directions of the six

DOFs. Because these derived matrices include the constraint loads

matrix (Eqs. (19)-(20)), hydrodynamic coefficients matrix (Eqs. (21)-

(33)), and wave excitation force matrix (Eq. (34)), we can insert their
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elements into Eqs. (35) and (36) to solve these 12 equations and

obtain hydrodynamic response results based on the method of Runge-

Kutta in four-orders (Zhao et al., 2014a). Ultimately, the results of

hydrodynamic response within Eqs. (37) and (38) are inserted into

Eqs. (17) and (18), respectively, to evaluate the hydrodynamic

constraint loads of C1
i,i+1 and C2

i,i+1 in the directions of x’, y’, and z’.

This paper’s estimation method is suitable for the hydrodynamic

constraint loads of CP-VLFS’s connectors. Because the mooring and

anchoring facilities for CP-VLFSs are unconsidered stated in Section

2.1, hence, the restraining boundary conditions for the CP-VLFS

model are restricted via using the initial motion displacements of CP-

VLFS, which can be defined the structural motion positions as 0 at the

beginning of each calculated time step tstep during the equations

solving. The aforementioned approach is reasonably utilized to

simulate the functions of dynamic positioning systems (DPSs) for

CP-VLFS that are elaborated in Wu et al. 2017. Finally, the numerical

results correspond well with the method of PFT and the experimental

measurements in following Sections.
3 Case study

3.1 Modules and connectors of CP-VLFS

According to the prototype of CP-VLFS reported by Ding et al.

(2005), there are two connectors installing on the top platform of two

adjacent CP-VLFS’s modules. The stiffnesses for CP-VLFS’s

connectors in the directions of x, y, and z were kept constant, with

values of kx=1.00×10
9 N/m, ky=1.00×10

12 N/m, and kz=1.00×10
12 N/

m, respectively.

Figure 12 shows the geometric scales of CP-VLFS module and the

connectors’ installation positions. A numerical model of CP-VLFS

with three-modules and four-connectors in this paper at sea state six

(SS6) is regarded as a case to explore the accuracy of this paper’s

proposed high-efficiency estimation method for the hydrodynamic

constraint loads of connectors. Figure 13 shows the conceptual design

of three-module-connector model, and M1, M2, and M3 denote each

single module; C1, C2, C3, and C4 denote each connector between two

adjacent modules.
3.2 Random irregular wave field

The wave spectral density function S(w) and the statistical

parameters of wave at HSSs are vital when simulating random and

irregular wave fields. To validate this paper’s high-efficiency method,

the wave spectrum of Bretschneider is utilized to simulate the RIW

field at SS6 on the surface of the North Pacific Ocean. The spectral

density function is as follows:

S(w) =
1:25
4

·
2p
Tp

 !4

·w−5 · H2
s · exp −1:25 ·

2p
Tpw

 !4" #
(39)

where Hs is the significant wave height; Tp is the spectral peak

period; w is the circular frequency. Hs(SS6)=5 m, Tp(SS6)=12.4 s, and
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w(SS6)=0.364-1.307 rad/s. The surface of RIW at SS6 in arbitrary time

can be simulated in OXYZ on the basis of aforementioned

statistical parameters.
3.3 Results analysis and discussion

According to the aforementioned computational conditions and

this paper’s high-efficiency method, the hydrodynamic constraint

loads of CP-VLFS’s connectors in time-domain are determined

under various wave angles, RIW excitation forces at SS6. The

duration for an entirely stable sea state is maintained for nearly 1-2

h (Qiao et al., 2021), hence, this paper defines t=2 h as the

computation time.

(1) Time-domain hydrodynamic constraint loads of CP-

VLFS’s connectors

The time-domain hydrodynamic constraint loads of C1 and C3 in

the directions of x, y, and z are plotted in Figures 14 and 15. The

results of C2 and C4 are similar to those of C1 and C3 due to the

bisymmetry of CP-VLFS’s module. Therefore, the C1 and C3 are

treated as the representatives to exploring the variation trend of time-

domain hydrodynamic constraint loads on connectors of CP-VLFS.

Figures 14 and 15 shows the calculated results as the time variations

from t=0 s to 200 s. Meanwhile, the wave angles are set to d=0°, 15°,
30°, 45°, 60°, 75°, 85°, and 90° to facilitate the following verification of

the hydrodynamic results in this paper.

Figures 14 and 15 shows random fluctuations in the connectors’

hydrodynamic constraint loads as time elapses. The fluctuation laws

between the hydrodynamic results and time for C1 and C3 are

consistent with each other in directions of x, y, and z, respectively.

The fluctuation amplitudes of the constraint loads of C1 and C3 in

directions of y and z are relatively larger when the t=1-40 s, t=90-150

s, and t=180-200 s. Moreover, the connectors’ estimation results in

directions of x, y, and z are the smallest when the wave angle was 90°.

(2) Verification of the results

The statistical values of connectors’ computational hydrodynamic

constraint loads by this paper’s rapid and high-efficiency method,

including the maximums (Sim-Max), the means (Sim-Mean), the

significant values (Sim-SV), as well as the standard deviations (Sim-

SD), are compared to the PFT results (PFT-Max, PFT-Mean, PFT-SV,

PFT-SD) and those from the physical model experiment (Exp-Max,

Exp-Mean, Exp-SV, Exp-SD) under the same preconditions

(geometric dimensions of CP-VLFS modules, connectors’

stiffnesses, wave spectrums and angles, sea states, and shadowing

effects of CP-VLFS’s components, etc.) to validate the accuracy and

credibility of this paper’s proposed method.

The measured results of constraint loads on C1 and C3 via using

the model experiment were acquired based on the Ding, 2004 and Yu,

2004. During the physical model experiment, the model scale was set

as 1:100 according to the Froude’s law of similarity. The experimental

physical model of CP-VLFS was included three modules and four

connectors, and the geometric dimensions of the CP-VLFS modules

and the connectors’ installing position for the experiment are

identical to that elaborated in Figures 12 and 13. The experimental

photos for physical model of CP-VLFS were shown in Figure 16.

During the model experiment, the Bretschneider spectrum was used
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FIGURE 13

Numerical model of CP-VLFS with three-modules and four-connectors.
B

C

A

FIGURE 12

Conceptual design of CP-VLFS module and the connectors’ installation sites (units: m): (A) ox’z’ plane; (B) oy’z’ plane; (C) ox’y’ plane.
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to simulate the random and irregular wave acting on CP-VLFS model,

and the wave angles were considered as d = 0°, 45°, 75°, 85°, and 90°,

as shown in Figure 17.

During the PFT method in this paper, considering the structural

symmetry of CP-VLFS, the single symmetrical composite potential

method (SSCPM) was adopted to mesh the elements on the wetted

surface for a hydrodynamic numerical model of CP-VLFS with “three

modules and four connectors”. The tetrahedron were treated as the

element type to constitute and mesh the CP-VLFS model, and a single

CP-VLFS module was included 976 elements with total 1024 nodes.

The hydrodynamic coefficients, i.e., the added mass, damping

coefficient, and static resilience coefficient, and the RIW excitation

force on a single module of CP-VLFS in frequency-domain were

acquired via using the PFT. Subsequently, the obtained results in

frequency-domain were transformed to the time-domain based on the

method of fast Fourier transform (FFT) (Wu et al., 2017). According

to the aforementioned parameters, the hydrodynamic response

results for the CP-VLFS modules were solved in time-domain on

the basis of hydrodynamic equation, i.e., Eqs. (35) and (36).

Ultimately, the hydrodynamic constraint loads on connectors of
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CP-VLFS in time-domain were further determined by using the

Eqs. (17) and (18).

The wave spectrum of Bretschneider and wave angles (incident

wave directions) in the numerical simulation (including this paper’s

simplified method and PFT) are set to the same values as in the

physical model experiment reported by Ding, 2004 and Yu, 2004. In

addition, the shadowing effects of interactions among the columns

within CP-VLFS modules for the connector’s time-domain

hydrodynamic results of constraint loads are considered in this

paper’s rapid and high-efficiency method and the general PFT.

Finally, the maximums (Max), means, significant values (SV), and

standard deviations (SD) for hydrodynamic constraint loads of C1

and C3 based on the aforementioned three methods, including this

paper’s proposed rapid and high-efficiency estimating method, the

PFT by this paper, and the experiment reported by literatures (Ding,

2004 and Yu, 2004) are statistically obtained and adopt to compare

with each other. Figures 18 and 19 show the contrastive analysis

results of the statistical values for hydrodynamic constraint loads of

C1 and C3 in directions of x, y, and z under different wave angles.

Figures 18 and 19 indicate that:
B

C D

E F

G H

I J

K L

A

FIGURE 14

Time-domain hydrodynamic constraint loads of C1: (A) x direction, d=0°, 15°; (B) x direction, d=30°, 45°; (C) x direction, d=60°, 75°; (D) x direction, d=85°,
90°; (E) y direction, d=0°, 15°; (F) y direction, d=30°, 45°; (G) y direction, d=60°, 75°; (H) y direction, d=85°, 90°; (I) z direction, d=0°, 15°; (J) z direction,
d=30°, 45°; (K) z direction, d=60°, 75°; (L) z direction, d=85°, 90°.
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Fron
(1) The statistical results of hydrodynamic constraint loads

estimated by this paper’s method for C1 and C3 in

directions of x, y, and z correspond well with the statistical

results of the PFT and the experiment, validating this paper’s

methodologies.

(2) The statistical results of hydrodynamic constraint loads for

C1 and C3 gradually decrease with the wave angles increasing
tiers in Marine Science 14
in x direction, and this phenomenon agrees very well with

theoretical analysis and practical situation.

(3) Nevertheless, the fluctuation laws between the evaluated

values of constraint loads and wave angles show convex in

y, and z directions. Especially, the connectors’ constraint

loads in directions of y and z present a trend of rapidly

decreasing when the wave angles d>85°.
B

C D

E F

G H

I J

K L

A

FIGURE 15

Time-domain hydrodynamic constraint loads of C3: (A) x direction, d=0°, 15°; (B) x direction, d=30°, 45°; (C) x direction, d=60°, 75°; (D) x direction,
d=85°, 90°; (E) y direction, d=0°, 15°; (F) y direction, d=30°, 45°; (G) y direction, d=60°, 75°; (H) y direction, d=85°, 90°; (I) z direction, d=0°, 15°; (J) z
direction, d=30°, 45°; (K) z direction, d=60°, 75°; (L) z direction, d=85°, 90°.
FIGURE 16

The physical model of CP-VLFS (Ding, 2004 and Yu, 2004): (A) module; (B) connector.
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FIGURE 17

Wave incident directions for CP-VLFS (Ding, 2004 and Yu, 2004): (A) d = 0°; (B) d = 45°; (C) d = 75°; (D) d = 90°.
B CA

FIGURE 18

Constraint loads of C1: (A) x direction; (B) y direction; (C) c direction.
B CA

FIGURE 19

Constraint loads of C3: (A) x direction; (B) y direction; (C) c direction.
Frontiers in Marine Science frontiersin.org15

https://doi.org/10.3389/fmars.2023.1113555
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wu et al. 10.3389/fmars.2023.1113555
To quantitatively estimate the differences among this paper’s

method and the other two methods (PFT and the experiment), the

relative errors of all the statistical constraint loads of C1 and C3 are

determined under different wave angles. As shown in Figure 20, the

relative errors between this paper’s simplified high-efficiency method

and PFT, experimental measurements for C1 and C3 are all less than

20%, validating the methodologies proposed by this paper.

(3) Discussions

In summary, the statistical values of CP-VLFS’s connectors’

hydrodynamic constraint loads estimated by this paper’s method

correspond well with the statistical results determined by the PFT and

the experiment. Nevertheless, although the data measured from the

experiment are more reliable than those from numerical simulations,

not all load case combinations of every practical engineering scenario

for CP-VLFS can be evaluated by experiments for economical results.

Therefore, the development of a rapid, high-efficiency and reasonable

method is vital for evaluating the weaknesses of CP-VLFS.

According to the analysis, the main distinctions between the

method proposed by this paper and the general PFT are embodied

in the theory assessment of wave excitation force. A single CP-VLFS

module could be reasonably assumed as an individual semi-

submersible platforms. Therefore, the wave forces estimation of CP-

VLFS modules largely draws from the relative approaches of semi-

submersible platforms (Qiao and Ou, 2013; Fan et al., 2017; Wang

et al., 2022b). During the previous studies, the Morison theory of

floating body was usually utilized to assess the wave forces on small-

scale components, such as the stay bars, within semi-submersible

platforms, whereas the wave forces acting on columns and bottom

hulls of semi-submersible platforms were confirmed via using the

linear diffraction theory (Stansby et al., 2015; Shi Y. et al., 2018; Gabreil

et al., 2022) because these components were considered as the large-

scale ones comparing with the wave length at general sea states. Wave

conditions vary with the increasing water depth in which the platform

was located, and the columns and bottom hulls for semi-submersible

platforms can be also treated as the small scale-components. Hence,

the mode for determining the wave forces of these components by the

Morison theory through ignoring interactions between each

component was seen as the reasonable (Clauss et al., 2003).
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However, for the floating structures of semi-submersible

platforms, on which the PFT is still the main method for solving

the wave forces. Although the estimation results based on the method

of PFT are more accurate, the corresponding theories are relatively

complex and would consume plenty of computing time. For instance,

the solving time on the basis of the PFT method may last about 2.75 h

when the condition of wave angle d=45°, whereas the computation

time for this paper’s rapid and high-efficiency method at a common

condition, i.e., d=45°, only needs 15 min by using a same work

computer, while the solving efficiency can be improved more than

tenfold. The time-domain hydrodynamic results for CP-VLFS’s

connectors on various unfavorable load combinations via adopting

the method of PFT during the stage of preliminary design must

extremely reduce the solving efficiency. As a result, various significant

components for CP-VLFS, including the columns and pontoons, are

reasonably assumed as the small-scale components under the HSSs,

and the Morison theory of floating body can be utilized to further

estimate the wave forces acting on CP-VLFS in this paper. Moreover,

the shadowing effects of interactions between front and back columns

and modules are considered in this paper’s high-efficiency method.

Finally, the hydrodynamic constraint loads for CP-VLFS’s connectors

by using this paper’s method are utilized to compare with those of

PFT and experiment, as well as the relative errors among the

aforementioned three results are quantitatively analyzed. Although

the PFT algorithm has a higher computational accuracy, the relative

errors of significant values between this paper’s method and PFT are

controlled within 20%; therefore, the accuracy, feasibility and

reasonability for this paper’s methodology are validated.

This paper’s rapid and high-efficiency method is suitable for

estimating the results of time-domain hydrodynamic constraint forces

for CP-VLFS’s flexible connectors during the preliminary design stage.

it’s worth noting that the preconditions for this paper’s method

application are the similar structural style with the CP-VLFSs when

exposed to the HSSs, in which the vital components can be regarded as

the small-scale components. If not, the Morison theory of floating body

cannot be adopted for estimating the marine environmental wave forces

acting on structures, such as the VLFS of box type. This feature is the

greatest weakness and limitation of this paper’s method.
BA

FIGURE 20

Comparison of the constraint force by simplified method versus those of PFT and experiment: (A) C1; (B) C3.
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4 Conclusion

This paper proposed a rapid and high-efficiency method to

estimate the time-domain hydrodynamic constraint loads of CP-

VLFS’s connectors by the considerations of RMFC model. This

solving method is suitable for the structural style of CP-VLFS

during the preliminary design stage and at HSSs. The Morison

theory of floating body is used to estimate the excitation forces of

RIW on CP-VLFSs, and concise formulas for the hydrodynamic

constraint loads of CP-VLFS’s connectors are derived on the basis

of the geometrical relationship of the CP-VLFS modules’ motion. A

numerical model of three-module and four-connectors for CP-VLFS

SS6 is considered as a case, and the time-domain hydrodynamic

constraint loads of CP-VLFS’s connectors are estimated under the

RIWs simulated via the wave spectrum of Bretschneider with different

wave angles. The results solving by this paper’s method corresponded

well with those of PFT and experiment, validating this paper’s

methodologies. In addition, the reasonability of this paper’s method

is discussed in details. The findings of this paper can provide

significant technical supports for hydrodynamic characteristics for

CP-VLFS modules and their connectors optimization.
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