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a b s t r a c t

The aim of this study was to develop a new efficient strategy that uses the Vector form Intrinsic Finite-
element (VFIFE) method to conduct the static and dynamic analyses of marine pipes. Nonlinear prob-
lems, such as large displacement, small strain, and contact and collision, can be analyzed using a unified
calculation process in the VFIFE method according to the fundamental theories of point value descrip-
tion, path element, and reverse motion. This method enables analysis without the need to integrate the
stiffness matrix of the structure, because only motion equations of particles established according to
Newton's second law are required. These characteristics of the VFIFE facilitate the modeling and
computation efficiencies in analyzing the nonlinear dynamic problem of flexible pipe with large de-
flections. In this study, a three-dimensional (3-D) dynamical model based on 3-D beam element was
established according to the VFIFE method. The deep-sea flexible pipe was described by a set of spatial
mass particles linked by 3-D beam element. The motion and configuration of the pipe are determined by
these spatial particles. Based on this model, a simulation procedure to predict the 3-D dynamical
behavior of flexible pipe was developed and verified. It was found that the spatial configuration and
static internal force of the mining pipe can be obtained by calculating the stationary state of pipe motion.
Using this simulation procedure, an analysis was conducted on the static and dynamic behaviors of the
flexible mining pipe based on a 1000-m sea trial system. The results of the analysis proved that the VFIFE
method can be efficiently applied to the static and dynamic analyses of marine pipes.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Flexible mining pipe is one of the key components in deep-sea
mining systems. The traction of nodule collector, movement of
the buffer, and hydrodynamic force causes very large oscillation
amplitude, which results in a typical small strain and large
displacement problem. Therefore, the coupling process of flexible
mining pipe is different from rigid mining pipe and requires special
analysis of the nonlinear dynamic characteristics.

Patel and Seyed (1995) reviewed existing methods and analysis
techniques of flexible risers. Three methods can be applied for the
static and dynamic analyses of flexible pipes: lump mass method,
finite difference method, and finite-element method. Ghadimi
(1988) analyzed the dynamics of flexible risers in three-
dimensional space using lumped mass discretization method.
Raman-Nair and Baddour (2003) formulated equations describing
the 3D motion of a marine riser according to lumped masses
method using Kane's formalism. Brown et al. (1989); Burgess
(1991); and Jain (1994) analyzed the static and dynamic response
of flexible marine pipe using finite difference technique. Sakamoto
and Hobbs (1995) proposed a computational technique for the
static and dynamic analyses of flexible pipes using the dynamic
relaxation method with a finite difference discretization.
Chatjigeorgiou (2008, 2010) proposed a finite difference numerical
scheme to study the dynamic problems of 2D and 3D fluid-
conveying catenary risers. Garrett (1982) proposed a three-
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dimensional finite-element model of an inextensible elastic rod
with equal principal stiffness. Webster et al. (2012) extended Gar-
rett's theory to include the possibility of large stretch. Owen and
Qin (1986) calculated the deformation and strain of flexible pipe
based on finite-element method (FEM). McNamara and Hibbit
(1986) as well as McNamara et al. (1988) used FEM to simulate
themotions and forces on a flexible riser. Park and Jung (2002) used
FEM to numerically analyze lateral responses of a long slender
marine structure under combined parametric and forcing excita-
tion in time domain.

Flexible deep-sea mining conveying pipe is very long andmoves
under various loads, which leads to dramatical deflections. Thus, it
suffers from the geometric nonlinear problem of small strain and
large displacement. Using traditional FEM to solve the large
displacement problem of the mining pipe can be achieved by
including high-order term in the strain calculations and taking into
consideration the influence of deformation when deriving the
equilibrium equation. In addition, it is difficult to distinguish the
pure deformation of element from the rigid body motion. There-
fore, using FEM here requires special techniques. Moreover, these
slender pipes might experience various complicated nonlinear
contacts, such as seabed contact, and nonlinear changes in the
material under working conditions. In the computation process,
traditional FEM relies on the assembled stiffness matrix. It requires
complicated matrix operations when dealing with nonlinear
problems. Because of its complicated theory and low computational
efficiency, it is difficult to implement traditional FEM in the dy-
namic analysis of flexible mining pipe under complex loads and
constraints (Lu and Yao, 2012). Shih et al. (2004) have pointed out
that using traditional FEM to calculate the internal force of a
structure with a much larger rigid body displacement compared to
its pure deformation may lead to instability of the calculation
process.

The Vector form Intrinsic Finite-element (VFIFE) method was
proposed by Shih et al. (2004) and Ting et al. (2012, 2004a, 2004b).
This method discretizes the structure into a series of nodes linked
by elements, in which the structure mass is concentrated at the
nodes and the elements are weightless. To solve the internal force
of the element, the rigid body displacement and the pure defor-
mation are separated by introducing reversed movement. Then, the
unbalanced resultant force on the node is used to calculate the
motion of the node according to Newton's second law of motion.
This enables the behavior of the system to be described through
tracing the nodes' motion. The motion process is divided into a
series of path elements. In a path element, the strain of the element
is small, but the displacement might be large and the node motion
is continuous. Between two path elements, the motion of the nodes
may be discontinuous, while the structural combinations; node
forces; and element characteristics may vary. The processing and
solution using the VFIFE approach do not require the establishment
of stiffness matrix, and hence when the structure has a large
displacement, the solution does not fail because of an ill-
conditioned matrix. The VFIFE method assumes that every node
satisfies Newton's law of motion, and it belongs to a strong form;
while the traditional FEM considers the overall energy balance in
order to establish equations, and it belongs to a weak form.
Therefore, no matrix solving is required for the VFIFE method,
which enables it to change the correlation between nodes at any
time. In addition, a unified main analysis procedure can be used for
the simulation of problems with complex discontinuous behaviors
such as collision and contact. Table 1 summarizes the difference
between the traditional FEM and the VFIFE method. These char-
acteristics of VFIFE enhance the computation efficiency and facili-
tate the modeling of flexible pipes that involve nonlinearities such
as constraint, geometric, and material nonlinearities.

Many scholars have used the VFIFEmethod to carry out a variety

Nomenclature

L pipe length
H height of the buffer from the seabed
E young's modulus
G shear modulus
DO outer diameter
DI inner diameter
Wra weight in air
Wrw weight in water
rf seawater density
rI inflow density
xa position vector of node a
qa angle vector of node a
Ma mass matrix of node a
Ia rotational inertia matrix of node a

m damping parameter
Pa(t) external force vector
Qa(t) external moment vector
fa(t) internal force vector
ma(t) internal moment vector
en principal axis vector
Rb transformation matrix
b rotation vector of element
p uniform load on element
pmass gravity per unit length of element
pbuoyancy buoyancy of every unit length of element
pcross-flow transverse flow damping force per unit length of

element
ptangentail tangential damping force per unit length of element
Cd cross-flow drag force coefficient
Cd,l tangential damping force coefficient

Table 1
Difference between the traditional FEM and the VFIFE method.

traditional FEM VFIFE method

Result of discretization elements particles
Computational process Special treatment for discontinuities. It is difficult to increase or

decrease the element and change boundary conditions in the
computational process

Using path element to increase and decrease elements and change
boundary conditions in the computational process

Pure deformation Eliminating rigid body displacement by derivation Distinguishing rigid body displacement and pure deformation by
inverse motion

Stiffness matrix Yes No
Basic theory Variational principle Newton's second law of motion
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of dynamic behavior analysis of engineering structures. Wu et al.
(2007) conducted a motion analysis of 3D membrane structures.
Wu (2013) used the VFIFE method to analyze the contact collision
problem with global large displacement, large deflection, and
nonlinear material properties. Xu and Lin (2017) developed a fast
VFIFE mechanical analysis model for long-distance pipelines. Duan
et al. (2014) studied the whole vibration and collapse process of
cable-stayed bridges under earthquakes by using plane beam
element in the VFIFE method. Duan et al. (2019) used VFIFE to
analyze the bridge systems of the trains taking into consideration
the coach-coupler effect. Hou et al. (2018); Hou and Fang (2018)
applied this method to static contact analysis of spiral bevel gear
as well as solid structure analysis with large deformation. Thus,
VFIFE is a promising method for analyzing the offshore template
structures regardless of their dynamic characteristic, large
displacement motion, or structural type (Lee et al., 2007). Chang
et al. (2010) studied the dynamic behavior of offshore structures
under nonlinear wave forces using the planar frame elements in the
VFIFE.

VFIFE was also used in the field of ocean pipeline dynamics
analysis. Li et al. (2016); Li et al. (2018a,b) used VFIFE for the static
and dynamic analyses of TTR and SCR. However, only the plane
movement of TTR and SCR, where the boundary conditions are
relatively simple, were analyzed. Flexible mining pipe exhibits
three-dimensional motion under complex constraints and load
conditions; thus, the plane motion analysis cannot be used in this
case.

In this study, a three-dimensional nonlinear fluid-solid coupling
dynamic model and a dynamic response prediction simulation
program based on the VFIFE method were established to be used
with a deep-sea mining pipe. The analysis of static and dynamic
characteristics of flexible mining pipes was conducted based on the
self-developed program. The equilibrium configuration and the
force of the pipe on the nodule collector were analyzed in different
collector positions and different buoyancy material arrangements.
The deformation and dynamic response of mining pipes were
simulated during the movement of nodule collector and buffer. The
analysis verified the reliability of the VFIFE method and the self-
developed program. Therefore, this study delivered an efficient
and reliable mathematical model and numerical simulation
method for the static and dynamic analyses of mining pipes as well
as other deep-sea slender rods. In addition, the results of the nu-
merical simulation can provide guidance for safety considerations
of seabed mining.

2. Flexible mining pipe

Fig. 1 shows a classical deep-sea trial mining system of 1000 m
that was designed in 2001 by China Ocean Mineral Resources R& D
Association. The mining system is mainly composed of mining
vessels, rigid mining lifting pipes, buffers, nodule collectors, and
flexible mining pipes. The traction of the nodule collector, move-
ment of the buffer, and hydrodynamic force will cause very large
oscillation amplitude, which results in a typical small strain and
large displacement problem. Here the flexible mining pipe was
analyzed using static and dynamic analyses based on the VFIFE
method. Table 2 provides the design parameters of the flexible
mining pipe. The pipe was assumed to have hinged ends. In addi-
tion, only the pipe half near the nodule collector was assumed to be
made of buoyancy materials and the buoyancy was assumed to be
twice the wet weight of the pipe.

3. Vector form intrinsic finite-element method

3.1. Governing equations

According to the basic principle of the VFIFEmethod, the flexible
mining pipe was discretized into a series of mass nodes linked by
3D beam element (Fig. 2). The global coordinate system is XYZ,
element coordinate system of any arbitrary element AB is XsYsZs.
The motion was decomposed into path elements in time domain.
The shape and position of the mining pipe were described by
tracing the nodal movements, which are computed according to
Newton's Second Law as follows:

Ma €xa þ mMa _xa ¼ PaðtÞ þ f aðtÞ;
Ia€qa þ mIa _qa ¼ Q aðtÞ þmaðtÞ;

(1)

where a is node number, t is time; xa and qa are the position and
angle vector, respectively, of node a in the global coordinate sys-
tem; Ma and Ia are the mass matrix and the rotational inertia ma-
trix, respectively, of node a; m is the damping parameter; Pa(t) and
Qa(t) are the external force and moment, respectively; and fa(t) and
ma(t) are the internal force and moment, respectively.

The above equation is generally time-integrated using the cen-
tral difference method.

8<
:

xa;nþ1 ¼ c1ðDtÞ2M�1
a ðPaðtÞ þ f aðtÞÞ þ 2c1xa;n � c2xa;n�1;

qa;nþ1 ¼ c1ðDtÞ2I�1
a

�
Q aðtÞ þmaðtÞ

� þ 2c1qa;n � c2qa;n�1;

(2)

wherec1 ¼ 1 =ð1þmDt =2Þ , c2 ¼ c1ð1 � mDt =2Þ.

Fig. 1. The 1000-m seabed mining system in China.

Table 2
Design parameters of the flexible mining pipe (Xiao, 2012).

parameter symbol value Unit

Pipe length L 400 m
Height of the buffer from the seabed H 100 m
Young's modulus E 0.4 GPa
Shear modulus G 0.15 GPa
Outer diameter DO 0.205 m
Inner diameter DI 0.15 m
Weight in air Wra 30 kg/m
Weight in water Wrw 18 kg/m
Seawater density rf 1025 kg/m3

Internal flow density rI 1100 kg/m3
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3.2. Internal force

The internal force acting on node a is the resultant force from its
adjacent elements:

f a ¼
XN

i¼1

f ia ; ma ¼
XN

i¼1

mi
a; (3)

N is the number of elements adjacent to node a, fai , andma
i is the

internal force and moment, respectively, of the i-th element acting
on node a.

The node displacement in a time step is composed of element
deformation and rigid element motion. The rigid element motion
has a negligible effect on the element internal forces and moments.
Therefore, it can be eliminated using fictitious reversed movement
according to the VFIFE method (Fig. 3). Next, the element defor-
mation is obtained, and the element internal forces and moments
are calculated.

Fig. 3 shows that element AB moves from position AnBn to po-
sition Anþ1Bnþ1 within the path element tn � t � tnþ1. As the
principal axis vector is known to be (exsn , eysn , ezsn ) at time tn, the
position of element AB at tn and tnþ1 in the global coordinate system
can be calculated by integrating using the central difference
method. Thus, the principal axis vector (exsnþ1, eysnþ1, ezsnþ1) at tnþ1 can
be calculated. According to the principal axis vectors in tn and tnþ1,
the transformation matrix Rb and the rotation vector b of the
element can be obtained. (For more details about fictitious reversed
movement and calculating the internal forces of the VFIFE 3D beam
element, refer to the study by Ting et al., 2012.)

3.3. External force

External forces include those acting on the node as well as
distributed forces applied on the adjacent elements. The derivation
of the equivalent nodal force (moment) of the element distribution
load is found in the study of Ting et al. (2012).

The distributed forces acting on a flexible pipe under ocean
include gravity, buoyancy, and hydrodynamic loads.

(1) Gravity

The gravity of every unit length of element AB

pmass ¼
�
rAgþ rIpD

2
I g

.
4
�
enx : (4)

(2) Buoyancy

Buoyancy of every unit length of element AB

pbuoyancy ¼ � rf

h
genx þ _vf

i
$pD2

O

.
4: (5)

(3) Hydrodynamic loads

The Morison formula was used to calculate the fluid damping
forces acting on the pipe. The transverse hydrodynamic force per
unit length of element AB is given as follows:where, Cd is the cross-
flow drag force coefficient, and vrelative is the relative velocity of the

Fig. 2. The VFIFE analysis model of the flexible mining pipe.

Fig. 3. Fictitious reversed rigid body motion of a 3D beam element.
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fluid to the member. N ¼Idenxs (enxs)T. Cm is the additional mass
coefficient.

The tangential hydrodynamic force per unit length of element
AB is given as follows:

ptangentail ¼ Cd;l
rf
2
pDO

��
vrelative$e

n
xs
�����vrelative$enxs

���enxs
� 0:5rf Aoutl0Cmð€xA þ €xBÞ$enxs;

(7)

where, Cd,l is the tangential damping force coefficient.

3.4. Equivalent node mass and rotational inertia

3.4.1. Mass matrix
The translational mass of the pipe distributed on the node in-

cludes the mass of the node and the equivalent mass of its con-
nected elements. In the calculations of a homogeneous pipe, when
the nodes are evenly distributed, the total mass of the element will
be equally distributed to the spatial nodes. In element AB, the mass
matrix in the path element tn � t � tnþ1 can be calculated as
follows:

MAB ¼ rIAinl0N þ rAl0 � diag½111� (8)

where r is the pipe density, A is the cross-sectional area, l0 is the
element length.

The total mass of elements is evenly distributed to the nodes A
and B:

mfA ¼mfB ¼ MAB=2 (9)

mfA and mfB can be used to integrate the equivalent translational
mass matrix of the nodes A and B.

3.4.2. Rotational inertia matrix
The moments of inertia distributed on a node also include the

node concentrated inertia and the equivalent node inertia of the
connected element. The moments of inertia in the homogeneous
cylinder element AB in the element coordinate system are given as
follows:

IAxs ¼ IBxs ¼
�
pd4out � pd4in

�
� rl0=64

IAys ¼ IBxs ¼ IAzs ¼ IBxs ¼
�
pd4out � pd4in

�
� rl0=128

(10)

In the global coordinate system, the equivalent inertia matrix
can be expressed as follows:

Ij ¼UTdiag
�
IjxsIjysIjzs

�
U ðj¼A;BÞ (11)

The total inertia of nodes A and B in the global coordinate system
can be obtained by adding up the inertia of all the elements con-
nected to the node.

4. Program and validation

Fortran was used to develop a three-dimensional dynamic
response analysis program for flexible mining pipes based on the

VFIFE method. The results of this programwere compared to those
obtained from commercial software and in the literature to verify
the reliability of the program. This program is not limited to the
dynamic analysis of flexible mining pipes and can be used for
several elongated structures commonly used in marine engineer-
ing. This section includes the verification process of the developed
program through the analysis of TTR and SCR.

4.1. Dynamic analysis of TTR

The overall motion analysis of TTR conducted by Abaqus was
used to verify the VFIFE program developed here. The simulated
prototype is a top tensioned production riser connected from the
top to the christmas tree, which is connected to the platform by
four tensioners. The christmas tree is described by an equivalent
point mass. The tensioner is modeled by a nonlinear spring. The
riser can be divided into four sections along the pipe length ac-
cording to the equivalent density. The total length of the riser is
435.8 m. The material densities in all the sections are listed in
Table 3. The total number of elements simulated in both cases is
400.

Table 4 contains a comparison between the natural frequencies
of the TTR vertical vibrations, inwhich the uniform density refers to
that of a riser equivalent to a vertically uniform slender pipe and
equals 8000 kg/m3. The theoretical value of the TTR's natural fre-
quency in case of uniform density can be estimated as follows:
u ¼ ½ð2j � 1Þp ffiffiffiffiffiffiffiffi

E=r
p � =2l. The results in Table 4 indicate that the

natural frequency calculated by VFIFE is consistent with those ob-
tained by Abaqus and the theoretical solution.

Fig. 4 shows the dynamic responses of the riser when the
platform is heaving. Fig. 4(a) and (b) illustrate comparisons of the
tension at the tension ring and the reaction force of the bearing
with maximum relative errors of 4.7% and 3.4%, respectively.
Fig. 4(c) and (d) show comparisons of the states of motion at the
tension ring and the middle point of the riser, respectively, with an
error of less than 5%. The results of the VFIFE program are in good
agreement with those of the theoretical solution and the Abaqus
simulation. In addition, the VFIFE method saved 60% of the
computation time for this example compared to Abaqus.

4.2. Static analysis of SCR

The static position and bending moment distribution of the SCR

Table 3
Summary of material densities.

Section name Length (m) Material density (kg/m3)

TJ 17.9 52,842
Spashzone Joint 22 15,145
Standard Joint 381.3 5867
TSJ 14.6 22,809

pcross�flow ¼ 0:5Cdrf DO
�
vrelative �

�
vrelative$e

n
xs
�
enxs

�
$
��vrelative �

�
vrelative$e

n
xs
�
enxs

��
� 0:5rf Aoutl0Cmð€xA þ €xBÞN:

(6)
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were calculated using the VFIFE program and compared to those
calculated in the study conducted by Bai et al. (2015). Before per-
forming the static equilibrium analysis based on the VFIFE method,
the internal force of the SCR state should be set to zero. This is
followed by a dynamic analysis, and the static equilibrium is

achieved when the stabilized state is reached.
Bai et al. (2015) compared the analyses results of the commer-

cial software Orcaflex with the results calculated by the software
(Cable 3D RSI) developed in their study. Fig. 5 shows the compar-
ison between the static configuration and bending moment of SCR

Table 4
Comparison between the natural frequencies calculated by different tools.

Theoretical value Abaqus Self-developed program Relative error

uniform density 0.348 0.349 0.351 <1%
variable density 0.414 0.419 <1%

Fig. 4. Comparison between the TTR dynamic responses: (a) Tension at tension ring; (b) Reaction force of the bearing; (c) Movement of tension ring; (d) Movement of the middle
point.

Fig. 5. Comparison between the SCR static configuration and static bending moment estimated by three different analyses.
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calculated by the VFIFE and those estimated by Bai's analysis. The
comparison shows that the static configuration and bending
moment based on the VFIFE method completely coincide with the
Orcaflex results and are close to the results of the Cable 3D RSI. This
comparative analysis demonstrated the validity and accuracy of the
method and program proposed in this study.

5. Results

After validating the VFIFE program, static state and dynamic
response analyses of a flexible mining pipe were carried out. In the
simulation, the pipe was discretized into 601 mass points, and the
initial position of the buffer was set at the origin point of the spatial
coordinate system. Fig. 2 shows that the downward direction was
set on the positive x-axis direction, the nodule collector is in the
positive direction of the y-axis, and the direction perpendicular on
both of them was set in the positive z-axis direction. The connec-
tions between the pipe and the nodule collector as well as between
the pipe and the buffer are simply supported.

5.1. Static state analysis

The detailed analysis process of the flexible mining pipe static
state using VFIFE method is as follows: At time zero, the pipe was
straight with no bending or stretching.; the initial position of the
tail end of the pipewas (100, 387, 0), and the position of the top end
of the pipe was (100, �13, 0) considering that the extreme position
of the nodule collector was 387.3 m from the buffer in the hori-
zontal direction. During the calculation, the top end of the pipe
moves slowly upwards along a parabolic trajectory, and then stops
at the coordinate origin (i.e., the buffer). Next, the calculation
continues until the motion becomes stationary, and the static
equilibrium position as well as the bending moment distribution of
the pipe can be obtained.

The spatial configuration and bending moment of the pipe as
well as the force of the pipe on the nodule collector were analyzed
by changing the nodule collector position and buoyancy material
arrangement.

(1) Influence of the nodule collector positions

The flow velocity of the seawater was assumed to be zero. The
pipe equilibrium configuration (Fig. 6) and the static force of the
pipe on the nodule collector (Fig. 7) were simulated at nodule
collector positions of (100, 150, 0), (100, 200, 0), (100, 250, 0), (100,
300, 0), and (100, 350, 0), respectively.

The analysis showed that when the horizontal distance between
the nodule collector and the buffer was 150 m, the pipe will touch
the seabed. This distance value should be the smallest distance
between the nodule collector and the buffer. Moreover, the hori-
zontal and vertical forces exerted by the pipe on the nodule col-
lector increased with this distance (Fig. 7). According to the results
of the equilibrium configurations and the forces on the nodule
collector, the favorable working horizontal distance between the
nodule collector and the buffer is in the range of 200 me300 m.

(2) Effect of buoyancy material

According to the position of the buoyancy material and the
magnitude of the buoyancy, six cases are studied, namely:

Case 1. Buoyancy bodies are set within the half-length of the pipe
on the collector side, and the buoyancy equals thewetweight of the
pipe;

Case 2. Buoyancy bodies are set within the half-length of the pipe
on the collector side, and the buoyancy is twice the wet weight of
the pipe;

Case 3. Buoyancy bodies are set within the half-length of the pipe
on the collector side, and the buoyancy is three times the wet

Fig. 6. Equilibrium configuration at different nodule collector positions.

Fig. 7. The force exerted by the pipe on the nodule collector at different nodule col-
lector positions.

Fig. 8. Equilibrium configurations of the pipe at different buoyancy materials and
arrangements.
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weight of the pipe;

Case 4. Buoyancy bodies are set within the part between 1/4 and
3/4 of the pipe, and the buoyancy equals thewet weight of the pipe;

Case 5. Buoyancy bodies are set within the part between 1/4 and
3/4 of the pipe, and the buoyancy is twice the wet weight of the
pipe;

Case 6. Buoyancy bodies are set within the part between 1/4 and
3/4 of the pipe, and the buoyancy is three times the wet weight of
the pipe.

Figs. 8 and 9 show the simulations of the equilibrium configu-
rations and forces acting on the collector in these six cases. When
the weight buoyancy material is twice the wet weight (cases 2 and
5), the spatial configuration is more suitable for transportation, and
the force acting on the collector in Case 5 is smaller than that in
Case 2.

5.2. Dynamic response analysis

In this section, the dynamic analysis of flexible mining pipe was
carried out assuming that the nodule collector and buffer are in
motion. The static state, in which the position of the nodule col-
lector is (100, 300, 0), was set as the initial state of the dynamic
analysis. The following four cases were considered:

1) The buffer does not move, and the collector travels in a circle
(i.e., the nodule collector moves in a circle around the buffer on
the seabed) at a running speed of 0.5 m/s;

2) The buffer does not move, and the collector makes a roundtrip
travel (i.e., the nodule collector moves back and forth within
200 me300 m from the buffer on the seabed), at a running
speed of 0.5 m/s;

3) The collector does not move, and the buffer moves in a simple
harmonic heave oscillation with a 5 m amplitude and periods
are 10s and 40s, respectively;

4) The collector does not move, and the buffer moves a simple
harmonic surge oscillation with a 10 m amplitude and periods
are 15s and 60s, respectively.

Figs. 10 and 11 show the 3-D spatial configuration of the pipe
and the force acting on the nodule collector when the nodule col-
lector is traveling in a circle. Figs. 12 and 13 show those when the
nodule collector is moving in a roundtrip travel. The results indi-
cated that when the collector travels back and forth, the movement
pattern of the pipe changes greatly, and its force on the nodule
collector changes more drastically and show large fluctuations,
especially when the collector changes the direction of the move-
ment. This means that the pipe will undergo large oscillations,
which negatively affects the safe operation of the collector and the
wholemining system. On the other hand, when the collector travels
in a circle on the seabed, the spatial configuration and the force on
the collector show gradual changes. Therefore, a circular travel of
the collector is more advantageous for safe mining.

Figs. 14 and 15 show the forces on the collector when the buffer
is periodically heaving, and Figs. 16 and 17 show the forces on the
collector when the buffer is periodically surging. The results show
that at high frequency of the heave and surge, the forces of the pipe
on the nodule collector experience few high-frequency

Fig. 9. The force exerted by the pipe on the nodule collector at different buoyancy
materials and arrangements.

Fig. 10. Spatial configuration of the pipe when the nodule collector travels in a circle.

Fig. 11. The force exerted by the pipe on the nodule collector traveling in a circle.
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fluctuations, which gradually increasewith time. This phenomenon
results in a drastic fluctuation of the forces on the collector andmay
cause accidents (Figs. 14 and 16). However, when the buffer un-
dergoes a low-frequency oscillation, the force of the pipe on the
collector shows drastic fluctuations. The analysis shows that it is
necessary to suppress the high-frequency oscillation of the buffer
to maintain the safety of the mining system.

The above results are dynamic responses of mining flexible pipe

caused by the drastic movement of the collector and buffer, and the
displacement of the pipe is much larger than its deformation. The
results indicate that the VFIFE method can easily and efficiently
solve the geometric nonlinear problem of large displacement and
small deformation and obtain the time history of the responses,
bending moment, and tension force. These results prove the ad-
vantages of the VFIFE method.

6. Conclusions

This study applied the VFIFE method to the static and dynamic
response analysis of deep-sea flexible pipes. This study offered a
solution to manage the distributed loads in ocean environment
using the VFIFE theory. A simulation programwas constructed and
verified. Next, a simulation example was conducted based on a
flexible mining pipe. The VFIFE method was proved to be an easier
and more efficient method for the three-dimensional static and
dynamic analyses of deep-sea slender members, such as SCR, TTR,
and flexible pipes.

The numerical analysis was conducted based on the 1000-m sea
trial system in China. It was concluded that: (1) The best horizontal
working distance between the collector and the buffer is within the
range of 200e300m. (2) To reduce the influence of flexible pipes on
the operation safety of the collector, it should move in a circular
motion not in a roundtrip travel. (3) The high-frequency heaving
and surging motion of the buffer can cause drastic fluctuations in
the force exerted by the flexible pipes on the collector and the
buffer, which leads to system damage. Therefore, it is necessary to
suppress the high-frequency heaving and surging of the buffer to
ensure the mining safety.

Fig. 13. The force exerted by the pipe on the nodule collector moving back and forth within the range of 200 me300 m.

Fig. 14. Forces exerted by the pipe on the nodule collector: (a) vertical force; (b) horizontal force (heave period ¼ 10 s, amplitude ¼ 5 m).

Fig. 12. The spatial configuration of the pipe when the nodule collector moves back
and forth within the range of 200 me300 m.
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