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Abstract In deep-ocean mining operation, the

fatigue life of lifting pipe has always been the focus

of field operators, and the fatigue failure mechanism

has attracted more and more attention of scholars, but

it has not been effectively disclosed. Therefore, in this

work, a multi-field coupling and multiple nonlinear

vibration model of lifting pipe is established, which

can accurately determine the alternating stress of

deep-ocean lifting pipe. The nonlinear fatigue damage

prediction method of lifting pipe based on load

interaction effect and residual strength attenuation

degradation is established using Corten–Dolan cumu-

lative damage method, which can accurately deter-

mine the fatigue life of deep-ocean lifting pipe.

Finally, the influences of outflow velocity, buffer

station masses and internal flow velocity on the fatigue

life of lifting pipe are analyzed. It is found that, firstly,

with the increase in the outflow velocity, the fatigue

life of the pipe tends to decrease first and then increase,

and an external flow rate with the maximum fatigue

life appears. However, in real operation, the external

flow rate cannot be controlled. Therefore, according to

a certain external flow rate, the optimal structure

setting can be evaluated by the analysis method

established. Secondly, with the increase in the buffer

station mass, the fatigue life of the lifting pipe tends to

decrease first and then increase. There is an optimal

buffer station mass configuration parameter on the

site, which is related to the riser structure, ocean flow

velocity, internal flow velocity and can be determined

by the analysis methodology. Thirdly, with the

increase in the lifting flow rate, the fatigue life of the

lifting pipe tends to increase first and then decrease.

Therefore, when determining to configure the lifting

flow rate on-site, it is necessary to use the proposed

nonlinear fatigue damage analysis methodology to

analyze whether it is in a dangerous state. If it does not

meet the site requirements, other parameters can be

set, to improve the fatigue life of the lifting pipe.

Keywords Pipe string mechanics � Hydraulic lifting
pipe � Multi-field coupling � Multiple nonlinear

vibration � Failure mechanism

Abbreviations

VIV Vortex-induced vibration

CF Cross flow

RMS Root mean square

CFD Computational fluid dynamics

IL In-line

3D Three-dimensional
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List of symbols

u1 z; tð Þ Displacement field function

corresponding to coordinate system x

u3 z; tð Þ Displacement field function

corresponding to coordinate system z

ty z; tð Þ CF displacement of lifting pipe

E Elastic modulus of the lifting pipe

material

L Length of the lifting pipe unit

t00i ; i ¼ x; y; z Second derivative of the lifting pipe

displacements with respect to z

vx, vy, vz Absolute velocities of the internal

fluid in the x-, y- and z-directions

qi Internal fluid density

_ti; i ¼ x; y; z First-order derivative of the lifting

pipe displacement with respect to time

for the x-, y- and z-directions

U Multiphase flow velocity in the lifting

pipe unit

FL z; tð Þ Lateral lift in the CF direction

fy z; tð Þ High-speed fluid impact loads in the

lifting pipe in the y-directions

Fx z; tð Þ Longitudinal force of the lifting pipe

a1 tð Þ Deflection angles of the upper micro-

segments in the x-directions

u1 tð Þ Deflection angles of the lower micro-

segments in the y-directions

f Damping ratio

Do Outer diameter of the lifting pipe

f Friction coefficient caused by fluid

viscosity

c Damping coefficient

MC Mass of the buffer station

Cd, Cl Steady-state drag force coefficient and

lift force coefficient

qx; qy Dimensionless wake oscillator

variables in the IL flow direction and

CF direction

St Strouhal coefficient

dp Element generalized force matrix

Cp Particle drag force coefficient

P Internal pressure

si Fluid viscous shear stress

km Wall friction coefficient

B1, B2 Heave radiation and heave viscous

damping

g tð Þ Surface displacements of the random

wave

x̂i Circular frequency of the i-th

harmonic

M Interval number of the partition

Dx Frequency step

f The frequency

H1=3 Significant wave height

fp Peak frequency

c Peak parameter

R Platform radius

d Draft of the platform

Bplate Width of the heave plate

p Number of damage nuclei under stress

a Constant related to the material

pmax Number of damage nuclei

amax Material constant

pi Number of damage nuclei

ai Material constant

Nf Fatigue life under multistage stress

cycle

ri The i stress

d Parameter related to material

properties

R nð Þ Material residual strength

Ai Strength degradation coefficient

u2 z; tð Þ Displacement field function

corresponding to coordinate system y

tx z; tð Þ IL displacement of lifting pipe

tz z; tð Þ Longitudinal displacement of lifting

pipe

A Cross-sectional area of the lifting pipe

t0i; i ¼ x; y; z First-order derivative of the lifting

pipe displacements with respect to z

Ai Internal cross-sectional area of the

lifting pipe

_ui; i ¼ 1; 2; 3 First-order derivative of lifting pipe

displacements function with respect to

time for coordinate system x; y; z

mt Mass of lifting pipe unit length

mi Mass of the multiphase flow velocity

in the lifting pipe unit

FD z; tð Þ Drag force in the IL direction

fx z; tð Þ High-speed fluid impact loads in the

lifting pipe in the x-direction

fz z; tð Þ High-speed fluid impact loads in the

lifting pipe in the z-directions

Wf Fluid viscous damping

a2 tð Þ Deflection angles of the lower micro-

segments in the x-directions

123

16778 X. Guo et al.



u2 tð Þ Deflection angles of the lower micro-

segments in the y-directions

qw Density of seawater

Di Inner diameter of the lifting pipe

ma Additional mass per unit length of

pipe string

uboatðtÞ Platform heave displacement

Uc External flow velocity of lifting pipe

C0
d, C

0
l Reference drag force coefficient and

reference lift force coefficient

xs Shedding frequency of wake vortex

ex; ey;Ax;Ay Dimensionless parameters

qs Density of solid particles

DV Selected control volume

a Inclination angle of pipe string

sm Wall shear stress

mp Mass of the platform

Aw Area of the platform at sea level

Fz Random heave wave exciting force on

the platform

ei Initial phase of the i-th harmonic

component

ai Amplitude of the i-th harmonic

component

S xð Þ Random wave spectrum

x The circular frequency

T1=3 Significant period

Tp Peak period

r Peak shape coefficient

k Wave number

zplate Depth of heave plate

D Fatigue cumulative damage

r Damage coefficient

Dc Critical fatigue damage

rmax Component forces of the transverse

damage coefficient

Nmax Number of cycles under the action of

maximum stress

ri Damage coefficient

ni Number of cycles

ai Percentage for the number

rmax Maximum stress in multistage stress

Nfi Fatigue life under action of the single

ri stress
p0, q Material constants

A0 Strength degradation coefficient

1 Introduction

The deep-ocean contains rich mineral resources with

various types, large reserves and high grade, which has

huge development and utilization prospects and has

become an important strategic development goal for

all countries in the world [1, 2]. Currently, hydraulic

lifting technology is one of the most effective

technologies for obtaining deep-ocean metal minerals

and has been attracting the attention of scholars and

companies in our world [3]. Among them, riser is the

only channel connecting the seabed and mining

vessels, playing a connecting role, and its safety has

also received attention from scholars (as shown in

Fig. 1) [4]. During the operation, the riser is subjected

to external ocean current vortex-induced effects,

action of internal liquid–solid two-phase flow and

the heave motion of the platform, making it extremely

prone to nonlinear vibration and inducing its fatigue

failure. Therefore, it is urgent to establish a multi-field

coupled multiple nonlinear vibration model and

fatigue life prediction model for deep-ocean mining

hydraulic riser, and explore its fatigue failure

mechanism.

Early scholars mainly studied the vortex-induced

vibration (VIV) vibration of riser. At that time,

offshore oil and gas production was in shallow water,

and the riser was regarded as a rigid structure as the

research object [5, 6], and the frequency-locked

phenomenon [7] and lagging behavior [8] were

obtained. With the increase in water depth, the length

Fig. 1 Schematic diagram of mechanical analysis of lifting pipe

in deep-ocean mining
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of the riser also increases, and its aspect ratio (the ratio

of length to diameter) also increases. It is unreasonable

to regard the riser as a rigid structure. Therefore, some

scholars regard it as a flexible structure. Physical

experiments [9, 10] and computational fluid dynamics

(CFD) numerical simulations [11, 12] are the twomost

common methods in these studies. At the beginning,

scholars mainly studied the vibration in one direction

of the deep-sea riser, that is, the cross-flow (CF)

direction. Mathelin and Langre [13] regarded marine

fluid as shear flow and explored the vibration response

of riser. Moreover, Xu et al. [14] and He et al. [15]

studied the effects of the flow velocity, top tension and

pipe diameter on VIV behavior of a riser, and the

optimization method of field operation parameters and

structural parameters is put forward. However, Jauvtis

and Williamson [16] found that as the mass ratio, the

ratio of the structural quality to the mass of discharged

fluid was less than 6.0, and the in-line (IL) vibration of

a cylinder could not be neglected. The VIV charac-

teristics study of a rigid cylinder presented by Gu et al.

[17], Martins et al. [18] and Gao et al. [19]. In our

recent work [20, 21], the response characteristics of

VIV of marine risers with consideration of the

coupling effects of the CF and IL vibration were

investigated. It is found that the vibration amplitude in

the downstream direction is twice that in the transverse

direction, but the vibration frequency in the down-

stream direction is only half of that in the transverse

direction. However, the existing VIV vibration

research of deep-water riser ignores the influence of

internal pipe string, and the on-site deep-water riser is

a typical pipe in pipe structure, resulting in the

prediction accuracy of the current vibration analysis

model is different from that of the on-site. To solve

this problem, the author established a three-dimen-

sional nonlinear vibration model of deep-water riser

test pipe in our previous research [22], which laid a

foundation for the vibration analysis model of this

paper.

The above studies have laid a methodological

foundation for the establishment of nonlinear vibra-

tion model of deep-sea hydraulic riser. However, the

biggest difference between deep-sea hydraulic riser

and deep-sea oil and gas production riser is that the

former has a single fluid in the pipe, while the latter has

a liquid–solid multiphase flow in the pipe, resulting in

the difference of vibration characteristics between the

two risers. Scholar has established a horizontal

pipeline gas–liquid two-phase flow-induced vibration

model to address the problem of two-phase flow-

induced vibration in rigid pipelines [23] and found that

pipeline vibration response is closely related to two-

phase flow parameters (density, pressure and flow

velocity). With the improvement of experimental

instrument performance and the development of

computer technology, some scholars have adopted

theoretical methods combined with numerical simu-

lation technology to establish gas–liquid two-phase

flow-induced vibration models for steam generator

heat transfer tubes [24] and gas–liquid two-phase

flow-induced vibration models for marine flexible

risers [25]. Zhu et al. used experimental methods to

investigate the vibration caused by gas–liquid two-

phase flow in marine flexible risers and found that the

gas–liquid ratio and gas–liquid two-phase flow veloc-

ity are the main factors affecting the vibration of

flexible risers [26]. Liu has studied the problem of

solid–liquid two-phase flow-induced vibration in

deep-sea lifting pipes, established a particle flow

model inside the pipe and a solid–liquid two-phase

flow-induced vibration model in the lifting pipe and

found that particle concentration and transport speed

are the main influencing factors on the vibration

response of the lifting pipe [27]. With the deepening of

research, it has been found that internal flow has the

greatest impact on the vibration characteristics of the

lifting pipe. However, the impact of steady-state

internal flow on the vibration characteristics of the

riser has been the focus of some scholars’ attention,

and corresponding research has been carried out

[28, 29], and found that the vibration frequency and

displacement of the lifting pipe are most sensitive to

the influence of internal flow velocity and density. The

change of internal flow velocity and density will

trigger the new vibration modal response of the

flexible riser. Some scholars used the finite element

method [30] and the finite element software ADINA

[31] to study the influence of unsteady pulp flow on the

dynamic characteristics of the lifting pipe and found

that the solid content has a significant impact on the

natural frequency of the lifting pipe. The internal
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multiphase flow has an important influence on the

vibration of the opposite pipe. With the increase in

transport concentration and transport speed, the stress

and displacement increase. Some researchers have

investigated the influence of mine lifting pipe vibra-

tion on the internal flow in the pipe. For example, Liu

et al. [32] used the Euler two fluid models based on

particle dynamics and computational fluid dynamics

(CFD) technology to simulate the solid–liquid two-

phase flow in the pipeline under vortex-induced

vibration and found that under the action of vortex-

induced vibration, the axial velocity distribution of

particles fluctuated, and the particle concentration

distribution changed periodically. Yoon et al. [33]

studied the interaction between the movement of the

5000-m deep-sea mining lifting pipe and the internal

flow of the hard pipe with the finite element method

and found that the movement of the lifting pipe has

relatively little effect on the internal flow.

At present, the research on deep-sea hydraulic riser

mainly focuses on the vibration model and vibration

characteristics and lacks the fatigue failure mechanism

caused by vibration. However, the fatigue failure

mechanism of deep-sea riser mainly focuses on the oil

and gas well production riser. Some scholars have

established the fatigue life prediction method of riser

using different methods, including the fatigue life

prediction model [34, 35], the crack propagation

model [36] and the fatigue reliability analysis model

[37]. Aiming at the fatigue failure mechanism of deep-

water riser, Lekkala et al. [38] optimized the existing

excitation coefficient database to improve the fatigue

damage prediction of riser attached with staggered

buoyancy modules, which reduce the error in the

predicting the VIV response of the riser with staggered

buoyancy modules. In order to the problem of fatigue

failure of risers caused by slug flow, Jeong et al. [39]

have established an in-house program to calculate

local stress and fatigue damage of risers, exploring the

influence of riser materials, riser structure, internal

flow velocity and environmental factors on the fatigue

life of risers. Some scholars have established corre-

sponding dynamic models and fatigue prediction

methods for the vibration fatigue damage of marine

risers under special working conditions, exploring the

fatigue damage laws of risers under different operating

and structural parameters and ultimately revealing the

fatigue damage mechanism of risers under special

working conditions Ruan et al. [40] and Gao et al. [41].

Above all, in this paper, a vibration model with

multi-field coupling and multiple nonlinearity of

mining lifting pipe is established using the finite

element method and Hamilton variational principle,

which not only considers the multi-field coupling

effect between the ocean flow field, the riser stress

field and the internal flow field, but also considers the

vertical and horizontal coupling nonlinearity of the

riser, the vortex-induced nonlinearity of the ocean load

and the flow-induced nonlinearity of the internal flow

field. Based on finite element theory, the numerical

solution of the nonlinear vibration model is realized.

The correctness of the model is verified by comparing

the calculated results of the theoretical model with the

test results of the simulation experiment. Then, the

nonlinear fatigue damage prediction method of deep-

water lifting pipe based on load interaction effect and

residual strength attenuation degradation is estab-

lished using Corten–Dolan cumulative damage

method, which can accurately determine the fatigue

life of deep-ocean lifting pipe. Finally, the influences

of structural parameters and operation parameters on

the fatigue life of deep-ocean lifting pipe are explored,

which lays a theoretical foundation for the parameter

design of deep-ocean lifting pipe on-site.

Fig. 2 Schematic diagram of mechanical analysis of lifting pipe

in deep-ocean mining
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2 Nonlinear fatigue damage analysis methodology

of deep-ocean lifting pipe

2.1 Multi-field coupling and multiple nonlinear

vibration model

This section is based on the force analysis of deep-sea

hydraulic lifting pipe (as shown in Fig. 2) and

establishes a multi-field coupled multiple nonlinear

vibration model for deep-sea lifting pipe. The specific

modeling process is as follows:

(1) Vibration control equation

Based on the small deformation hypothesis and the

Kirchhoff hypothesis [42], the lifting pipe displace-

ment can be expressed as follows:

u1 z; tð Þ ¼ tx z; tð Þ; u2 z; tð Þ ¼ ty z; tð Þ

u3 z; x; tð Þ ¼ tz z; tð Þ � x
otx
oz

z; tð Þ � y
oty
oz

z; tð Þ

8
<

:
ð1Þ

where u1 z; tð Þ, u2 z; tð Þ and u3 z; tð Þ are the displacement

field function corresponding to coordinate system

x; y; z (m); tx z; tð Þ, ty z; tð Þ and tz z; tð Þ are the IL, CF

and longitudinal displacement of lifting pipe, respec-

tively (m).

The Green’s strain of lifting pipe can be expressed

as follows:

exx ¼
ou1
ox

; eyy ¼
ou2
oy

; ezz ¼
ou3
oz

þ 1

2
ððou1

oz
Þ2 þ ðou2

oz
Þ2Þ

exz ¼
1

2

ou1
oz

þ ou3
ox

� �

;eyz ¼
1

2

ou2
oz

þ ou3
oy

� �

; exy ¼
1

2

ou1
oy

þ ou2
ox

� �

8
>><

>>:

ð2Þ

Substitute Eq. (1) into Eq. (2) to obtain:

ezz ¼
otz
oz

� x
o2tx
oz2

� y
o2ty
oz2

þ 1

2
ððotx
oz

Þ2 þ ðoty
oz

Þ2Þ

exx ¼ eyy ¼ exz ¼ eyz ¼ exy ¼ 0

8
><

>:

ð3Þ

where exx, eyy, ezz, exy, exz and eyz are the six directions

strain of lifting pipe unit; and x and y are the distance

from a particle on the lifting pipe unit to the axis along

the x- and y-directions (m).

Because of the second Kirchhoff stress, ignoring

Poisson effect, Hooke’s law under uniaxial stress is as

follows:

rZZ ¼ EeZZ ð4Þ

The potential energy of the lifting pipe can be

expressed as follows:

UP ¼ 1

2

Z

V

redV ¼ 1

2
E

Z

V

e2dV ð5Þ

Substitute Eqs. (3) and (4) into Eq. (5) to obtain:

UP ¼ E

2

Z L

0

Z

A

t02z þ x2t002x þ y2t002y þ 1

4
ðt02x þ t02y Þ

2 � 2xt0zt
00
x � 2yt0zt

00
y

þ2xyt00xt
00
y þ t0zðt02x þ t02y Þ � xt00x ðt02x þ t02y Þ � yt00y ðt02x þ t02y Þ

2

4

3

5dAdz

ð6Þ

where E is the elastic modulus of the lifting pipe

material (Pa); A is the cross-sectional area of the lifting

pipe (m2); L is the length of the lifting pipe unit (m)

and t0i; i ¼ x; y; z and t00i ; i ¼ x; y; z are the first-order

and second derivative of the lifting pipe displacements

with respect to z, respectively.

Because the infinitesimal segment of the lifting pipe

is a standard cylindrical structure, according to the

cylinder integral property, it can get:
Z

AxdA ¼
Z

AydA ¼
Z

AxydA ¼ 0;

Z

Ax
2dA

¼
Z

Ay
2dA ¼ I

ð7Þ

Substitute Eq. (7) into Eq. (6) to obtain:

UP ¼ E

2

Z L

0

At02z þ 1

4
Aðt02x þ t02y Þ

2 þ At0zðt02x þ t02y Þ
�

þIt002x þ It002y

i
dz =

1

2

Z L

0

EAðt0z þ
1

2
ðt02x þ t02y ÞÞ

2

�

þEIðt002x þ t002y Þ
i

dz

ð8Þ
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The total kinetic energy of the lifting pipe is the sum

of the kinetic energy of the pipe, the kinetic energy of

the internal fluid, which can be expressed as follows:

TK ¼
Z L

0

Z

A

qt
2
ð _u21 þ _u22 þ _u23Þ

h i
dAþ 1

2
Aiqiðv2xþv2yþv2z Þ

� �

dz

ð9Þ

where Ai is the internal cross-sectional area of the

lifting pipe (m2); qi is the internal fluid density (kg/

m3); _ui; i ¼ 1; 2; 3 are the first-order derivative of the

lifting pipe displacements field function with respect

to time for coordinate system x; y; z (m/s) and vx, vy
and vz represent the absolute velocities of the internal

fluid in the x-, y- and z-directions (m/s), which can be

expressed as follows:

vx ¼ _tx þ Ut0x; vy¼ _ty þ Ut0y; vz¼ _tz þ Uð1þ t0zÞ
ð10Þ

Substitute Eqs. (1), (7) and (10) into Eq. (9) to

obtain:

TK ¼ 1

2

Z L

0

mtð _t2x þ _t2y þ _t2z Þ + qtIð _t02x + _t02y Þ
h

+ miðð _tx þ Ut0xÞ
2 þ ð _ty þ Ut0yÞ

2
+ ð _tz þ Uð1þ t0zÞÞ

2
)
i
dz

ð11Þ

where mt is the mass of lifting pipe unit length (kg);

_ti; i ¼ x; y; z are the first-order derivative of the lifting

pipe displacement with respect to time for the x-, y-

and z-directions (m/s);mi is the mass of the multiphase

flow velocity in the lifting pipe unit (kg) and U is the

multiphase flow velocity in the lifting pipe unit (m/s).

According to the variational principle

(dUP t¼t1;2=x¼0;L

�
� ¼ dU0

P t¼t1;2=x¼0;L

�
� ¼ d _UP t¼t1;2=x¼0;L

�
�

¼ 0) and integration by parts (
R
f 0 zð Þg zð Þdz¼f

zð Þg zð Þ �
R
f zð Þg0 zð Þdz), the integration forms of UP,

TK and W over time can be expressed as follows:

d
Z t2

t1

UPdt ¼
1

2
d
Z t2

t1

Z L

0

EA t0z þ
1

2
t02x þ t02y

� 	� �2

þEI t002x þ t002y

� 	
" #

dzdt

¼
Z t2

t1

Z L

0

EA t0z þ
1

2
ðt02x þ t02y ÞÞðdt0z þ t0xdt

0
x þ t0ydt

0
y

� �

+ EIðt00xdt00x þ t00ydt
00
y Þ

� 


dzdt

¼EA

Z t2

t1

Z L

0

t0z þ
1

2
ðt02x þ t02y ÞÞðddtz þ t0xddtx þ t0yddty

� �� 


dt + EI

Z t2

t1

Z L

0

ðt00xddt0x þ t00yddt
0
yÞ

h i
dt

= EA

Z t2

t1

t0z þ
1

2
ðt02x þ t02y Þ

� �

�

dtz þ t0xdtx þ t0ydty
� 	

2

6
6
4

3

7
7
5

L
0

�
� �

Z L

0

t0z þ
1

2
ðt02x þ t02y Þ

� �0
dtzþ

t0z þ
1

2
ðt02x þ t02y Þ

� �

t0x

� 
0
þ t0z þ

1

2
ðt02x þ t02y Þ

� �

t0y

� 
0

2

6
6
6
4

3

7
7
7
5
dz

8
>>><

>>>:

9
>>>=

>>>;

dt

þ EI

Z t2

t1

ðt00xdt0x þ t00ydt
0
yÞ L

0

�
� �

Z L

0

t00x
� �0

ddtx þ t00y

� 	0
ddty

h i� �

dt

¼� EA

Z t2

t1

Z L

0

t0z þ
1

2
ðt02x þ t02y Þ

� �0
dtz þ t0z þ

1

2
ðt02x þ t02y Þ

� �

t0x

� 
0
þ t0z þ

1

2
ðt02x þ t02y Þ

� �

t0y

� 
0� 


dzdt

þ EI

Z t2

t1

ðt00xdt0x þ t00ydt
0
yÞ L

0

�
� � t00x

� �0
ddtx þ t00y

� 	0
ddty

h i
L
0

�
� þ

Z L

0

t00x
� �00

dtx þ t00y

� 	00
dty

h i
dz

� �

dt

¼� EA

Z t2

t1

Z L

0

t0z þ
1

2
ðt02x þ t02y Þ

� �0
dtz þ t0z þ

1

2
ðt02x þ t02y Þ

� �

t0x

� 
0
dtx þ t0z þ

1

2
ðt02x þ t02y Þ

� �

t0y

� 
0
dty

� 


dzdt

þ EI

Z t2

t1

Z L

0

t00x
� �00

dtx þ t00y

� 	00
dty

h i
dzdt

ð12Þ
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The virtual work by external excitation mainly

includes ocean force, impact force of internal multi-

phase flow, inertial force and viscous damping of fluid.

The specific expression is as follows:

dW ¼
Z L

0

FD z; tð Þ þ fx z; tð Þ

þFx z; tð Þ � c _tx

 !

dtx

"

þ
FL z; tð Þ þ fy z; tð Þ

þFy z; tð Þ � c _ty

 !

dtyþ
fz z; tð Þ

þwg � c _tz

 !

dtz

#

dzþdWf

ð14Þ

where FD z; tð Þ and FL z; tð Þ are the drag force in the IL
direction and the lateral lift in the CF direction (N),

respectively; fx z; tð Þ, fy z; tð Þ and fz z; tð Þ are the high-

speed fluid impact loads in the lifting pipe in the x-, y-

and z-directions (N), Fx z; tð Þ and Fy z; tð Þ are the

additional mass inertia force of the fluid (N), wg is the

longitudinal force of the lifting pipe (N) andWf is fluid

viscous damping (N). Among them:

fx x; tð Þ ¼ �qiAiU
2 sin a2 tð Þ � a1 tð Þ½ � cos u2 tð Þ � u1 tð Þ½ �

fy x; tð Þ ¼ �qiAiU
2 sin a2 tð Þ � a1 tð Þ½ � sin u2 tð Þ � u1 tð Þ½ �

fz x; tð Þ ¼ �qiAiU
2 cos a2 tð Þ � a1 tð Þ½ �

c = 2mtxgf;xg ¼ p2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EI=mtL4

p

wg ¼ mtg� qwp
D2

o

4
;Fx z; tð Þ ¼ ma€tx;Fy z; tð Þ ¼ ma€ty

Wf ¼ � 1

2
pDif

Z L

0

qið1þ 2t0z þ t02z ÞU2dz

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

ð15Þ

where a1 tð Þ, a2 tð Þ, u1 tð Þ and u2 tð Þ are the deflection

angles of the upper and lower micro-segments of the

lifting pipe in the x- and y-directions (rad); f is the

damping ratio; qw is the density of seawater (kg/m3);

d
Z t2

t1

TKdt ¼
Z t2

t1

Z L

0

mtð _txd _tx þ _tyd _ty þ _tzd _tzÞ + qtIð _t0xd _t0x þ _t0yd _t
0
yÞþ

mi

ð _tx þ Ut0xÞdð _tx þ Ut0xÞ þ ð _ty þ Ut0yÞdð _ty þ Ut0yÞ

+ ( _tz þ Uð1þ t0zÞÞdð _tz þ Uð1þ t0zÞÞ

2

4

3

5

8
>>><

>>>:

9
>>>=

>>>;

dzdt

¼
Z L

0

Z t2

t1

mtð _txddtx þ _tyddty þ _tzddtzÞ + qtIð _t0xddt0x þ _t0yddt
0
yÞ

þmi ð _tx þ Ut0xÞddtx þ ð _ty þ Ut0yÞddty þ ð _tz þ Uð1þ t0zÞÞddtz
h i

8
<

:

9
=

;

2

4

3

5dz

þ
Z t2

t1

Z L

0

mi Uð _tx þ Ut0xÞddtx þ Uð _ty þ Ut0yÞddty þ Uð _tz þ Uð1þ t0zÞÞddtz
h in o� 


dt

¼
Z L

0

mt _txdtx þ _tydty þ _tzdtz
� �

t2
t1

�
� �

Z t2

t1

€txdtx þ €tydty þ €tzdtz
� �

dt

� �

+ qtI _t0xdt
0
x þ _t0ydt

0
y

� 	
t2
t1

�
� �

Z t2

t1

€t0xdt
0
x þ €t0ydt

0
y

� 	
dt

� �

þmi ð _tx þ Ut0xÞdtx þ ð _ty þ Ut0yÞdty þ ð _tz þ Uð1þ _tzÞÞdtz
h i

t2
t1

�
�

�mi ð€tx þ U _t0xÞdtx þ ð€ty þ U _t0yÞdty þ ð€tz þ Uð1þ _t0zÞÞdtz
� �

2

6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
5

dz

þ
Z t2

t1

mi Uð _tx þ Ut0xÞdtx þ Uð _ty þ Ut0yÞdty þ Uð _tz þ Uð1þ t0zÞÞdtz
h i

L
0

�
�

�mi Uð _t0x þ Ut00xÞdtx þ Uð _t0y þ Ut00yÞdty þ Uð _t0z þ Uð1þ t00z ÞÞdtz
h i

8
><

>:

9
>=

>;

2

6
4

3

7
5dt

¼
Z t2

t1

Z L

0

�mt €txdtx þ €tydty þ €tzdtz
� �

þ qtI €t00xdtx þ €t00ydty
� 	

�mi ð€tx þ U _t0xÞdtx þ ð€ty þ U _t0yÞdty þ ð€tz þ Uð1þ _t0zÞÞdtz
� �

�mi Uð _t0x þ Ut00xÞdtx þ Uð _t0y þ Ut00y Þdty þ Uð _t0z þ Uð1þ t00z ÞÞdtz
h i

2

6
6
6
6
4

3

7
7
7
7
5
dzdt

ð13Þ
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Do is the outer diameter of the lifting pipe (m); Di is

the inner diameter of the lifting pipe (m); f is the

friction coefficient caused by fluid viscosity; ma is the

additional mass per unit length of pipe string (kg/m)

and c is the damping coefficient.

According to Hamiltonian principle

d
R t2
t1

UP � TK þWð Þdt ¼ 0, the vibration control

equations of hydraulic lifting pipe in x-, y- and z-

directions can be obtained as follows:

ðmt þ ma þ miÞ€tx � qtI €t00x þ c _tx þ 2miU _t0x

þ miU
2t00x þ EIt0000x � EAððt0z þ

1

2
ðt02x þ t02y ÞÞt0xÞ

0

¼ FD z; tð Þ þ fx z; tð Þ
ðmt þ ma þ miÞ€ty � qtI €t00y þ c _ty þ 2miU _t0y

þ miU
2t00y þ EIt0000y � EAððt0z þ

1

2
ðt02x þ t02y ÞÞt0yÞ

0

¼ FL z; tð Þ þ fy z; tð Þ

mt€tz þ c _tz � EAðt00z þ
1

2
ðt02x þ t02y Þ

0Þ þ 1

2
pDifqiU

2t00z

¼ wg þ fz z; tð Þ

8
>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>:

ð16Þ

The upper end of the lifting pipe is connected with a

spherical joint, and the lower end is suspended with an

intermediate chamber. The boundary conditions can

be expressed as follows:

tzð0;tÞ¼uboatðtÞ; EAðt0zþ
1

2
ðt02x þt02y ÞÞ�miðU _t0zþU2t00z ÞþMC€tz

� 


L;tð Þ

�
�
�
� ¼0

txð0;tÞ¼0;
EAðt0zþ

1

2
ðt02x þt02y ÞÞ� EIt00x

� �0

+qtI€t
0
x�miðU _t0xþU2t00x ÞþMC€tx

2

6
4

3

7
5

L;tð Þ

�
�
�
� ¼0

tyð0;tÞ¼0;
EAðt0zþ

1

2
ðt02x þt02y ÞÞ� EIt00y

� 	0

+qtI€t
0
y�miðU _t0yþU2t00y ÞþMC€ty

2

6
4

3

7
5

L;tð Þ

�
�
�
� ¼0

EIt00x 0;tð Þ
�
� ¼0; EIt00x L;tð Þ

�
� ¼0; EIt00y 0;tð Þ

�
� ¼0; EIt00y L;tð Þ

�
� ¼0

8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

ð17Þ

where uboatðtÞ is the platform heave displacement (m),

and MC is the mass of the buffer station (kg).

(2) Analysis of outflow field

According to theMorison’s equation, the drag force

in the IL direction and the lateral lift in the CF

direction can be expressed as follows:

FD z; tð Þ ¼ 1

2
qwU

2
cDoCd � qwUcDoCd

otx
ot

þ 1

2
qwU

2
cDoC

0
d

qx
2

FL z; tð Þ ¼ � 1

2
qwUcDoCd

oty
ot

þ 1

2
qwU

2
cDoC

0
l

qy
2

8
>><

>>:

ð18Þ

where Uc is the external flow velocity of lifting pipe

(m/s); Cd and Cl are the steady-state drag force

coefficient and lift force coefficient; C0
d and C

0
l are the

reference drag force coefficient and reference lift force

coefficient and qxandqy are the dimensionless wake

oscillator variables in the in-line flow direction and the

cross-flow direction.

The fluid–structure interaction between the external

flow field and the stress field of the riser structure can

be described by the wake oscillator model [8].

According to Facchinetti and Langer’s discussion on

the coupling terms (displacement, velocity and accel-

eration) of wake oscillator, the calculated results of

acceleration coupling are more consistent with the

experimental results. The coupling between the struc-

tural vibration and the wake vibrator model is that the

structural vibration affects the lift, which, in turn,

affects the vibration of the structure. The control

equation of the wake vibrator is as follows:

€qx þ exxsðq2x � 1Þ _qx þ ð2xsÞ2qx ¼
Ax

Do

€tx

€qy þ eyxsðq2y � 1Þ _qy þ ðxsÞ2qy ¼
Ay

Do

€ty

8
>><

>>:

ð19Þ

where xs is the shedding frequency of wake vortex,

xs¼2pSt Uc � _txj j=Do, St is the Strouhal coefficient

and ex; ey;AxandAy are dimensionless parameters

determined by experiment, which are ex ¼ 1:2,

ey ¼ 0:3, Ax ¼ 48 and Ay ¼ 12.

(3) Analysis of internal flow field

The ultimate settling velocity of spherical particles

in still water is vs, which is mainly determined by the

balance of gravity, buoyancy and water drag. Ignoring

secondary forces, the basic equation for settling

velocity can be expressed as follows:

pd3p
6

qs � qið Þg ¼
pd2p
8

Cpqiv
2
s ð20Þ

where dp is the particle diameter (m); qs is the density
of solid particles (kg/m3) and Cp is the particle drag

force coefficient.

The minimumwater flow lifting speed is 3 times the

maximum particle settling speed, and the minimum

conveying speed for vertical lifting is as follows:

U ¼ 3vs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12ðqs � qiÞgdp

qiCp

s

ð21Þ
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A control equation for mixed two-phase flow in a

riser is established without considering mass and heat

exchange between phases, which can be expressed as

follows:
Z

DV

oqi
ot

dV þ
Z

DV

oqiU
oz

dV ¼ 0 ð22Þ

o

ot

Z

DV
qiUdV þ

Z

DV

oqiU Uj j
oz

dV

¼ �
Z

DV

oP

oz
dV �

Z

DV
qig

oh cos a
oz

dV �
Z

A

sidA

�
Z

A

smdA�
Z

DV
qig sin adV

ð23Þ

where DV is the selected control volume (m3); P is the

internal pressure (Pa); a is the inclination angle of pipe
string (�); h is the distance (m); si is fluid viscous shear
stress (Pa); sm is the wall shear stress (Pa) and km is the

wall friction coefficient.

(4) Heave motion equation of platform

It is necessary to establish the heave motion model

of the platform under the action of random waves to

determine the upper boundary displacement of the

lifting pipe. According to Shen’s work [43], the heave

motion equation of the platform can be expressed as

follows:

mp €uboatðtÞ þ B1 _uboatðtÞ þ B2 _uboatðtÞ _uboatðtÞj j
þ qwgAw uboatðtÞ � g tð Þð Þ ¼ Fz

ð24Þ

wheremp is the mass of the platform (kg),B1 andB2 are

the heave radiation and heave viscous damping,

respectively;Aw is the area of the platform at sea level

(m2) and g tð Þ and Fz are the surface displacements of

the randomwave (m) and random heave wave exciting

force on the platform (N).

In this study, the Longuet–Higgins model [44] was

used to simulate random wave surface displacement,

which can be expressed as follows:

g tð Þ ¼
XM

i¼1

ai cos x̂it þ ei½ � ð25Þ

where x̂i(¼ xi�1 � xið Þ=2) is the circular frequency

of the i-th harmonic (Hz), ei is the initial phase of the i-
th harmonic component (rad), taking the random

number in the range 0; 2pð Þ, M is the interval number

of the partition, ai(¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2S xð ÞDx

p
) is the amplitude of

the i-th harmonic component (m),

Dx(¼ xH � xLð Þ=N) is the frequency step and S xð Þ
is the random wave spectrum, which was described

using the JONSWAP spectrum in this study. The

expression for this obtained from Shen’s work [43] is

as follows:

S xð Þ ¼ 0:06238 1:094� 0:01915 ln cð Þ
0:23þ 0:0336c� 0:185 1:9þ cð Þ�1

H2
1=3T

�4
P f�5

exp � 5

4
TPfð Þ�4

� 


cexp � f=fp�1ð Þ2=2r2
� �

Tp ¼
T1=3

1� 0:132 cþ 0:2ð Þ�0:559
; r ¼

0:07; f � fp

0:09; f [ fp

(

8
>>>>>>>>><

>>>>>>>>>:

ð26Þ

where f is the frequency (Hz), and x is the circular

frequency (Hz), x ¼ 2pf ; H1=3 and T1=3 are the

significant wave height (m) and significant period (s)

of the wave, fp and Tp are the peak frequency (Hz) and

peak period (s) of the wave, respectively; c is the peak
parameter, which is 3.3 in this study and r is the peak

shape coefficient.

In addition, according to Shen’s work, the random

heave wave exciting force on the platform includes

two parts: the exciting force of the randomwave on the

platform body (Fs tð Þ) and the exciting force of the

random wave on the heave plate (Fp tð Þ), which can be
expressed as follows:

Fz ¼ Fs tð Þ þ Fp tð Þ

¼ 2qwgpR
2 1� 1

2
sin kRð Þ

� 

J1 kRð Þ
kR

� �

e�kdg tð Þ

þ 0:597
qwg
4

x2ekzplateB3
plateg tð Þ

ð27Þ

where R is the platform radius (m), k is the wave

number, J1 �ð Þ is the first-order Bessel function of the

first kind, d is the draft of the platform (m), zplate is the

depth of heave plate (m) and Bplate is the width of the

heave plate (m).

(5) Solutionschemeandexperimentalverification

In this study, the Newmark-b method and the

Newton–Raphson method are used to jointly solve the

vibration control equation of lifting pipe, and the

fourth-order Runge–Kutta method is used to solve the

wake oscillator model. The calculation code for the
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nonlinear vibration model of the lifting pipe is written

in Fortran language.

An experimental device for simulating vortex-

induced vibration of lifting pipe is designed based on

similarity principle, which is mainly composed of test

pool, test bench, pipe string system, data testing

system and gas supply and transmission system. In

which, the size of the experimental pool is

30 9 15 9 3 m (Fig. 3a). The test bench is mainly

composed of test steel frame, winder, pulley, wire

rope, rail, etc. (Fig. 3b). The experimental steel frame

is welded by H-shaped steel, which is 12.5-m long and

3.5-m high. The fixed pulley is used to change the

movement direction of the steel wire rope to ensure

that the movement direction and speed of the top and

bottom steel wire ropes are consistent. The use of steel

wire rope to drag the movement of the experimental

string can realize the synchronous movement of the

pipe, so as to ensure the force to simulate the uniform

current. The upper end of the pipe is connected with

the slider by a spring with elastic stiffness, and the

lower end is connected with the lower slider by a

rotary universal joint (Fig. 3c). The data testing

system is composed of strain gauge, shielded wire

and data acquisition instrument. The specific settings

are shown in Fig. 3d. The gas supply and transmission

system are composed of screw air compressor, high-

pressure gas tank, connecting pipeline, flowmeter,

solenoid valve, etc. Finally, the experimental system is

built as shown in Fig. 4.

Figures 5 and 6, respectively, show the root-mean-

square (RMS) distribution diagram of the displace-

ment and the amplitude–frequency response curve of

measuring point 3. Figure 5 shows that the displace-

ment along the CF direction of the pipe column is

significantly greater than the displacement along the

Fig. 3 Experimental system structures
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IL direction. By comparing the test data with the

model calculation results in this paper, it is found that

the model calculation results are close to the test

results, which verifies the correctness and effective-

ness of the model in this paper.

Figure 6 shows that, regardless of the test results or

the theoretical calculation results, the vibration fre-

quency of the pipe in the IL direction is twice that in

the CF direction, which is consistent with the results of

the author’s previous research [20, 21]. By observing

the amplitude–frequency response results of measur-

ing point 3, it is found that its vibration is obviously

complex, mainly due to the influence of external

factors during the test process. At the same time, the

calculation results in this paper are close to the test

values, which again verifies the correctness of the

established nonlinear vibration model.

2.2 Nonlinear fatigue damage model

In the service process of lifting pipe, fatigue damage

accumulates continuously under the continuous action

of load. The accumulation of fatigue damage will

reduce the mechanical properties and bearing capacity

Fig. 4 Physical diagram of test system
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of the lifting pipe, which, in turn, affects the accumu-

lation of fatigue damage. The process of fatigue

damage accumulation is also the process of residual

strength degradation, and the two affect each other.

Meanwhile, because the load on the lifting pipe is very

complex, the interaction effect between the loads will

also affect the fatigue damage of the lifting pipe.

Therefore, this study will establish a nonlinear fatigue

damage prediction method of deep-ocean lifting pipe

based on load interaction effect and residual strength

attenuation degradation.

Corten–Dolan cumulative damage method follows

the exponential relationship between damage and

cycle times, which can be expressed as follows:

D ¼ prna ð28Þ

where D is fatigue cumulative damage after n constant

amplitude stress cycles; p is the number of damage

nuclei under stress; r is the damage coefficient and a is

a constant related to the material.

According to Eq. (28), the critical fatigue damage

Dc is

Dc ¼ pmaxrmaxN
amax

max ð29Þ
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where pmax, rmax and amax are, respectively, the

number of damage nuclei, the damage coefficient

and the material constant under the action of maxi-

mum stress. Nmax is the number of cycles under the

action of maximum stress, i.e., fatigue life.

Under variable amplitude load, the fatigue cumu-

lative damage can be established according to the total

damage, that is, the sum damage of each section

should be equal to that under constant amplitude load.

Under the action of multistage variable amplitude

load, the cumulative damage Dd is consistent with the

critical fatigue damage Dc, that is:

Dd ¼
Xk

i¼1

pirin
ai
i ¼ pmaxrmaxN

amax

max ð30Þ

where i is the number of stress cycles. pi, ri, ai and ni
are, respectively, the number of damage nuclei, the

damage coefficient, the material constant and number

of cycles under the action of i th stress.

For fatigue failure analysis, the fatigue life predic-

tion formula of Corten–Dolan model under the

multistage stress cycle can be expressed as follows:

Nf ¼
Nmax

Pk

i¼1

ai
ri

rmax

� 	d
ð31Þ

where Nf is the fatigue life under multistage stress

cycle, ai is the percentage for the number of ri in the

total number of cycles, ri is the i stress and rmax is the

maximum stress in multistage stress. d is a parameter-

related to material properties, loading sequence and

residual strength. In this study, the d parameter is

modified to take into account the load interaction and

residual strength degradation effect of the lifting pipe.

Firstly, considering the interaction between lifting

pipe loads and the contribution of small loads, the

parameter d is modified. According to the work [45],

this relationship can be reflected by introducing the

ratio of stress at all levels to maximum stress, which

can be expressed as follows:

d ¼ exp
ni
Nfi

� � ri
rmax

" #

þ k ð32Þ

where Nfi is the fatigue life under action of the single

ri stress. k is a constant related to the material, which

can be determined by fitting according to the test data

and fatigue failure criterion.

Many tests’ data show that the cumulative fatigue

damage is related to the loading order [46], for simple

level two test loading, the cumulative fatigue damage

at failure is often not equal to 1. When the loading

sequence from low to high is adopted, the cumulative

fatigue damage will be greater than 1

(
P

ni=Nfið Þ[ 1). The crack initiation time should

be delayed. When the loading sequence from high to

low is adopted, the fatigue cumulative damage is less

than 1 (
P

ni=Nfið Þ\1). High stress makes the crack

form in advance, and low stress makes the crack

expand. According to the above analysis, when

revising and defining the key parameter d, in addition

to considering the influence of small load, real-time

damage and stress state on fatigue cumulative damage,

it is also necessary to further consider the influence of

load loading sequence, so as to further improve the

Corten–Dolan model. It can be expressed as follows:

d� ¼ riþ1

ri
d ¼ riþ1

ri
exp

ni
Nfi

� � ri
rmax

" #

þ k

( )

ð33Þ

The residual strength degradation and the interac-

tion between cyclic loads will have an impact on the

subsequent cumulative damage, especially in the

middle and late life of lifting pipe.With the continuous

degradation for residual strength and mechanical

properties of lifting pipe, the accumulation of fatigue

damage will be accelerated. Considering the influence

of residual strength degradation, the calculation of

fatigue cumulative damage is more in-line with the

actual damage process, which is of great significance

to improve the accuracy of fatigue life prediction of

lifting pipe. Different materials have different strength

degradations regular pattern. At the initial stage of

cyclic load, the defects caused by load have little effect

on the lifting pipe. In the later stage of crack

propagation, the reduction of effective stress area

makes the strength of lifting pipe decrease rapidly and

cause damage. Therefore, the residual strength degra-

dation process of materials has the following

characteristics:

(1) The initial value of residual strength is equal to

the tensile strength of the material, R 0ð Þ ¼ rb;
(2) At the time of fracture, the residual strength is

equal to the peak fatigue load, R Nð Þ ¼ re;
(3) R nð Þ is monotonically decreasing. At the initial

time, the intensity degradation is very slow, and
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it has the characteristics of ‘‘sudden death’’

when the cycle reach N.

The residual strength degradation model of mate-

rials under constant amplitude stress can be expressed

as follows:

dR nð Þ
dn

¼ �rp
0
R�q nð Þ ð34Þ

where R nð Þ is material residual strength, r is cyclic

stress and p0 and q are the material constants, which

can determine by material S–N curve. Integral on both

sides of Eq. (34), it can be obtained:

R1þq nð Þ ¼ R1þq 0ð Þ � 1þ qð Þrp0n; R 0ð Þ
¼ rb; R Nð Þ ¼ re ð35Þ

Equation (35) is the residual strength degradation

model under constant amplitude load. In the case of

multi-level load, it is assumed that there is k-level

load, and the cycle is ni under the stress ri. Then, the
strength degradation expression for the i-th is as

follows:

R1þq
i nið Þ ¼ R1þq

i�1 ni�1ð Þ � 1þ qð Þrp
0

i ni ð36Þ

By analogy, after experiencing the action of k-level

load, the residual strength is as follows:

R1þq
k nkð Þ ¼ R1þq 0ð Þ � 1þ qð Þ

Xk

i¼1

rp
0

i ni ð37Þ

In order to characterize the rate of residual strength

degradation, the residual strength degradation coeffi-

cient is defined as follows:

Ai ¼
Ri nið Þ

Ri�1 ni�1ð Þ ð38Þ

where Ai is the strength degradation coefficient at i-th

loading. Therefore, the residual strength can be

expressed as follows after k-th loading:

R kð Þ nkð Þ ¼ A0A1A2 � � � AkR 0ð Þ ð39Þ

where A0 is the strength degradation coefficient of

initial moment when the load has not been loaded, and

the value of which is 1. We can define the strength

degradation coefficient as follows:

A kð Þ ¼ A0A1A2 � � � Ak ð40Þ

Substituting Eqs. (37) * (39) into Eq. (40), it can

be obtained:

A kð Þ ¼ 1�
1þqð Þ

Pk

i¼1

rp
0

i ni

R1þq 0ð Þ

2

6
6
4

3

7
7
5

1
1þq

ð41Þ

According to the logical relationship between

cumulative damage and strength degradation coeffi-

cient, the strength degradation coefficient is intro-

duced, and the exponential parameter d in Corten–

Dolan model is defined as an exponential function

related to strength degradation coefficient.

d�� ¼ exp k
1

A ið Þ
� 1

� �� �

ð42Þ

Since the load interaction and residual strength

degradation effect are independent of each other, the

two influencing factors can be taken into account in

parameter d through direct superposition, and its

expression is as follows:

d��� ¼ d� þ d��

¼ riþ1

ri
exp

ni
Nfi

� � ri
rmax

" #

þ k

( )

þ exp k
1

A ið Þ
� 1

� �� �

ð43Þ

Substituting Eq. (43) into Eq. (31), the fatigue life

prediction formula of Corten–Dolan model can be

obtained:

Nf ¼
Nmax

Pk

i¼1

ai
ri

rmax

� 	riþ1
ri

exp
ni
Nfi

� 	 ri
rmax

� 


þk

� �

þexp k 1
A ið Þ

�1

� 	� 	

ð44Þ

2.3 Model validation

The correctness of the fatigue life prediction model

established in this paper was verified using the

experimental data of 7050-TT7451 aluminum alloy

measured in Carvalho’s work [47]. The tensile

Table 1 Fatigue life of 7050-TT7451 aluminum alloy

Stress (MPa) 176 133 85

Fatigue life (cycle) 27,300 61,400 225,800
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strength of 7050-TT7451 aluminum alloy measured in

the test is 502 MPa, and the fatigue life under single-

stage load is shown in Table 1.

According to the test data fitting, the S–N curve of

7070-T7451 aluminum alloy is

S2:903 � N ¼ 9:01� 1010, in which, it can be obtained

that p0 ¼ 2:903, q ¼ 3:29, k ¼ 0:253. First, the fatigue

life of 7070-T7451 aluminum alloy only considering

the influence of load loading sequence can be

predicted using Eq. (33). Second, the fatigue life of

7070-T7451 aluminum alloy only considering the

influence of residual strength degradation can be

predicted using Eq. (42). Finally, the fatigue life of

7070-T7451 aluminum alloy both considering the

influence of load loading sequence and residual

strength degradation can be predicted using Eq. (44),

as shown in Table 2. By comparing with the exper-

imental results, it is found that the fatigue prediction

model established in this work has the highest

calculation accuracy, which effectively verifies the

correctness and effectiveness of the fatigue wear

prediction model established in this manuscript.

3 Results and discussion

According to the working parameters (Table 3), the

influences of outflow velocity, internal flow velocity

and buffer station masses on fatigue characteristics of

deep-ocean lifting pipe are investigated. The fatigue

failure mechanism of lifting pipe is revealed, and a

Table 2 Fatigue life prediction of 7050-TT7451 aluminum alloy under two-step load

Stress/

MPa

Number n1/
103

n2/
103

Experimental

life/103
Predicted life by

Eq. (33)/103
Predicted life by

Eq. (42)/103
Predicted life by

Eq. (44)/103

176–133 1 2 47.4 49.4 59.02 37.09 47.23

2 2 53.4 55.4 63.05 38.41 49.96

3 4 60.1 64.1 65.07 36.99 62.53

4 4 49.8 53.8 57.95 38.24 50.36

5 13.6 14.2 27.8 34.2 31.56 30.56

6 13.6 17.6 31.2 35.59 32.17 33.27

176–85 7 2 273.9 275.9 271.79 234.33 275.68

8 2 271 273 268.53 199.12 269.34

9 4 173.3 177.3 167.3 121.4 170.3

10 4 231.7 235.7 214.52 185.17 221.93

11 20.2 75.1 95.3 70.2 51.18 82.37

12 10.8 69.8 80.6 81.84 51.86 76.83

133–85 13 5 191.8 196.8 198.27 105.42 195.62

14 5 198.6 203.6 199.75 109.77 200.39

15 10 229.4 239.4 210.27 99.16 224.65

16 10 239.2 249.2 217.43 98.41 235.8

Table 3 The model

calculation parameters
Parameters Value Parameters Value

Length of pipe string (m) 2000 Seawater density (kg/m3) 1025

Water depth (m) 2000 Pipe density (kg/m3) 7850

Outer diameter of pipe (m) 0.44 Structural damping coefficient 0.01

Inner diameter of pipe (m) 0.40 Strouhal number 0.2

Elastic modulus of pipe (GPa) 207 Added mass coefficient 1.0

Number of elements 1000 Time step (s) 0.001
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safety control method was presented to improve

service life of lifting pipe on-site.

In the Xiao’s work [48], the external velocity can be

expressed as follows: Uc ¼ 0:15þ U0
c � ð2000�z

2000
Þ12, in

which the U0
c is the sea-level velocity, and that is the

variable in this study (Fig. 7a). The outflow velocity

presents a nonlinear shear flow, which can be

expressed as follows: U ¼ U0 1þ l sin 2p
T0
t

� 	� 	
, in

that the parameters selected in this study are as

follows: l¼0:5, T0¼10s, and U0 is internal velocity of

seabed which is the variable in this study (Fig. 7b).

Thus, the change curve of outflow velocity with water

depth and the change curve of pulsating velocity at the

bottom of the lifting riser can be calculated, as shown

in Fig. 7.

3.1 Nonlinear vibration characteristics of lifting

pipe

Figure 8 shows the time–space distribution cloud

diagram of the vibration response for the deep-ocean

mining lifting pipe under different towing speeds and

pulsating velocities. It can be seen that the vibration is

mainly controlled by the traveling wave. Due to the

input of the internal flow at the bottom, the fluid at the

lower part is all traveling wave response. With the

increase in towing speed (as shown in Fig. 8d * p),

the traveling wave and standing wave responses of the

lifting pipe become more and more, and the energy

input is also increased. The lifting pipe also changes

from the low-order mode to the high-order mode, and

the vibration energy distribution of the riser along the

water depth direction is more uniform. With low

towing speed (Fig. 8a), the vibration displacement at

the upper part of the pipe is larger, and with high

towing speed (Fig. 8i), the vibration displacement at

the middle part of the pipe is larger. Therefore, with

the increase in the towing speed, the easily failed

position of the pipe shifts from the upper to the middle

part, and the designer needs to focus on it.

With the increase in lifting speed (as shown in

Fig. 8a *d), the standing wave area gradually

decreases, and the traveling wave area gradually

increases. The velocity of internal flow will affect the

energy input area. Under the action of high lifting

speed and high towing speed (as shown in Fig. 8p), the

propagation direction of traveling wave will produce

multiple directions. It is worth noting that the region

near the top of the lifting pipe is always controlled by

the standing wave response, regardless of the internal

and external flow changes. Meanwhile, with the

increase in lifting speed, the vibration displacement

at the upper part of the riser generally shows a trend of

first decreasing and then increasing. The main reason

is that with the increase in lifting speed, although the

internal excitation is increased, the vibration of the

lifting pipe will increase, but the mass of the internal

flow field unit will also increase correspondingly,

which effectively reduces the vibration of the lifting

pipe. In the early stage, the effect of suppressing the

Fig. 7 The change curves of outflow velocity and pulsating velocity at the bottom of the lifting riser

123

Multi-field coupling multiple nonlinear vibration model and fatigue failure mechanism of… 16793



(a) Towing speed: 0.3 m/s; 

pulsating velocity: 2 m/s

(b) Towing speed: 0.3 m/s; 

pulsating velocity: 4 m/s

(c) Towing speed: 0.3 m/s; 

pulsating velocity: 6 m/s

(d) Towing speed: 0.3 m/s; 

pulsating velocity: 8 m/s

(e) Towing speed: 0.5 m/s; 

pulsating velocity: 2 m/s

(f) Towing speed: 0.5 m/s; 

pulsating velocity: 4 m/s

(g) Towing speed: 0.5 m/s; 

pulsating velocity: 6 m/s

(h) Towing speed: 0.5 m/s; 

pulsating velocity: 8 m/s

(i) Towing speed: 0.8 m/s; 

pulsating velocity: 2 m/s

(j) Towing speed: 0.8 m/s; 

pulsating velocity: 4 m/s

(k) Towing speed: 0.8 m/s; 

pulsating velocity: 6 m/s

(l) Towing speed: 0.8 m/s; 

pulsating velocity: 8 m/s

Fig. 8 Standing wave and traveling wave responses of the lifting riser under different towing speeds and pulsating velocities
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vibration of the lifting pipe is greater, which leads to

the decrease in the displacement. When the lifting

speed reaches a certain level, the effect of increasing

the internal excitation is greater, which leads to the

increase in the displacement.

Figure 9 shows phase diagram and Poincare map of

the lifting pipe at a water depth of 1200 m under

different towing speeds and lifting speeds. As shown

in Fig. 9a*d, when the towing speed is 0.3 m/s, the

influence of different lifting speeds on the phase

trajectory morphology of the vibration of the lifting

pipe is not obvious, and strange attractors and fractal

Poincare maps are formed in the phase space. It

indicates that the riser presents complex and irregular

vibration in this state. However, with the increase in

the lifting speed, the vibration of the riser shows a

trend of decreasing first and then rising. When the

lifting speed is 8 m/s, the vibration is the most

complex. Figure 9e * h shows that, when the towing

speed is 0.5 m/s, the vibration amplitude becomes

larger, and the discrete points of Poincare map become

more and more. The vibration of the lifting pipe is also

chaotic. With the increase in the lifting speed, the

Coriolis force and centrifugal force caused by the

internal flow increase, resulting in the more obvious

influence of the internal flow on the pipe, thus making

the internal structure of the attractor formed in the

phase space more abundant. With the increase in the

towing speed, the vibration state of the lifting pipe

transits from the chaotic motion of the phase trajectory

to the toroidal motion of the phase trajectory. How-

ever, the discrete points of the Poincare map still have

fractal characteristics, and the vibration of the lifting

hard pipe is still in a chaotic state.

Figure 9i*l shows that, when the lifting speed

increases from 2.0 to 6.0 m/s under the towing speed is

0.8 m/s, the torus of its phase trajectory gradually

converges and tends to converge to the limit cycle.

However, when the velocity increases from 6.0 to

8.0 m/s, the torus of its phase trajectory expands again.

It can be seen from Fig. 9m*p that, when the towing

speed is 1.0 m/s, the phase trajectories of the lifting

pipe are all toroidal. With the increase in the lifting

speed, the toroidal distribution is more uniform. As the

vibration of vertically and horizontally coupled non-

linear lifting hard pipe is highly nonlinear, when the

external flow and the internal lifting flow velocity are

high, its phase trajectory presents a torus, but the

vibration is always chaotic, and it is difficult to form

periodic or quasi-periodic motion.

3.2 Influence of the outflow velocity

Ocean load is one of the most important external loads

of hydraulic lifting riser. The main factor determining

the size of ocean load is the external velocity, and this

paper considers the nonlinear distribution effect of

external velocity with water depth. Under the action of

different outflow velocities, the lifting riser presents

different vibration states, which affects the fatigue life

(m) Towing speed: 1.0 m/s; 

pulsating velocity: 2 m/s

(n) Towing speed: 1.0 m/s; 

pulsating velocity: 4 m/s

(o) Towing speed: 1.0 m/s; 

pulsating velocity: 6 m/s

(p) Towing speed: 1.0 m/s; 

pulsating velocity: 8 m/s

Fig. 8 continued
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Fig. 9 Phase trajectories and Poincare map of the lifting riser under different towing speeds and pulsating velocities
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of the lifting pipe. Therefore, in this study, the outflow

velocity is set as 1.35, 1.55, 1.75 and 1.95 m/s, and

keeping the internal flow velocity and buffer station

masses unchanged, which are, respectively, set as 2 m/

s and 150 t. The other calculation parameters listed in

Table 3. The curves of displacement in three direction,

maximum axial stress, dominant frequency and

fatigue life corresponding to different positions of

lifting pipe are obtained, as shown in Figs. 10, 11, 12

and 13. In order to display the fatigue life of lifting

pipe conveniently, once the fatigue life is more than

60 years, it is considered as 60 years.

Figure 10 shows the longitudinal displacement of

the hydraulic lifting riser at different positions under

different outflow velocities. It can be seen that the

longitudinal vibration of the riser presents periodic

vibration as a whole, and high-frequency nonlinear

vibration occurs locally.

The periodic vibration is mainly caused by its self-

gravity, while the local high-frequency nonlinear

vibration is mainly caused by lateral nonlinear vibra-

tion. Because the nonlinear vibration model estab-

lished in this paper considers the vertical and

horizontal coupling effects. Meanwhile, it is found

that the longitudinal vibration amplitude increases

from top to bottom (Fig. 10a * d). The main reason

is that the gravity effect is taken into account, and the

deformation of the riser itself is superimposed from

top to bottom. Moreover, the vibration displacement

of the riser at each position changes up and down with

a negative value as the center, indicating that the

vibration balance position of the riser moves upward.

Fig. 10 Longitudinal displacement of lifting pipe at different positions under different outflow velocities
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Themain reason for this phenomenon is that the model

in this paper considers the heave motion of the

offshore platform, and the offshore platform floats

upward under the action of waves, so that the overall

balance position of the riser below also moves upward.

With the increase in the outflow velocity, the longi-

tudinal vibration displacement of the riser increases

correspondingly, but the change is small. The main

reason is that the change of the outflow velocity

mainly affects the lateral vibration of the riser and then

affects the longitudinal vibration of the riser. There-

fore, when the riser is faced with high outflow

velocity, it is necessary to focus on the lateral vibration

of the riser.

Figure 11 shows the displacement along IL direc-

tion of the hydraulic lifting riser at different positions

under different outflow velocities. It can be noted that

the vibration displacement along the IL direction of

the riser increases from top to bottom. The main

reason is that the lower boundary of the riser is a free

end, which presents a similar suspension structure.

Under the action of ocean load, it naturally presents a

swaying state. As the ocean load changes along the

water depth direction, it presents nonlinear character-

istics, resulting in the riser offset rate also presents

nonlinear characteristics. At the same time, it is found

that the displacement along the IL direction of the riser

is larger than that in the longitudinal and CF

directions, but the vibration amplitude is smaller than

that in the longitudinal and CF directions. The main

reason is that the IL displacement of the riser includes

two parts. One part is the drift caused by the steady-

Fig. 11 Displacement in IL direction of lifting pipe at different positions under different outflow velocities
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state drag force generated by the ocean current against

the riser (this part of displacement can reach about

20 m at the bottom of the riser, as shown in Fig. 11d),

and this part is the main load causing the plastic

deformation of the riser. The other part is the vibration

displacement caused by the pulsating drag force

generated by the ocean current against the riser, which

is the main load causing the fatigue failure of the riser.

It is shown that the bending stress of the riser in the IL

direction is large, and the plastic deformation of the

riser in this direction should be focused on. However,

the bending stress amplitude is not large, and the

vibration in this direction has the smallest contribution

to the fatigue damage of the riser (relative to the

longitudinal vibration and the CF vibration). More-

over, with the increase in the outflow velocity, the

vibration displacement of the riser in the IL direction

presents an increasing trend, and the vibration dis-

placement change trend of the upper riser (the change

value is about 1 m) is greater than that of the lower

riser (the change value is about 0.8 m), as shown in

Fig. 11a and d. The main reason is that the ocean

velocity changes from large to small with the water

depth (Fig. 7a). Therefore, with the increase in the

ocean velocity, the upper end velocity changes

obviously, resulting in a more significant increase in

the drag force, and finally, the vibration displacement

of the upper end riser changes significantly.

Figure 12 shows the displacement along CF direc-

tion of the hydraulic lifting pipe at different positions

under different outflow velocities. It can be observed

that the CF vibration displacement of the lifting pipe

Fig. 12 Displacement in CF direction of lifting pipe at different positions under different outflow velocities
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varies around 0, and the vibration amplitude is slightly

larger than the IL vibration amplitude. The main

reason is that for the cylindrical structure, the steady-

state lifting force is 0, and only the pulsating lifting

force generated by the ocean load. Therefore, there is

no stable drift displacement. The upper displacement

of the riser is greater than the bottom displacement due

to the influence of the upper high-velocity zone

(Fig. 12a and d). The vibration of the lifting pipe at

low-flow rate and high-flow rate has nonlinear char-

acteristics. When the vortex shedding frequency is

related to the vibration speed of the lifting pipe, the

vortex shedding frequency is no longer a fixed value,

and the lift and drag force changes are not periodic,

resulting in more complex dynamic phenomena of the

lifting pipe. With the increase in the velocity at the

upper end of the outflow, the vibration frequency in

the middle part changes slightly (Fig. 12b and c), but

the amplitude becomes larger, and the vibration at the

bottom is more complex (Fig. 12d). This is because

the flow velocity difference in the middle part is small,

resulting in little change in its vibration frequency.

However, the high-frequency vibration of the upper

part will affect the vibration response of the middle

part. The bottom part is the free end and is affected by

the buffer station mass. It is sensitive to changes in

external factors, and the vibration response is

complex. The frequency of vortex-induced vibration

in the CF direction of the lifting pipe increases with the

increase in the outflow velocity. When the speed is

high, that is, the frequency band distribution of vortex-

induced vibration in the CF direction of the deep-sea

lifting pipe is wider. The higher flow speed can excite

higher-order frequencies, and the lower-order fre-

quencies will also be excited together. This is because

the high-flow speed will cause the vortex shedding

frequency to change in a larger range, resulting in a

larger frequency change range of the excitation force

(lift force). It makes the frequency of vortex-induced

vibration in the CF direction of the lifting pipe more

complex and also generates more frequency bands.

Figure 13 shows fatigue damage analysis data of

lifting pipe under different outflow velocities includ-

ing maximum axial stress, dominant frequency and

fatigue life of the lifting pipe. It can be noted that the

maximum stress of the pipe occurs at the position of

300 * 600 m in the middle and upper part (1/6 * 1/

3 of the pipe) and at the position of 1200 * 1600 m in

the middle and lower part (3/4 * 4/5 of the pipe).

With the increase in the external flow velocity, the

maximum triaxial stress of the riser shows an

increasing trend (as shown in Fig. 13a). The main

reason is that the lifting pipe is affected by ocean load.

Its maximum stress also appears at the upper ‘‘one-

Fig. 13 Fatigue damage analysis data of lifting pipe under different outflow velocities
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third’’ position, which was called ‘‘one-third effect’’

by academician Zhou et al. [49]. This is mainly

because the ocean load presents a distribution state of

large upper end and small lower end, which is similar

to the shear distribution. Through the force analysis,

its action point is just located at the upper one-third

position. It can be seen from Fig. 13b, at different

positions, the dominant frequency of the pipe does not

change significantly. With the increase in the external

flow rate, the main frequency of the pipe tends to

decrease first and then increase. The main reason is

that with the increase in the external flow rate, the

vibration amplitude of the pipe increases, resulting in

the reduction of the vibration frequency of the riser.

Later, when the external excitation frequency is far

higher than the natural frequency of the pipe, the

vibration amplitude of the pipe decreases, and the

vibration frequency increases. Figure 13c shows the

fatigue life of lifting pipe at different positions. It can

be seen that the fatigue life of the upper end of the pipe

and the middle and lower positions is the lowest. The

main reason why the upper end of the riser is prone to

fatigue damage is that the vibration frequency at the

upper end is large, and the maximum triaxial stress at

the position where fatigue damage is prone to occur at

the middle and lower parts of the riser is the largest.

Therefore, the site designer should pay attention to the

fatigue damage at this position, and set some special

fatigue resistant materials at this position, or reduce

the vibration displacement and frequency at these

Fig. 14 Longitudinal displacement of lifting pipe at different positions under different buffer station masses
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positions. With the increase in the outflow velocity,

the fatigue life of the pipe tends to decrease first and

then increase, and an external flow rate with the

maximum fatigue life appears. However, in real

operation, the external flow rate cannot be controlled.

Therefore, according to a certain external flow rate, the

optimal structure setting can be evaluated by changing

the structure of the riser and the analysis method

established in this paper to improve the service life of

the lifting pipe.

3.3 Influence of buffer station masses

The buffer station is mainly installed at the tail of the

lifting pipe. Since the lower part is connected with the

lifting hose, it can be moved at will. The buffer station

is set as the free end in this paper, only its mass effect

is considered, and the influence of its size is ignored.

The different qualities directly affect the vibration

response and fatigue life of the whole pipe system, and

the corresponding optimization method is also the

focus of field personnel. Therefore, it is necessary to

reasonably design the mass of the buffer station. In

order to explore the influence of the buffer station

mass on the vibration response and fatigue life of

lifting pipe, the buffer station masses are set as 100,

150, 200 and 250 t, respectively. And keeping outflow

velocity and the internal flow velocity unchanged,

which are, respectively, set as 1.35 and 2 m/s. The

curves of displacement in three directions, maximum

axial stress, dominant frequency and fatigue life

Fig. 15 Displacement in IL direction of lifting pipe at different positions under different buffer station masses
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corresponding to different positions of lifting pipe, are

obtained.

Figure 14 shows the longitudinal displacement of

lifting pipe at different positions under different buffer

station masses the larger the buffer station mass, it can

be seen that, with the increase in the buffer station

mass, the longitudinal displacement of all positions of

the lifting pipe also increases. However, the displace-

ment trend of the upper end of the pipe is much smaller

than that of the lower end (Fig. 14a and d). When the

buffer station mass is 200 t, the maximum vibration

displacement occurs (Fig. 14c and d). The main

reason is that the increase in buffer station mass not

only increases the longitudinal force of the pipe, but

also affects the natural frequency of itself. As a result,

when the buffer station mass is 200 t, the frequency of

pipe is similar to that of the external excitation, and the

secondary cumulative increase in the pipe vibration

occurs. Moreover, the balance point at the lower end of

the pipe changed from a negative value with buffer

station mass is 200 t to a positive value with buffer

station mass is 250 t (Fig. 14d). The main reason is

that with the increase in the buffer station mass, the

gravity of the lifting pipe increases, which makes the

overall deformation move downward (the numerical

value is positive), and the cumulative effect of the

lower end position is the largest, making the balance

position of the pipe at the lower end change from

compression to tension. Therefore, when the buffer

station mass is configured on-site, on the premise of

Fig. 16 Displacement in CF direction of lifting pipe at different positions under different buffer station masses
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meeting the mining requirements, the model in this

paper can be used to evaluate the safety of the entire

pipe system, so as to improve the service life of the on-

site pipe system.

Figure 15 shows the displacement in IL direction of

lifting pipe at different positions under different buffer

station masses. As can be seen that, with the increase

in the buffer station mass, the IL vibration displace-

ment at the upper part of the pipe does not change

significantly (Fig. 15a and b), but the vibration

displacement at the middle and lower part of the

lifting pipe decreases significantly (Fig. 15c and d).

The main reason is that with the increase in the buffer

station mass, the unit mass matrix of the system

increases, while the IL external excitation load matrix

does not change, resulting in the IL displacement

decreases. Since the buffer station mass is located at

the lower end of the lifting pipe, the impact on the

upper pipe is small. At the same time, it is found that

with the increase in the buffer station mass, the

vibration frequency of the lifting pipe increases along

the IL direction, and complex local small vibration

occurs.

Figure 16 shows the displacement in CF direction

of lifting pipe at different positions under different

buffer station masses. As can be seen that, with the

increase in the buffer station mass, the CF vibration

displacement at the upper part of the pipe does not

change significantly (Fig. 16a and b), but the vibration

displacement at the middle and lower part of the lifting

pipe decreases significantly (Fig. 16c and d). The

reason is that as the mass of the buffer station

increases, the entire lifting pipe is straightened, and

under the same external flow, the lateral vibration

frequency of the riser also increases. At the same time,

the vortex shedding frequency of the external flow

field is closer to the vibration frequency of the riser,

ultimately leading to a change in the vibration

amplitude of the lifting pipe.

Figure 17 shows the fatigue damage analysis data

of lifting pipe under different buffer station masses

including maximum axial stress, dominant frequency

and fatigue life of the lifting pipe. As can be seen that,

with the increase in the buffer station mass, the

maximum triaxial stress of the lifting pipe shows an

increasing trend. When the buffer station mass

changes from 100 to 150 t, the maximum triaxial

stress changes more obviously. When the buffer

station mass changes from 150 to 250 t, the maximum

triaxial stress increases less obviously (as shown in

Fig. 17a). The main reason is that the increase in the

buffer station mass will affect the axial stress and

Fig. 17 Fatigue damage analysis data of lifting pipe under different buffer station masses
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bending stress of the lifting pipe (both jointly deter-

mine the triaxial stress of the pipe). With the increase

in the buffer station mass to a certain extent, the lateral

vibration of the pipe will be seriously reduced,

resulting in the decrease in its bending stress, which

will lead to a lower increase in the riser. Meanwhile, it

is found that with the increase in the buffer station

mass, the main frequency of the riser vibration shows a

decreasing trend, which indicates that the increase in

the buffer station mass can effectively reduce the

vibration frequency of the lifting pipe (as shown in

Fig. 17b). Figure 17c shows that with the increase in

the buffer station mass, the fatigue life of the lifting

pipe tends to decrease first and then increase. Themain

reason is that the increase in the buffer station mass not

only affects the triaxial stress of the lifting pipe, but

also affects the main frequency of the lifting pipe, and

shows the opposite trend of variation. At the early

stage of the increase in the buffer station mass, the

increase in triaxial stress leads to the decrease in the

fatigue life of the lifting pipe. When the buffer station

mass increases to a certain value, the decrease in the

main frequency of the pipe determines the decrease in

its fatigue life, and finally makes the fatigue life of the

pipe increase first and then decrease. It can be seen that

there is an optimal buffer station mass configuration

parameter on the site, which is related to the riser

structure, ocean flow velocity and internal flow

velocity. Therefore, the analysis model established

in this paper can be used to determine the buffer

Fig. 18 Longitudinal displacement of lifting pipe at different positions under different internal flow velocities
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station mass parameters in field operation, so as to

improve the service life of the riser.

3.4 Influence of internal flow velocity

As an important parameter affecting the mining

efficiency, the greater the internal flow rate, the

greater the lifting efficiency. The site designer hopes

to configure a high-flow rate to improve the mining

efficiency. However, the higher the flow rate will have

an impact on the safety of the pipe. Therefore, in this

work, the effects of different internal flow rates on the

response and fatigue life of the lifting pipe are

investigated, and the corresponding design methods

are proposed. The internal flow velocity is set as 2, 4, 6

and 8 m/s, respectively. And keeping outflow velocity

and the buffer station mass unchanged, which are,

respectively, set as 1.35 m/s and 150 t. The curves of

displacement in three directions, maximum axial

stress, dominant frequency and fatigue life corre-

sponding to different positions of lifting pipe, are

obtained, as shown in Figs. 18, 19, 20 and 21.

Figure 18 shows that the change of wave param-

eters has little influence on the in-line flow offset of the

lifting pipe, but has a significant influence on the root-

mean-square stress. With the increase in the internal

flow velocity, the longitudinal vibration displacement

of the pipe does not change significantly (for example,

when the flow rate is 2, 4 and 8 m/s, as shown in

Fig. 18a and b), and there is a slight increase.

However, when the internal flow rate is 6 m/s, the

longitudinal displacement of the riser changes

Fig. 19 Displacement in IL direction of lifting pipe at different positions under different internal flow velocities
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significantly (Fig. 18c and d). The main reason is that

the increase in the internal flow rate mainly affects the

quality of the internal flow field unit, and the Coriolis

force and centrifugal force of the pipe mainly affect

the transverse vibration of the pipe. It has little effect

on the longitudinal force of the pipe. However, when

the internal flow rate is 6 m/s, the main reason for the

large change is that the main frequency of the riser

system is close to the external excitation frequency,

resulting in the longitudinal resonance of the pipe.

It can be observed from Figs. 19 and 20, with the

increase in the internal flow velocity, the lateral

vibration of the riser (including the CF direction and

the IL direction) has a significant increase trend, and a

more complex nonlinear vibration form appears. The

main reason is that the Coriolis force and centrifugal

force generated by the internal flow field on the pipe

increase with the increase in the internal flow velocity,

resulting in the more obvious impact of the internal

flow on the pipe. It is also found that the larger the

internal flow velocity, the greater the increase in the

vibration amplitude of the pipe, and the more obvious

the change of the position of the lower part of the pipe.

The main reason is that the lower end of the pipe is the

free end, and no effective external constraint is

formed. With the increase in the internal flow field

force, the effect on the vibration amplitude of the

lifting pipe is more obvious. Therefore, when large

flow velocity operation is adopted on-site, it is

necessary pay attention to the lateral vibration of

riser, especially the vibration state at the lower part of

the pipe.

Fig. 20 Displacement in CF direction of lifting pipe at different positions under different internal flow velocities
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Figure 21 shows the fatigue damage analysis data

of lifting pipe under different internal flow velocities

including maximum axial stress, dominant frequency

and fatigue life of the lifting pipe. With the increase in

lifting flow rate, the maximum triaxial stress of the

riser increases first and then decreases (as shown in

Fig. 21a). When the flow rate changes from 4 to 6 m/s,

the triaxial stress increases significantly. The main

reason is that the increase in the internal flow rate

mainly affects the quality of the internal flow field

unit, and the Coriolis force and centrifugal force of the

pipe mainly affect the transverse vibration of the pipe.

It has little effect on the longitudinal force of the pipe.

However, when the internal flow rate is 6 m/s, the

main reason for the large change is that the main

frequency of the riser system is close to the external

excitation frequency, resulting in the longitudinal

resonance of the pipe. Meanwhile, it was found that

with the increase in the internal flow rate, the triaxial

stress of the pipe at the middle and upper positions was

most affected, and the triaxial stress of the riser at the

lower positions was less affected. Therefore, when it is

necessary to configure a higher lifting flow rate during

field operation, the fatigue damage of the pipe at the

upper end should be paid attention to. Moreover, with

the increase in the internal flow rate, the dominant

frequency of the pipe tends to increase (as shown in

Fig. 21b). When setting the internal flow rate, it is

necessary to combine the natural frequency of the pipe

system so that its vibration frequency is far away from

the natural frequency of the pipe system, which can

effectively reduce the vibration amplitude of the

lifting pipe. It can be observed from Fig. 21c, with the

increase in the lifting flow rate, the fatigue life of the

lifting pipe tends to increase first and then decrease.

Among them, when the flow rate is 6 m/s, the fatigue

life of the lifting pipe is the lowest, about 3 years,

which seriously affects the field operation of the lifting

pipe. Therefore, when determining to configure the

lifting flow rate on-site, it is necessary to use the model

established in this paper to analyze whether it is in a

dangerous state. If it does not meet the site require-

ments, other parameters can be set, to improve the

fatigue life of the lifting pipe.

4 Conclusions

(1) In this work, firstly, the three-dimensional (3D)

multi-field coupling nonlinear vibration model

Fig. 21 Fatigue damage analysis data of lifting pipe under different internal flow velocities
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of lifting pipe is established using the micro-

finite method, energy method and Hamilton

variational principle, which can accurately

determine the alternating stress of deep-ocean

lifting pipe. Secondly, the nonlinear fatigue

damage prediction method of lifting pipe based

on load interaction effect and residual strength

attenuation degradation is established using

Corten–Dolan cumulative damage method,

which can accurately determine the fatigue life

of deep-ocean lifting pipe. Finally, by compar-

ing with the experimental results, it is found that

the fatigue prediction model established in this

work has the highest calculation accuracy,

which effectively verifies the correctness and

effectiveness of the fatigue wear prediction

model established in this manuscript.

(2) Using the proposed nonlinear fatigue damage

analysis methodology of deep-ocean lifting

pipe, the nonlinear vibration characteristics of

lifting pipe are explored. It can be seen that, with

the increase in the towing speed, the vibration

state of the lifting pipe transits from the chaotic

motion of the phase trajectory to the toroidal

motion of the phase trajectory.With the increase

in the lifting speed, the toroidal distribution is

more uniform. As the vibration of vertically and

horizontally coupled nonlinear lifting hard pipe

is highly nonlinear, when the external flow and

the internal lifting flow velocity are high, its

phase trajectory presents a torus, but the vibra-

tion is always chaotic, and it is difficult to form

periodic or quasi-periodic motion.

(3) The influence of outflow velocity, buffer station

masses and internal flow velocity on the fatigue

life of lifting pipe is analyzed. It is found that,

firstly, with the increase in the outflow velocity,

the fatigue life of the pipe tends to decrease first

and then increase, and an external flow rate with

the maximum fatigue life appears. However, in

real operation, the external flow rate cannot be

controlled. Therefore, according to a certain

external flow rate, the optimal structure setting

can be evaluated by changing the structure of

the riser, and the analysis method established in

this paper to improve the service life of the

lifting pipe. Secondly, with the increase in the

buffer station mass, the fatigue life of the lifting

pipe tends to decrease first and then increase.

There is an optimal buffer station mass config-

uration parameter on the site, which is related to

the riser structure, ocean flow velocity, internal

flow velocity and can be determined by the

analysis methodology. Thirdly, with the

increase in the lifting flow rate, the fatigue life

of the lifting pipe tends to increase first and then

decrease. Therefore, when determining to con-

figure the lifting flow rate on-site, it is necessary

to use the model established in this paper to

analyze whether it is in a dangerous state. If it

does not meet the site requirements, other

parameters can be set, to improve the fatigue

life of the lifting pipe.
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