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Abstract
One of the methods of collecting polymetallic nodules from the sea floor is a hydraulic system using a single 
or double vertical pipeline. While mining, collecting pipelines suspended from a mining support vessel (MSV) 
move together. As a result of both the MSV’s motion with a suspended pipe system and water action (including 
deep-water currents) a vertical deflection and deformation occur along the pipeline. Simultaneously, stretching 
and bending tensions emerge along the pipeline. The article presents computer simulation results of vertical 
deflection and tensions within single and double vertical pipelines with fixed force from the ship’s movement 
(linear movement at constant speed) and regular force from the waves.

Introduction

The concept of a hydraulic system for collect-
ing polymetallic nodules from the seafloor has been 
presented in numerous publications (Chung, Cheng, 
& Huttelmaier, 1994; Chung, 1996; Deepak et al., 
2001; Halkyard, 2008). While mining, a seafloor 
vehicle should move with a linear movement over 
a designated area collecting seafloor nodules with the 
highest possible accuracy. The mining vehicle veloc-
ity depends on its assumed efficiency per year, the 
width of mining (the width of a mining vehicle), and 
the density of polymetallic nodules on the seafloor. 
A mining support vessel (MSV) will have to follow 
the location of a seafloor vehicle and maneuver in 
such a way as to position the lower end of a vertical 
collecting pipeline close to a mining vehicle. Mining 
vehicle movement will shape the collecting pipeline, 
resulting in a vertical deflection of the lower end of 
the collecting pipeline. This lower end is connect-
ed to a seafloor miner with an elastic pipeline with 

zero or minimal positive buoyancy. The length of 
this pipeline must never be smaller than a maximum 
distance between a temporary position of the pipe-
line’s lower end and a seafloor miner (Figure 2). Any 
contact between the pipeline’s lower end and a sea-
floor miner must be prevented. The reaction force of 
any such contact would lead to damage of the elastic 
pipeline, the seafloor miner, or both (Szelangiewicz, 
2006). Therefore, basic issues to be examined when 
evaluating the reliability of a hydraulic with verti-
cal pipe system, apart from tensions present along 
the vertical pipeline, are shape deformations and the 
vertical deflation of the collecting pipeline’s lower 
end.

Under actual conditions, due to the formation 
of the ocean floor, the aggregate collecting the con-
clusions will have to perform various maneuvers 
– changing speed, stopping, bypassing areas where 
no conclusions can be gathered. Therefore, the ves-
sel floating on the ocean surface will also have to 
make various maneuvers so that the lower end of the 
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Figure 1. Vertical deflection and pipeline deformation: 1 – 
a MSV, 2 – a vertical collecting pipeline, 3 – deep-sea pumps, 
4 – a buffer, 5 – a horizontal elastic transporting pipeline, 6 – 
a seafloor mining vehicle, V – velocity of a MSV, VAD – veloc-
ity of a seafloor mining vehicle collecting nodules, VC(z,γC) 
– velocity of a deep-water current whose value depends on 
water depth „z” and geographical current direction γC
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Figure 2. Reciprocal position of the pipeline’s lower end 
(buffer) and a sea miner: 1 – a seafloor miner, 2 – elastic, 
horizontal pipeline, 3 – lower end of the vertical pipeline 
(buffer), Rmax – maximum distance between a buffer and 
a seafloor miner, Rmin – minimal distance between a buffer 
and a seafloor miner

extraction pipeline is near the aggregate (Figure 2). 
Due to the need to precisely control the movement 
of the mining vessel, and in real time, approximate 
and accurate methods of calculating deformations 
from the vertical of the lower end of the extraction 
pipeline are necessary. In the literature on this sub-
ject there are various publications containing math-
ematical models which allow the prediction of the 
deformations of the pipeline from the vertical at the 
assumed constraint, e.g. (Yu, 2007), a 3D nonlinear 
model based on the finite element method; (Hong, 
Kim, & Choi, 2003), a model of the extractive pipe-
line dynamics based on the Euler equation; (Li et 
al., 2011), a model of discrete elements; and (Wang 
& Liu, 2005; Yoon et al., 2003), a finite element 
model. In these publications, there are no algorithms 
or information about the time of numerical calcula-
tions or the accuracy of calculations with respect to 
known values. 

The purpose of the research was to perform the 
calculations of stresses and deformations (devia-
tions from the vertical) of the pipeline system of 
the recognized Abaqus computer program. The 
resulting calculation results will be used to devel-
op a simplified calculation model, whose calcula-
tion accuracy and calculation time will be accepted 
to control the ship’s movement during the lifting 
nodules.

The movement of a seafloor mining vehicle 
and MSV on the ocean surface

It is assumed in numerous research publications 
on mining systems dynamics, including hydraulic 
suction systems (Figure 1), that a sea miner travels 
with a linear movement and reverses at the end of 
an exploited area. Such a trajectory will also shape 
the trajectory of a MSV on the surface of the ocean. 
Since the ocean floor is not flat, being more similar 
to the surface of the moon, the mining vehicle will 
not move with a linear motion only: its velocity will 
change, while movement trajectory will depend on 
the surface of the ocean floor. Therefore, a MSV will 
have to adjust its trajectory according to the move-
ment of a sea miner. A MSV will also be affected 
by the action of the marine environment (wind and 
wave action; possibly also surface ocean currents) 
interfering with its trajectory. A complex move-
ment of a MSV, which consists of a slowly varying 
movement resulting from maneuvering and a high 
frequency movement resulting from motions (Figure 
3), will bring about a kinematic forcing on the verti-
cal pipeline’s upper end.

Such kinematic forcing, together with deep-ocean 
current action, will cause vertical deflection (shape 
deformation: twisting) of a collecting pipeline. 
There will be a significant delay/time lag between 
the forcing of a 5000-meter-long pipeline’s upper 
end and the reaction to this at its lower end. There-
fore, monitoring the position of a collecting pipeline 
against the seafloor miner is one of the basic design 
issues for hydraulic suction systems.
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Figure 3. An example of a trajectory and stabilized parame-
ters of MSV movement over an area with polymetallic nod-
ules: V – MSV velocity over an area with nodules maintained 
at ∆V, accuracy ∆V, ψ – MSV course, maintained at ∆Vdop 
accuracy, rdop – acceptable deviation from a set MSV tra-
jectory, VA – wind speed, VC – surface current velocity, HW 
– wave height

Computer simulations of deformation  
in the pipelines of the vertical pipe

Carrying out an extensive simulation of the move-
ment of a seafloor miner and MSV, as well as defor-
mations along the pipeline in time domain, requires 
the creation of a specialized computer program and 
a bathymetric map of the ocean floor where the 
nodules will be collected. Such a computer system 
must contain a module to calculate – with sufficient 
accuracy – a temporary position of the individual 
parts of the collecting pipeline suspended in water 
at random, changeable kinematic forcing. Thus, as 
a first step, computer simulations of the collecting 
pipeline dynamics have been performed for a given, 
set kinematic forcing without analyzing the motion 
of a seafloor miner. These computations have been 
performed using ABAQUS (ABAQUS/CAE).

Due to a very large number of parameters influ-
encing the pipeline dynamics within a hydraulic suc-
tion system, and thus their possible combinations, 
simulations were performed for the most represen-
tative cases:
• A MSV with a suspended collecting pipeline sys-

tem will sail at a set speed V and drift angle β;
• MSVs sail at a constant speed simultaneously 

motions (in relation to water plane) at constant 
amplitude and frequency;

• Deep-water current velocity:
−	 at the depth 0–600 m VC = 1 m/s,
−	 at the depth 600–4600 m VC = 0.3 m/s

any deep-water current in relation to the vessel 
(MSV) displacement;

• Hydraulic system:
−	 single pipeline,
−	 double pipeline;

• Hydraulic system – dimensions:
−	 pipe length LR = 4600 m,
−	 external diameter DZ = 0.28 m,
−	 internal diameter Dw = 0.25 m;

• Pipeline material: steel:
−	 pipeline unit weight in air ρRP = 0.923 kN/m,
−	 pipeline unit weight in water ρRW = 0.835 

kN/m,
−	 Young’s modulus E = 210 Gpa.
During the calculation of the Abaqus program, 

the 4600-meter-long lifting pipe was divided into 
4600 sections (finite elements). The normal and 
shear forces and the bending moment were calculat-
ed at each node. 

To obtain the forces on the nodes of the finite ele-
ment we need to know the stiffness matrix and node 
displacements of the frame element used after intro-
ducing the boundary conditions.

The stiffness matrix for a 2D frame element in the 
local coordinate system is given as:
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where A is the area of the cross-section of the frame 
element; I is the second moment of area of the 
cross-section of the element; a is the length of the 
element; and E denotes the Young modulus.

The vectors of displacements and force corre-
sponding to the order of the degrees of the freedom 
of the element are:
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where N1, S1, M1 and N2, S2, M2 are the normal force, 
shear force, and bending moment at node 1 and 2, 
respectively. So, the force vector in the finite ele-
ment is obtained from the following system of 
equation:

 ukP   
 

 (3)

Results of computer simulations of 
deformations and tensions in the pipelines 
of the hydraulic lifting system

All computer simulations have been performed 
in the time domain, while their results have been 
presented graphically for each computational case in 
the time domain (that is, a condition of a pipeline 
at chosen time steps has been shown) or for a set 
condition (for the pictures pertaining to the set con-
ditions, the relevant parameters, such as pipeline 
design, kinematic forcing from the MSV, and marine 
environment, have been shown).

Computer simulations of deformations have been 
performed for single and double hydraulic suction 
systems (in this case the pipes were joined by a rigid 
connection – in the Abaqus program the pipe con-
nection was modeled with PIPE31H beams).

Hydraulic System: Single Pipeline

Computer simulations of collecting pipeline 
deformations and tensions have been performed 
for MSV velocity range 0.257–1.285 m/s, various 
amplitudes and frequencies (in water plane), vessel 
swaying, and various deep-water current directions 
in relation to the direction of the vessel’s motion. 
Example computational results have been given in 
Figures 4–9, while complete simulation results are 
in (Szelangiewicz, 2006).

Figure 4. Simulation of pipeline deformation in a hydraulic 
system: pipeline horizontal displacement [m], MSV velocity 
V = 1.285 m/s, deep-water current in the same direction

Figure 5. Simulation of pipeline deformation in a hydraulic 
system: pipeline horizontal displacement [m], MSV velocity 
V = 0 m/s, kinematic oscillatory forcing on the pipeline upper 
end at amplitude SAX = 1 m, forcing frequency ω = 0.3 1/s

Figure 6. Simulation of pipeline deformation in a hydraulic 
system: pipeline horizontal displacement [m], MSV velocity 
V = 0 m/s, kinematic oscillatory forcing on the pipeline upper 
end at amplitude SAX = 4 m, forcing frequency ω = 1.0 1/s

Figure 7. Simulation of pipeline deformation in a hydraulic 
system: pipeline horizontal displacement [m], MSV velocity 
V = 0.514 m/s, kinematic oscillatory forcing on the pipeline 
upper end in the same direction as MSV motion at amplitude 
SAX = 2 m, forcing frequency ω = 0.3 1/s
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Figure 9. Simulation of stretching and bending tensions along the pipeline of the hydraulic system for two time steps (tensions 
correspond to individual pipeline parts for a shape in a given time moment): MSV velocity V = 0.771 m/s, deep water direction 
the same as the MSV motion

Figure 11. Numerical tension values for individual compute nodes
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Figure 10. Simulation of a pipeline deformation in a double 
pipeline hydraulic system: MSV velocity Vx = 1.285 m/s

Figure 8. Vertical deflection of a pipeline’s lower end in the 
constant MSV velocity function
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are given in Figures 10–16, with complete results in 
(Szelangiewicz, 2006).

A full set of calculation results for all kinematic 
constraints is presented in (Szelangiewicz, 2006).

Initial conclusions from research performed

The calculation time for the simulations of stress-
es and deformations (vertical deviations) of the lift-
ing pipeline is too long to allow the Abaqus calcula-
tion to be used in real time.

Also, during the simulation of the Abaqus program 
it was not possible to change the initial conditions, 

Figure 13. Numerical tension values for individual compute nodes
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Figure 12. Simulation of a pipeline deformation in a double 
pipeline: MSV with null velocity, motions against the x axis, 
amplitude SAx = 1 m, frequency ω = 1 m/s

Hydraulic System: Double Pipeline

The range of computer simulations of pipeline 
deformations and tensions for a double pipeline 
system was the same as for a single pipeline sys-
tem. Additionally, an oblique motion of MSV and 
oblique directions of deep-water currents relative to 
the MSV motion were simulated. Since in the case 
of a double pipeline system the water flow may be 
asymmetrical, a torsional moment twisting the pipe-
lines against the vertical axis has been examined, 
together with tensions tangent to twisting and the 
value of twisting angle. Example calculation results 
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Figure 14. Simulation of a pipeline deformation in a double 
pipeline system: oblique MSV movement with velocity of  
Vx = Vy = 0.908 m/s (net velocity value V = 1.285 m/s), deep-wa-
ter current with velocity against the direction of x axis



Computer	simulations	of	deformations	and	tensions	in	the	pipelines	of	hydraulic	lifting	systems

Zeszyty Naukowe Akademii Morskiej w Szczecinie 52 (124) 43

 
 
 
 

 
0 50 100 150 200 250 300

Przemieszczenia [m], t=200 s

-4500

-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0

G
le

bo
ko

sc
 [m

]

257

222.6

189.2

163

137.9

117.1

97.27

81.03

65.79

53.57

42.33

33.59

25.85

20.19

15.65

12.83

11.2

10.51

10.56

10.3

10.96

0 100 200 300 400

Naprezenia [MPa], t=200 s

-4500

-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0 366
290.4

271

274.9

256.9

248.2

229.2

217.6

199.1

186.6

168.9

155.7

138.5

124.9

107.9

93.84

77.03

62.8

46.06

32.71

15.6

6.917

 
0 100 200 300

Naprezenia normalne [m], t=200 s

-4500

-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0

G
le

bo
ko

sc
 [m

]

364.4

268.8

273.5

256.2

247.7

228.9

217.3

199

186.5

168.8

155.7

138.4

124.8

107.8

93.83

77.02

62.8

46.05

32.71

15.6

6.916

0 5 10 15 20

Naprezenia styczne [MPa], t=200 s

-4500

-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0 19.72

19.77

15.22

10.66

8.605

6.551

5.322

4.092

3.333

2.574

2.101

1.628

1.324

1.02

0.8152

0.6109

0.4634

0.3159

0.1898

0.06378

0.06349

D
ep

th
, [

m
] 

Stretching tension [MPa], 
t = 200 s 

Stretching tension – normal [MPa],  
t = 200 s 

Stretching tension – tangent [MPa],  
t = 200 s 

Figure 15. Numerical net values (Misesa reduced) of normal and tangent tensions for individual compute nodes, simulation 
time t = 200 s
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Figure 16. Numerical values of twisting angle for a double pipeline of a hydraulic system at oblique ship motion

e.g. changing the speed and direction movement of 
the mining vessel. Hence the results of the simula-
tion calculations will be used as benchmark results 
for the development and testing of a simplified model 
describing the deformation of the lifting pipeline.

Detailed conclusions from the calculations are as 
follows:

Hydraulic System – Single Pipeline
1. The vertical deflation of a pipeline in a vertical 

pipe depends above all on a set vessel velocity 

while mining, from the deep-water currents’ veloc-
ity and motions. The bigger the vessel velocity, 
the bigger the deflation of the collecting pipeline’s 
lower end. Deflation values have a decisive role in 
the cooperation between a sea miner and a collect-
ing pipeline system. 

2. MSV motions give rise to horizontal oscillations 
of the collecting pipeline, which quickly decrease 
their amplitude with an increasing depth of water. 
Kinematic pipeline forcing from motions plays 
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little role in the total displacement (vertical defla-
tion) of the collecting pipeline’s lower end.

3. Possible ways of limiting the deformation of a col-
lecting pipeline system have been examined, tak-
ing into account changes in material rigidity and 
additional damping elements in compute nodes. 
These actions have not decreased quasi-statistical 
deformations; however, it was possible to sup-
press these elements’ resonances occurring in the 
pipelines of hydraulic systems at some frequen-
cies of kinematic forcing at the pipeline’s upper 
end.

4. Increasing the buffer weight has not resulted in 
a significant decrease in the deflation of the col-
lecting pipeline’s lower end.

5. One of the ways to decrease the vertical deflation 
of the collecting pipeline’s lower end is to conse-
quently decrease the velocity of the MSV. In order 
to ensure a projected mining efficiency, the sea 
miner must be wide enough; however, its width is 
restricted by the proper operation of a sea miner 
and ocean floor features.

6. Tension analysis has shown that stretching ten-
sions from the pipeline weight are decisive for 
the pipeline’s resilience. Bending tensions (from 
vertical deflation) are very small in relation to 
the stretching tensions. Reduction in stretching 
tensions can be achieved by the use of buoyancy 
modules.
Hydraulic System – Double Pipeline

7. The influence of such parameters as MSV motion 
and deep-water currents on the deformation (ver-
tical deflation) of a double pipeline system is sim-
ilar to that on a single pipeline system.

8. In the case of oblique MSV movement or oblique 
direction of deep-sea currents, pipeline twisting 
against the vertical axis occurred. The maximum 
turn value was 10° (lower end turn in relation to 
the upper end).

9.  For the double pipeline systems, tensions tangent 
to hydrodynamic twisting moment were also pres-
ent; however, in the case of a single pipeline sys-
tem, only stretching tensions play a decisive role 
in resilience.

10. Elimination of double pipeline twisting and tan-
gent tensions, as well as reduction of stretching 
tensions, is made possible with buoyancy mod-
ules with an external circular section.
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