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ABSTRACT

This paper deals with the results of studying the effect of trim on the performance of series cargo ship 12500DWT 
in full scale at two operating conditions by using the RANSE method. The Body Force Propeller method is used to 
simulate a rotating propeller behind the ship. The numerical predicted results at the ballast condition were verified and 
validated with sea trial data. The ship’s engine power curves for different trim conditions at two operating conditions 
were carried out to produce a data source to evaluate the effect of trim on the performance of the 12500DWT cargo 
ship. The results indicate that if the ship operates under optimum trim conditions, this can decrease the ship’s engine 
power in a range from 2.5 to 4.5% depending on different loading conditions and ship speeds. Finally, the paper also 
provides detailed differences in flow around the ship due to trim variation to explain the physical phenomenon of 
changing ship performance.

Keywords: RANSE, Ship performance, Trim optimisation, Operating condition, Ship speed.

INTRODUCTION

One of the issues of concern to ship owners and ship 
managers is reducing the operation cost of the marine 
transportation of cargo. For existing ships, there are some 
feasible measures to save energy such as improvement in 
voyage execution, good maintenance, weather routing, speed 
control, reduction of auxiliary power consumption, using 
an alternative control strategy for low-speed marine diesel 
engines, and ship trim optimisation [1-3]. Among the above 
measures, without changing the ship’s hull shape or any 
additional equipment, trim optimisation is a new measure 
for saving fuel consumption recommended by IMO. The 

trim of the ship can be changed by ballasting or selecting 
proper loading plans.

The investigation methodology for solving the trim 
optimisation is based on the fact that when a ship is trimmed, 
the following parameters of the ship hull shape will change 
in comparison with the even keel condition: the submerged 
hull shape, especially in the bow and stern regions, and the 
wetted surface area. All of these issues have an impact on the 
flow around the ship. As a result, they affect the ship resistance 
and propulsive efficiency (ship performance) at a specific 
ship speed and loading condition. Hence, by investigating 
the impact of the trim on ship performance, designers 
could provide the master with the best trim configuration 

* Corresponding author: hienlt@hcmut.edu.vn (T. Le)
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at a certain operating condition with respect to the maximum 
ship performance. According to FORCE, if vessels operate 
in optimal trim conditions, their fuel consumption could be 
reduced by about 15% for certain conditions in comparison 
with the even keel condition. For overall fleet operations, 
a typical decrease in fuel consumption can range from 2.0 
to 3.0% [4].

The key to solving the trim optimisation is to evaluate 
the ship performance accurately and efficiently. Nowadays, 
two common approaches that have been applied to predict 
the performance of the ship are model tests in a towing tank 
and CFD (Computational Fluid Dynamics) [5]. The latter 
method provides sufficient accuracy for engineering purposes. 
However, it is also more efficient than the former from the 
perspective of saving time and expense. Besides, the CFD 
approach is able to compute the ship performance at both 
model scale and full scale. Within the CFD approach, methods 
to evaluate the ship hydrodynamics include the panel method, 
the Reynolds Averaged Navier-Stokes Equations (RANSE) 
method, and the Large Eddy Simulation (LES) method. 
Recently, the most popular method has been RANSE, due 
to its sufficient accuracy [6-8]. Hence, this work will use the 
RANSE method for investigating the impact of the trim on 
ship performance.

A number of authors have investigated the impact of the 
trim on ship performance using the RANSE method. Tu et 
al. [9] explained the methodology for studying the effect of 
the trim on the resistance of the ship and applied the RANSE 
method for investigating this in model scale, showing good 
agreement between the CFD method and experimental 
results. Sun et al. [10] conducted trim optimisation on a 4250-
TEU container ship using the RANSE method at full scale. 
The results showed good agreement with the experimental 
data. Le et al. [11] used the RANSE method to study the 
effect of the trim on the ship resistance at different operating 
conditions and concluded that the extent of the impact of the 
trim depends on the ship hull form and operating conditions. 
Evaluating the optimal trim is therefore a dynamic process. 
The abovementioned studies provided useful information 
for further research on the influence of the trim. However, 
those studies focus on the effect of the trim only on the ship 
resistance, and its influence on the propulsive efficiency 
in particular and on the overall ship performance is not 
mentioned. 

In order to investigate the effect of the trim on the ship 
performance, it is necessary to carry out self-propulsion 
performance prediction at different trims. There are currently 
two methods for simulating the rotating propeller behind 
the ship, namely the discretised rotating propeller method 
and the body force propeller (BFP) method, used by Carrica 
et al. [12], Tu et al. [13], Win et al. [14] and Gokce et al. [15]. 
The latter method is simpler and faster at computing the 
self-propulsion point than the discretised rotating propeller 
method [15-17].

This paper deals with the effect of the trim on the 
performance of the ship at full scale using the RANSE 
method. The ship used for the study is the series 12500DWT 

cargo ship. The body force propeller (BFP) method is used to 
simulate the rotating propeller behind the ship.

NUMERICAL SIMULATIONS

REFERENCE VESSEL

The vessel used in this study is the cargo ship 12500DWT. 
The principal particulars and geometry of this ship are shown 
in Fig. 1 and Table 1 [18]. The reason for using this ship is 
that the 12500DWT cargo ship was built in large numbers 
in Vietnam, and their sea trial data were published in [19].

Tab. 1. Principal particulars of the ship 12500DWT and its propeller

Principal particulars 

Description Unit Value

Length of waterline LWL m 130.51

Breadth B m 20.20

Depth to main deck D m 11.30

Design draft T m 8.30

Volume displacement Δ m3 16050

Block coefficient CB – 0.742

Propeller parameters

Diameter of propeller DP m 3.60

Blade area ratio AE/A0 – 0.622

Hub ratio Dh/DP – 0.175

Number of blades Z – 4

Pitch ratio P0.7/D – 0.618

 Direction of rotation – – Right-handed

COMPUTATIONAL SETUP

Case studies
To investigate the effect of the trim on ship performance, 

computations were conducted for two case studies:
Case study 1: Operating condition at design draft T=8.3 m; 

Trim = -1.50, -1.0, -0.5, 0.0, 0.5 and 1.0 m; ship speed V=9.5, 
10.5 and 11.5 knots.

Case study 2: Operating condition at ballast draft T=3.76 m; 
Trim = +2.20, +2.70, +3.20, +3.70, +4.20 m; ship speed V=9.50, 
11.05 and 12.75 knots.

The trim of the ship is defined as the difference between 
the draught at the aft perpendicular (TA) and forward 
perpendicular (TF):

A FTrim T T  (1)
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A negative value of trim means the trim by the bow.

Numerical setup
The setting up was conducted in conditions resembling 

sea trial conditions [19] as follows:
– Sea condition is calm;
– The ship is free to sink and trim;
– In the same case studies, the ship displacement is constant 

for different trims.
For self-propulsion simulation using the BFP method, the 

computational domain consists of only one region, in which 
there is the hull of the ship, and a virtual disc is placed in 
the fluid domain at the position of the ship propeller. The 
dimensions of the computational domain were determined 
based on the ITTC recommendations [20] as follows: the inlet 
and outlet boundaries are extended 1.5L to the bow and stern 
of the ship, respectively. The left and right side boundaries 
are extended to 2.5L from the symmetry plane of the ship. 
The bottom and top boundaries are placed at 2.5L and 1.25L 
from the free surface, respectively (see Fig. 2). The boundary 
conditions were set up as shown in Table 2.

The mesh used in this research was trimmed and 
prism layer mesh. The mesh generation process is driven 
by specifying the base mesh size. The mesh was refined 
around the hull region and near the free surface in order to 
capture the Kelvin wave pattern. To avoid using a fine grid in 
unimportant locations (far from the ship hull), local volume 
mesh refinement was used in the region of the virtual disc 
field in order to correctly capture the hull wake. The result 
of mesh generation is displayed in Fig. 3.

The computation was carried out using incompressible 
viscous RANSE. In order to close the RANSE equation, the 
turbulence model used in this study was SST K-ω, selected 
from the perspective of the level of accuracy and being less 
time-consuming compared with other turbulence models 
[21]. The 2-DOF motion was used to handle heave and pitch 
motions. The VOF method was employed for multi-phase 
flows [22].

Fig. 1. The geometry of series 12500DWT cargo ship and its propeller

Fig. 2. Computational domain
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Tab. 2. Boundaries and boundary conditions of self-propulsion setup using 
BFP method

Name of boundary Type of boundary conditions

Inlet, bottom, top Velocity inlet

Outlet Pressure outlet

Side left and right Symmetry plane

Ship hull No-slip wall

Fig. 3. Result of mesh generation for self-propulsion simulation at ballast 
condition using BFP method 

For self-propulsion simulation using the BFP method, 
the virtual disc is allowed to be moved with the ship. The 
parameters of the virtual disc of the BFP method were set 
based on the recommendation of [22], as shown in Table 3. The 
propeller’s open-water performance data is taken from [17].

Tab. 3. Principal characteristics of the virtual disc parameter

Virtual disc parameter Unit Value

Inner radius Rh m 0.315

Outer radius RP m 1.800

Thickness of virtual disc t m 0.3Rp

Inflow plane radius RI m 1.1Rp

Longitudinal position from AP XVD m 3.25

Vertical position from base line XVD m 2.80

RESULTS AND DISCUSSION

MESH CONVERGENCE STUDY

One of the important factors that affects the numerical 
accuracy is the choice of grid sizes. Hence, it is necessary 
to carry out a mesh convergence study. A verification study 
for mesh sensitivity is conducted with three grids, coarse, 
medium, and fine, with the refinement ratio Ri equal to 2  
corresponding to the cell numbers of 2.82, 5.75, and 9.84 
million cells respectively.

The convergence ratio is defined as follows:

21

32
GR  (2)

where: ε21= S2 - S1 is the difference between the numerical 
results obtained using medium (S2) and fine (S1) mesh; 
ε32= S3 - S2 is the difference between the numerical results 
obtained using coarse (S3) and medium (S2) mesh. 

There are three possible convergence cases: monotonic 
convergence (0 < Ri <1), divergence (Ri>1), and oscillatory 
convergence (Ri < 0). 

For self-propulsion simulation using the BFP method, 
the mesh convergence study was performed at propeller 
revolution n=171 rpm and the ship speed V=11.05 knots. The 
numerical results obtained based on the mesh convergence 

study are described in Table 4, 
and monotonic convergence 
was observed. Therefore, the 
medium mesh was employed 
in further studies of self-
propulsion simulations, 
considering also the reasonable 
computational effort.

Tab. 4. Results of mesh independency study for self-propulsion  
at V=11.05 knot and np=171 rpm

Parameter

Mesh density

ε32, % ε12, % RGCoarse 
mesh

(mesh #3)

Medium 
mesh

(mesh #2)

Fine mesh
(mesh #1)

Ship resistance RT [kN] 161.47 160.80 160.50 0.42 0.19 0.45

Thrust of 
propeller T [kN] 158.70 157.50 157.20 0.76 0.19 0.25

Torque of 
propeller Q [kN.m] 113.7 110.80 110.3 2.62 0.45 0.17

EXPERIMENTAL VALIDATION OF SHIP 
PERFORMANCE COMPUTATIONS

Table 5 compares the engine power from the calculation 
results and from sea trial data at the ballast condition. As can 
be seen in Table 5, the predicted engine power agrees well with 
the sea trial data, with a tolerance of less than 3.0%. Here the 
main engine power is determined as follows:

2sP nQ (3)

where Q – the torque of the propeller [kN.m], n – the 
revolutions of the propeller [rps].

Tab. 5. Main engine power results at ballast condition in comparison 
to sea trial data

Trim 
[m]

Ship speed 
[knots]

Main engine power, PS [kW]
E%D

CFD EFD

3.20 11.05 2036 1981 2.77%

3.20 12.75 3038 2973 2.18%

The details of flow around the ship, like wave patterns, 
the axial velocity field in the symmetry plane, and the 
axial velocity distributions in the virtual disc’s plane in the 
self-propulsion simulation, are presented in Figs 4, 5 and 6 
respectively.
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Fig. 6. Axial velocity distributions in virtual disc’s plane at V=12.75 knots

TRIM EFFECT ON SHIP PERFORMANCE AT 
DIFFERENT OPERATING CONDITIONS

The results of changes in the ship’s engine power at different 
trims compared with the even keel condition (in case study 1) 
and with 3.20 m trim (in case study 2)  are presented in Tables 
6 and 7 and Figs 7 and 8. The form of the relative increase of 
the ship’s engine power is defined as follows:

_0 _

_0

( )
,% .100%S S Trim

S
S

P P
P

P
 (5)

where: PS_0 – main engine power at even keel (in case study 1) 
and at 3.2 m trim (in case study 2); PS_Trim – main engine 
power at different trims.

In the case of the analysed 12500DWT cargo vessel, Tables 
6 and 7 and Figs 7 and 8 show that:
– Generally, there exists a relationship between the ship’s 

trim and its engine power at each given loading condition 
and ship speed. When the ship runs at different trim, 
this will lead to a change in engine power. The trend and 
percentage change in the ship’s main engine depend on 
three factors: the trim of the ship, the loading condition 
and ship speed.

a) V=11.05 knots b) V=12.75 knots

Fig. 4. Wave patterns on free surface at different ship speeds

a) V=11.05 knots b) V=12.75 knots

Fig. 5. Axial velocity field in symmetry plane at different ship speeds
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Tab. 6. The percentage changes of main engine power at different trims relative to even keel condition in case study 1

Vs [knots] Trim, ΔT [m]
CFD computation

n [rpm] R [kN] Q [kN.m] PS [kW] ΔPs [%]

9.5 

-1.50 159.0 157.8 88.1 1467 1.54

-1.00 158.5 156.7 87.4 1450 2.68

-0.50 159.2 158.2 88.3 1472 1.14

0.00 159.7 159.2 89.0 1489 0.00

0.50 160.2 160.2 89.8 1506 -1.14

1.00 160.5 160.8 90.1 1515 -1.74

10.5 

-1.50 182.5 207.9 116.4 2225 2.67

-1.00 181.9 206.5 115.1 2193 4.06

-0.50 183.2 209.5 116.8 2242 1.92

0.00 184.2 211.8 118.5 2286 0.00

0.50 185.1 213.8 119.7 2320 -1.49

1.00 185.4 214.5 120.2 2334 -2.11

11.5 

-1.50 201.1 252.25 141.1 2971 3.10

-1.00 200.2 250.05 139.6 2926 4.57

-0.50 201.6 253.6 141.7 2990 2.46

0.00 203.2 257.6 144.1 3066 0.00

0.50 204.2 260.3 145.9 3119 -1.75

1.00 204.8 261.8 146.7 3147 -2.67

Tab. 7. The percentage changes of main engine power at different trims relative to trim condition of 3.2 m in case study 2

Vs [knots] Trim, ΔT [m]
CFD computation

n [rpm] R [kN] Q [kN.m] PS [kW] ΔPs [%]

9.50 

2.20 137.66 104.2 72.42 1044 -2.67

2.70 136.96 103.2 71.70 1028 -1.13

3.20 136.45 102.4 71.16 1017 0.00

3.70 135.94 101.6 70.63 1005 1.12

4.20 135.53 101.0 70.20 996 2.01

11.05 

2.20 174.30 165.9 115.2 2103 -3.29

2.70 173.40 163.7 113.9 2068 -1.60

3.20 172.80 161.5 112.5 2036 0.00

3.70 172.00 159.4 111.3 2005 1.52

4.20 171.20 157.0 110.5 1981 2.69

12.75 

2.20 187.8 199.2 135.1 2657 -4.34

2.70 186.9 196.5 133.2 2607 -2.38

3.20 185.2 193.3 131.3 2546 0.00

3.70 184.0 190.8 129.4 2493 2.09

4.20 182.8 187.9 127.7 2445 4.00



POLISH MARITIME RESEARCH, No 1/2022 9

In case study 1, the ship’s engine power gradually decreases 
when the trim of the ship changes from +1.00 m to -1.00 m. 
In the range of trim from -1.00 m to -1.50 m, the ship’s engine 
power increases for all 3 ship speeds. The optimum trim of 
the ship with respect to the minimum ship’s engine power 
is -1.00 m. Then compared to the even keel condition, the 
reduction in engine power corresponding to the ship speeds 
of 9.5, 10.5 and 11.5 knots is 2.64, 4.03 and 4.55%, respectively 
(see Fig. 7). 

Fig. 7. The percentage changes of main engine power at different trims relative 
to even keel condition in case study 1

– When the ship runs in ballast condition (case study 2), its 
engine power gradually decreases when the trim of the ship 
changes from +2.20 m to +4.20 m. Compared with the trim 
value of +3.20 m (the loading state of the ship in the sea 
trial), increasing the trim of the ship to 4.20 m will save 
2.01, 2.69 and 4.00% of power respectively corresponding 
to the ship’s speeds of 9.5, 11.05 and 12.75 knots (see Fig. 8).

Fig. 8. The percentage changes of main engine power at different trims relative 
to trim condition 3.2 m in case study 2

The trend and level of change in the ship’s engine power 
when varying the trim of the ship at a given loading condition 
and ship speed can be partly explained by the changes of the 
flow around the ship. For example, in case study 2, it can be 
seen from Figs 9 and 10 that the wave profile along the length 
of the ship changes monotonically with the trim of the ship. 
At the location of the first wave crest near the ship bow, the 
wave height reduces gradually when the trim of the ship 
changes from +2.20 m to +4.20 m. The wave has the biggest 
and smallest values when the trim is +2.20 m and +4.20 m, 

respectively. At locations L= 95.00 m along the ship length, 
the height of the wave trough reduces gradually when the trim 
of the ship changes from +2.20 m to +4.20 m. This is one of 
the reasons that lead to the ship resistance in particular and 
the ship performance in general gradually increasing when 
the trim of the ship changes from +2.20 m to +4.20 m.

Fig. 9. Comparison of the wave patterns for various trim conditions in case 
study 2 at V=11.05 knots

Fig. 10. Comparison of the wave profile along the ship in case study 2 
at V=11.05 knots
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Fig. 11. Comparison of dynamic pressure distribution on hull surface 
at Z=2.7m in case study 2 with V=11.05 knots

The resulting difference in the dynamic pressure 
distribution on the ship’s surface with variation in the trim 
of the ship also provides some explanations for the changing 
of the ship’s engine power. Fig. 11 shows the difference in the 
dynamic pressure distribution on the hull surface at Z=2.7 
m in case study 2 with V=11.05 knots. As can be seen from 
this figure, there are differences in the dynamic pressure 
distribution on the hull surface with variation of the trim, 
especially at the bow and stern regions. For example, at the 
bow region (see Figs 12 and 13), at Z=2.70 m, the dynamic 
pressure increases gradually from the largest stern trim to 
the smallest stern trim.

Fig. 12. Dynamic pressure distribution on the hull form in case study 2 at V=11.05 knots  

Fig. 13. Comparison of dynamic pressure distribution on fore-body in case 
study 2 at V=11.05 knots

CONCLUSIONS 

In this work, the unsteady RANSE method has been used 
with the BFP method for investigating the effect of the trim 
on the performance of a series cargo ship 12500DWT in full 
scale. To investigate this effect, two case studies with variation 
of the trim at different loading conditions and ship speeds are 
conducted. The following conclusions can be given:
– There is good agreement between the numerical results 

obtained and the sea trial data. This indicates the capability 
of the combined RANSE method and BFP method in 
investigating the effect of the trim on the performance of 
the ship. 

– There is a relationship between the ship’s trim and engine 
power at each given loading condition and ship speed. The 
trend and changing level in the ship’s main engine depend 
on three factors: the trim of the ship, the loading condition 
and the ship speed. Hence, predicting the optimal trim of 
the ship is a dynamic process.

– In the case of the 12500DWT vessel analysed, there 
exists a certain optimal trim of the ship with respect to 
the maximum ship performance. Hence, studying trim 
optimisation is necessary in order to save energy. 

– Analysing the difference in the flow field around the hull 
of the ship with variation of the trim of the ship provides 
a full understanding of the physical phenomenon of the 
changing ship performance at different trim conditions.

FURTHER WORK 

The present research focused on studying the effect of the 
trim on ship performance only in calm water conditions. 
Therefore, to prevent the risk of applying this measure 
inappropriately in ship operation, in further works, this 
study will be extended to investigate the influence of different 
sea state conditions on ship performance at different trim 
conditions.
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ABSTRACT

The necessity for higher speed and appropriate seakeeping performance of boats has led to extensive research. Hence, 
this research mainly discusses the optimal behavior of the boat against motions. From an economic point of view, 
reducing motions of the boat minimizes the damage caused by shock and vibration to the boat and equipment. Other 
benefits include comfort and safety and, as a result, improved human operating ability. Suspension systems are rarely 
used as motion controller in a boat. In multi-hull boats, the hull is an inseparable part of the vessels, so the wave will 
affect crew and equipment.  This paper proposes and evaluates a novel concept boat equipped with a suspended cabin. 
The hull and superstructure (cabin) are separated in this new form by a simple passive suspension system. This study 
used numerical analysis to examine the seakeeping performance of the planing boat Fridsma model equipped with 
a passive suspension system under regular wave conditions. The hydrodynamics of the planing hull were modeled 
using commercial software, STAR-CCM+. For simulation of the passive suspension system between boat and cabin, 
MATLAB software was used. Results showed that the motion of the cabin, which is where the crew and equipment 
are located, decreased in regular waves.

Keywords: Planing hull, Fridsma model, Cabin, Suspension system, Dynamic motions, Wave effect.

INTRODUCTION

Improving ride comfort is a significant issue in the 
transportation industry, so much research and development 
have been done on this subject. For road vehicles, one of the 
most widely used reliable methods is suspension techniques, 
which typically include springs, dampers, tires, and a set of 
linkages. The suspension system provides a specific reduction 
of vibration oscillations induced by road bumps resulting in 
improved ride comfort for vessels. The system puts designers 
and researchers in so many challenges. In comparison, a 
wave profile is more complex than a road profile in terms of 
magnitude and frequency of surface elevation. According to 
methods adopted, ride comfort and convenience of occupants 

of vessels can be done in three ways: roll stabilizing fin, shifting 
mass, and multi-body. [1]. A roll stabilizing fin is a protrusion 
from the ship’s bottom surface used to minimize ship’s roll. 
The most commonly used equipment in this category is bilge 
keels, fin-roll stabilizers, and rudder roll stabilizers. Shifting 
mass is a way of generating a reciprocal moment to lessen 
the motion of a ship’s roll. Some tools include anti-roll tanks, 
mass dampers, and vertical weight stabilizers. Multi-body ship 
is the last approach. A multi-hull ship typically consists of a cabin 
part, a hull part, and a connecting part. The dynamic motion of the 
cabin and body can be discussed separately due to the expansion 
and contraction motion of the connecting components. 

Rarely a calm sea can be found without waves. Sea is rough 
and gives significant motions to vessel’s structure. Motions on 

* Corresponding author: gasemi@aut.ac.ir (H. Ghassemi)
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the boat have destructive effects on equipment and staffing, 
to control these effects, there must be sufficient knowledge 
of the motions on the vessel. A seakeeping test is used to 
determine the motions on the model boat. 

Takahashi (1986) [2], proposed and tested a hydraulic 
support system designed to control the vertical motion called 
the Hi-Stable Cabin Craft (HSCC). The roll and pitch motions 
of the cabin relative to the body might be greatly decreased, 
according to the model scale test. Kihara et al. (1990) [3], 
built a full-scale twin-hull vessel, namely HSCC VOYAGER, 
tested it at sea trail, reducing the cabin roll and pitch by 
about 75% compared to the hull. A. Kükner et al. (1995) [4], 
investigated the dynamic motions of ships by examining 
experimental seakeeping in design and they took steps to 
increase human safety and reduce motions of the boat. The 
main focus of their research work was on the type of motions, 
vertical and lateral accelerations. S. M. Cook et al. (1999) 
[5], at the Research Center of the Curtin University studied 
the motions of heave and pitch of the boat in regular waves. 
Lu  [6], in 2010 an MCS catamaran towing tank test using 
a suspension system, which consisted of a spring and an oil 
damper fitted between cabin and hull, found that dampers 
were firmer but had a more negligible effect on it has a cabin. 
Tsukamoto (2012) [7], showed that cabin’s reduction of heave 
and pitch motion during towing with a towing speed of 
1.5 m/s is improved by increasing damping coefficient and 
also showed that displacement between cabin and body can 
provide sufficient kinetic energy for reuse it. In 2012, Velodyne 
Marine [8], tested a multi-hull catamaran in California. The 
ship was equipped with a fully active suspension, which 
included advanced actuators and air suspensions. Low cabin 
oscillation was observed at high forward speeds along the 
sea trail. In Australia, Nauti Craft (2003–2021) [9], installed 
a hydraulic system in a suspended cabin catamaran. A sea 
trial of the full-scale ship showed a high level of suspended 
cabin ride comfort. Manhar et al. (2013) [10], [11], from 
the University of Florida, investigated the performance of 
seakeeping of WAN-V autonomous vessels with suspension, 
then results showed that the suspension system minimized 
heave motions of the boat’s cabin. Jialin Han et al. (2015) 
[12],[13],[14] performed an experimental test of a catamaran 
model with suspension in waves. He evaluated its motion 
responses in varied heave, pitch, and roll motions under 
five control algorithms at two different speeds, compared to 
a fixed body catamaran under test conditions. They showed 
the motions were damped to a maximum of 93, an average 
of 74.8 percent.

This paper proposes and evaluates a novel concept boat 
equipped with a suspended cabin. The hull and superstructure 
(cabin) are separated in this new form by a simple passive 
suspension system. Due to the new design, it is necessary to 
know its dynamic performance. Heave and pitch motions 
are the essential dynamic motions of the boat that affect 
the equipment and will considerably impact the crew’s 
performance. For this purpose, this study analyzed the 
seakeeping performance of the boat Fridsma model equipped 

with a passive suspension system under regular wave 
conditions using a numerical method. 

NUMERICAL SIMULATION METHOD 

In this study, the hydrodynamics of the planing hull 
were modeled using commercial software, STAR-CCM+. 
An implicit unsteady solver was used based on URANS with 
turbulence model. A Semi- Implicit Method for Pressure-
Linked Equations (SIMPLE) has been used to solve the fluid 
field around the body. The Volume of Fluid (VOF) technique, 
which tracks the free surface boundary, was used to solve the 
two-phase flow combining air and water. The dynamic fluid-
body interaction (DFBI) model in the code was activated to 
have 2DOF for the hull. 

GOVERNING EQUATIONS OF FLUID

The homogenous multiphase Eulerian fluid approach is 
adopted in the current study to describe the interface between 
water and air mathematically. Both air and water share the 
same characteristics (in the free surface) such as velocity, 
turbulence, etc. The governing equations that need to be 
solved are the mass continuity equation, which is given as [15]:
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The momentum equations, which are given as:
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In order to capture the sharp interface of the free surface 
of the air-water boundary, the volume of fluid method is 
implemented. A transport equation (i.e. Eq. (3)) is then solved 
for the advection of this scalar quantity, using the velocity field 
obtained from the solution of the Navier-Stokes equations 
at the last time step.
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Numerical solution of Eq. (3) gives the volume fraction, q, 
for each phase (i.e., air and water) in all computational cells 
where " �# 	 $%#&' .

Furthermore, a k-ε turbulence model is applied to consider 
the viscous effects, which are expressed as follows: 
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where k is the turbulent kinetic energy and ε is the dissipation 
rate of the turbulent energy. Also, the parameters of  and  
are the generation of turbulent kinetic energy due to the 
mean velocity gradients and buoyancy. Constant parameters 
of δε, δk, Clε and C2ε are the model constants and must be 
determined experimentally. On the other hand, μt and μ are 
also the turbulent eddy viscosity and the molecular dynamic 
viscosity, respectively.

Defi nition of Free Surface
Th e VOF method is adopted to capture the free surface. 

For a given computational domain V, Fluid 1 is in domain 
V1, and Fluid 2 is in domain V2. Th e function is defi ned as 
follows [16]:

5�67�8� 	 9$7�6� : � ;'
7�6� : � ;% (6)

For a fl ow fi eld composed of two incompatible fl uids, α (x, t) 
is in accordance with:

�<
�� � => ?< 	 
 (7)

where U = (u, v, w) is the fl uid velocity fi eld, and the VOF 
function  is defi ned as the integral in the grid unit of α (x, t) 
divided by unit volume, i.e.,

3��# 	 $
@A��# B 5��6> 8�CA

�

DEFG
 (8)

Cijk is in accord with (∂C/∂t) + U. C = 0. When C=1, the grid 
is fi lled with Fluid 1. When C=0, the grid excludes Fluid 1. 
When 0<C<1, the grid contains free surface.

Generating Wave Method
Th e wave module of CFD soft ware STAR-CCM+ is 

used to generate regular sinusoidal propagating waves in 
an infi nite water depth. According to linear theory, the x 
and z-components of the velocity are given by the following 
equations [15].

HI 	 JKLM#N OPQ�J� � (�� (9)

HN 	 JKLM#N RSO �J� � (�� (10)

K 	 KLTUV �J� � (�� (11)

where: 
ζa: wave amplitude, 
ω=2π/T: wave frequency, 
k=2π/λ: wave number, 
T: wave period,
λ: wavelength, 
and oxz is the Cartesian coordinate at the free surface, which 
the x-axis is the direction of wave propagation and the z-axis 
is the positive when upward, with z = 0 the mean water level.

EQUATIONS OF MOTION (WITH SUSPENSION 
SYSTEM)

Schematic of a dynamic model of a boat with a suspension 
system and a free-body diagram of a two-body system is 
shown in Fig. 1. Th is computational model is commonly 
summarized into two cabin and boat (twin-hull) geometries 
coupled by two springs and dampers at the same distance 
from the cabin’s center of gravity (CG) and the boat’s center 
of gravity (Cg) at the front and rear. Th e geometry of the 
cabin is a rectangular cube, as shown in the Fig. 1 with the 
word Cabin. Th e boat and cabin are infl uenced by a moving 
force of a wave and hydrodynamic coeffi  cients as well as a 
stiff ness and damping of the suspension system. Th e damping 
coeffi  cient with symbol C and the stiff ness of the spring with 
symbol K for the suspension system is shown in the Fig. 1. 

(a) (b)

  Fig. 1. (a)  schematic of a dynamic model of a boat with a suspension 
system [1](b) Free-body diagram of two body system

Due to the limited motions for model analysis to heave and 
pitch motions, four degrees of freedom have been considered 
to solve this simulation, which includes degrees of freedom:

Z motion of the boat (Heave of the boat) (z)
Z motion of the cabin (Heave of the cabin) (Z)
Y Rotation of the boat (Pitch of the boat) (θ)
Y Rotation of the cabin (Pitch of the cabin) (θ)
Th e changes of the cabin’s transitional and rotational 

motions (heave and pitch) are considered around the cabin’s 
center of mass (CG) and the boat’s center of mass (Cg), 
respectively. Also, the coordinate system follows the right-
hand rule. Th e equations of the motion at head waves can 
be expressed as [1]:

Heave of the Cabin:

W>XY��� � 3'���> XZ['��� � 3%���> XZ[%��� � \> ]X['��� � X[%���^ 	 
 (12)

Pitch of the Cabin:
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 (13)

Heave of the Twin-hull:
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Pitch of the Twin-hull:

�U � cgg�> hY ��� � a'3'���> XZ['��� � a%3%���> XZ[%��� � �\> ]a'X['��� � a%X[%���^
	 eg��� � fgghZ��� � �(ggh��� � cg4dY��� � fg4dZ��� � (g4d��� (15)

where Zr1(t) and Zr2(t) represent the relative displacement of 
the front and rear suspension, respectively. Th ey are written 
as:

X['��� 	 X��� � a'`��� � d��� � a'h��� (16)

X[%��� 	 X��� � a%`��� � d��� � a%h��� (17)

Th e hydrodynamic forces and moments are calculated 
using STAR-CCM+. Th e hydrodynamic coeffi  cients of the 
boat can be theoretically calculated by using the 2.5t theory 
and practical Savitsky’s method. Because the solutions of 
response of the heave and pitch motions analysis shows that it 
is sensitive to the hydrodynamic coeffi  cients, a more accurate 
method should be developed [17]. 

Th e matrix of equations is given as follows:
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Th e above parameters are given in nomenclature.

HULL DEFINITION

Th e Fridsma hull geometry defi nition is given in Fig. 2. 
Th e hull is comprised of idealized shapes: a bow consisting 
of four ruled surfaces followed by a wedge-shaped straight 
section with the constant deadrise angle of 200. Fig. 2 shows 
the analytical formulas for the bounding curves of the ruled 
surfaces (A ruled surface can be described as the set of points 
swept by a moving straight line). Th e main particulars of 
model are given in Table 1.

F ig. 2. Th e Fridsma hull geometry [18]

T ab. 1. Main particulars of the model and cabin

 Symbol Value Defi nition

L 1.5 m Length of the hull

Lc 1.23 m Length of the cabin 

b 0.3 m Breadth of the hull

bc 0.3 m Breadth of the cabin

h 0.1875 m Height of the hull

hc 0.05 m Height of the cabin

m 16.40 kg Mass of the hull

M 16.40 kg Mass of the cabin

i 2.33 kg.m2 Moment of inertia of the hull

I 2.07 kg.m2 Moment of inertia of the cabin

XCghull 0.615 m (41%L) longitudinal distance of center of 
gravity of the hull

XCgcabin 0.615 m longitudinal distance of center of 
gravity of the cabin

Zcghull 0.0882 m (0.294*b) vertical distance of center of gravity 
of the hull

Zcgcabin 0.5125 m vertical distance of center of gravity of 
the cabin

MESH GENERATION 

Th e domain dimensions were determined based on 
experience gained by ITTC on free surface fl ow hydrodynamic 
analyses [19]. Th e computational domain for simulation is 
approximately 4.5 m in front of the bow, 10 m aft , 1.5 m 
above deck, 3m below the keel, and 3m to the side of the boat. 
Th e velocity inlet is the boundary condition in front of the 
boat; the pressure outlet is the boundary condition behind 
the boat; the symmetry plane is the boundary condition of 
the center plane; and for the boat, no-slip wall boundary 
condition is used. Also, to prevent unnecessary calculations of 
the boundary layer’s eff ects, the remaining sides were velocity 
inlets. All these boundary conditions are shown in Fig. 3.

F ig. 3. Boundary conditions

Th e most challenging part of creating computation models 
is mesh generation. Th e quality of the mesh can infl uence both a 
correct solution and a duration of the solving time. Th e overset 
technique is used to model the boat dynamics. When dealing 
with moving bodies incorporating fl uid-structure interaction, 
overset grid comes in useful. Th is grid implementation does 
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not require mesh change or deformation, which provides 
greater fl exibility than conventional meshing techniques. 
Conservation of cell quality that should be considered at each 
time step is not an issue in overset grids, while this is one of 
the drawbacks of the deforming mesh when there are large 
body motions inside the fl ow [20]. Th ere are a minimum of 
two zones in overset mesh issues. As shown in Fig. 4, one 
is background region, which includes the computational 
domain, and the other is a smaller region that consists of 
the moving body (Overset Region). Since the computational 
domain’s dimensions are relatively large and the calculation is 
focused mainly on the fl ow fi eld near the boat, the mesh near 
the boat is fi ner and gradually gets more and more sparse. 
Th e total number of cells is 856282.  

Fi g. 4. Computational domain mesh

NUMERICAL RESULTS 

In this part, we present our simulation results for the 
Fridsma hull and evaluate the eff ect of the suspension system 
on heave and pitch motions of the cabin in regular waves. 
Th e simulation was performed over 1000-time steps with a 
time-step size Δt=0.005s and 10 iterations per time step. Th e 
size of the time step was selected following the instructions 
provided by ITTC [19].

MESH INDEPENDENCY 

To accurately describe the fl ow fi eld and the force acting 
on the planing hull, very careful grid refi nement is necessary 
in addition to the numerical model and boundary conditions. 
Th e intended value of wall Y plus can be used to compute 
the height of the fi rst boundary layer grid. Th e value of 
wall Y plus is shown in Fig. 5, which is reasonable [21]. Th is 
could satisfy the turbulence equation’s and wall function’s 
requirements, and the fl ow of the boundary layer could be 
correctly simulated, ensuring its precision.

Fig . 5. Value of wall Y plus at Fr = 1.2

As a result, before presenting the main results, a mesh 
study was carried out to determine an optimum mesh size. 
For this purpose, diff erent numbers of cells ranging from 
500 thousand to 2 million cells are considered, and required 
simulations are performed. Fig. 6 shows the computed heave 
and pitch motion at Fr = 1.2, λ/L = 2 and H/b = 0.222 for 
each of these cases. Th is fi gure demonstrates that heave and 
pitch motions are diff erent for the fi rst mesh sizes, but they 
are roughly similar for the last three cases. As shown in 
Fig. 6, a medium-mesh (800 thousand cells) is suitable for 
the current issue.
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 Fig. 6. Mesh dependency at H/b=0.222 and λ/l=2 (Fr=1.2): 
(a) heave motion, (b) pitch motion

A verifi cation study was carried out to demonstrate and 
ensure the method using the Grid Convergence Index (CGI), 
as shown in Table 2. Th is method is one of the most accurate 
methods for examining the meshing of simulations, which 
has been used in other articles [22]the ship bare hull case, 
the with-propeller case, and the with-propeller-and-duct case 
are also computed. Together, these computations provide 
for a -complete CFD comparison of the duct eff ects. Also, 
the Taguchi design of the experiment method is applied to 
investigate three parameters (angle of attack, trailing edge 
radius, and chord length. Th is study uses this method to 
calculate the discretization error estimation where the low 
percent of CGI is better for ensuring the solver. Celik presented 
this method in 2008. Th e reference [23]the Fluids Engineering 
Division of ASME has pursued activities concerning the 
detection, estimation and control of numerical uncertainty 
and/or error in computational fl uid dynamics (CFD, has the 
details of this method’s formulation. Th is report provides 
a quick overview of these parameters. 

 Tab. 2. Discretization error for Heave and Pitch based on grid convergence 
method at Fr=1.2, λ/L=2 and H/b=0.222 

Parameter Heave motion (m)
(Double amplitude)

Pitch motion (deg)
(Double amplitude)

N0 (fi ner) 2045088 2045088

N1 (fi ne) 1547025 1547025

N2(medium) 856282 856282

N3(course) 501203 501203

r21 1.2179 1.2179

r32 1.1955 1.1955

ϕ0 0.043 4.91

ϕ2 0.043 4.9

ϕ3 0.041 4.86
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Parameter Heave motion (m)
(Double amplitude)

Pitch motion (deg)
(Double amplitude)

ϕ4 0.03 4.66

sa 9.7435 9.2222

ML%' 4.6512 4.9078

MlI+%'  0.7917 0.1579

/3_m�nl%'  0.99 0.20
In this method, apparent order sa is expressed as:

TL 	 $
oQ�p%'� qoQ q

14%
1%'q � ��TL�q (19)

Auxiliary parameters are calculated as follows:

��TL� 	 oQ �p%'
rs � T
p4%rs � T� 

T 	 $ ! TtV *14%1%'- 
(20)

(21)

where, the refinement factors r for four different meshes, i.e. 
(0) finer, (1) fine, (2) medium, and (3) coarse, are r21 = h2/h1, 
r32 = h3/ h2 (hi is the average size of the mesh were determined 
from the number of the i-th mesh (Ni) and the calculating 
domain) that should be greater than 1.3. The parameter ε 
expresses as ε32 = ϕ3 − ϕ2, ε21 = ϕ2 − ϕ1 where ϕi denotes the 
solution (here Heave and Pitch) on the i-th mesh. Now, we can 
calculate the extrapolated value ϕext, approximated relative 
error ea, extrapolated relative error eext, and grid convergence 
index GCImedium as follows:

ulI+%' 	 �p%'rLu' � u%�v�p%'rs � $� (22)

ML%' 	 qu' � u%
u' q (23)

MlI+%' 	 wulI+
%' � u%
ulI+%' w (24)

/3_xly�zx%' 	 $ ! �{ML%'
p%'rs � $  (25)

These parameters were calculated for heave and pitch 
values and are presented in Table 2. As can be seen from 
this table, the uncertainties values for heave and pitch were 
estimated “0.99%” and “0.2%”, respectively. 

VALIDATION

Fridsma tested his model boat in 1969 at Davidson 
Laboratory, and the results are publicly available [18]. He 
performed 16 test models with L/b values of 4, 5, and 6 at three 
deadrise angles in regular (1969) and irregular (1971) waves 

at three distinct speeds and three H/b ratios. Model A was 
used to compare heave and pitch motions at a regular wave in 
two different wave heights (H/b = 0.111 and 0.222) and varied 
wavelengths to Friedsma’s experimental data [18]. Fig. 7 and 8 
shows the comparison of RAOs between numerical results 
and experimental data under head waves at two values of 
H/b=0.111 and 0.222 and various λ/L. As observed in these 
figures, the calculated heave and pitch values were generally 
found in good agreement with the experimental data. 

Also, Fig. 9 shows the comparison of time history between 
numerical results and experimental data in head waves 
at λ/L=4, H/b=0.222 and  = 6. The calculated heave and 
pitch motions were also in good agreement with 
experimental data in this state.
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FREE BODY SIMULATION (BARE HULL)

In this article, the dynamic motions of the boat and cabin 
are analyzed in three phases:

Free body motion simulation (Bare hull)
Boat with cabin (Rigid Mode) simulation
Suspension system simulation
This part examines the boat without the cabin. The results 

obtained at two distinct wave heights (H/b =0.111, 0.222) and 
five various wavelengths (λ/L) are presented in Table 3. Fig. 10 
shows the time history of heave and pitch motions of the 
bare hull at H/b = 0.222 and different wavelengths at Fr=1.2. 
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 Tab. 3. Results of boat motions of bare hull in regular head wave at two 
distinct wave heights (H/b =0.111and 0.222) and fi ve various wavelengths 

(Fr=1.2) 

λ/L
H/b=0.111 H/b=0.222

Heave [m] Pitch [deg] Heave [m] Pitch [deg]

1 0.004 0.82 0.008 1.59
2 0.025 2.99 0.044 4.88
3 0.039 3.07 0.072 5.81
4 0.037 2.20 0.073 4.39
6 0.035 1.53 0.072 2.82
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 Fig. 10. Time histories of boat motions of bare hull in regular head waves 
at H/b =0.222 and diff erent wavelengths (Fr=1.2): 

(a) heave motion, (b) pitch motion

  BOAT WITH CABIN (RIGID MODE) SIMULATION

In Rigid mode, the cabin is positioned at a set distance on 
the top of the boat and is joined via a rigid body. Th e eff ects 
of the cabin’s weight, moment, and center of gravity point 
on the boat’s weight, moment, draft , and overall center of 
gravity are considered in this simulation.  

In this part, the results are obtained at two distinct wave 
heights, (H/b =0.111 and 0.222), and fi ve various wavelengths 
(λ/L) are presented in Table 4. Fig. 11 shows the time history 
of heave and pitch motions of the cabin for boat with cabin 
(Rigid Mode) at H/b = 0.222 and diff erent wavelengths. Fig. 12 
shows comparison of free surface elevation of the bare hull 
and boat with cabin (rigid mode) at H/b=0.222 and λ/L=2.

 Tab. 4. Results of cabin motions of the model boat with cabin (Rigid Mode) 
motions in regular head waves at H/b =0.111-0.222 and diff erent λ/L (Fr 

=1.2)

λ/L
H/b=0.111 H/b=0.222

Heave [m] Pitch 
[deg] Heave [m] Pitch [deg]

1 0.004 0.64 0.007 1.19

2 0.014 2.04 0.027 3.68

3 0.039 3.81 0.069 6.61

λ/L
H/b=0.111 H/b=0.222

Heave [m] Pitch 
[deg] Heave [m] Pitch [deg]

4 0.045 3.32 0.091 6.63

6 0.039 1.91 0.081 3.86
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 Fig. 11. Time histories of cabin motions of the model boat with cabin (Rigid 
Mode) in regular head waves at H/b =0.222 and diff erent wavelengths 

(Fr=1.2): (a) heave motion, (b) pitch motion 

(a) (b)

 Fig. 12. Comparison of free surface elevation of the bare hull and boat with 
cabin at H/b=0.222 and λ/L=2 (Fr=1.2): (a)bare hull (b)with cabin

SUSPENSION SYSTEM SIMULATION 

Th e dynamic model of the boat with a suspension system 
Fig. 1. Th is computational model comprises two parts a 
cabin and a boat hull. Geometries are coupled by two springs 
and dampers at the same distance from the cabin’s center 
of gravity (CG) and the boat’s center of gravity (Cg) at the 
front and rear. Th e geometry of the cabin is a rectangular 
cube, as shown in the Fig. 1 with the word Cabin. Th e boat 
and the cabin are infl uenced by moving forces of waves 
and hydrodynamic coeffi  cients as well as the stiff ness and 
damping of the suspension system. Due to the limited motions 
for model analysis to heave and pitch motions, four degrees 
of freedom have been considered to solve this simulation.
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Equations 12~17 are the dynamic equations for coupling 
heave and pitch motions of the boat and cabin at head 
waves. By solving a system of differential equations (12~(17) 
simultaneously in MATLAB software, using the ODE45 
function, the cabin motions can be obtained from excitation 
by the impact of wave force. Table 5 shows the input data and 
output results in MATLAB software.

Tab. 5. Input and Output parameters in MATLAB software

Input parameters Output parameters

Parameters
Definition Parameters Definition

aij Added mass ij, (i, j= 3-5) Z Displacement of the heave of the cabin
bij Damping ij, (i, j= 3-5) Z'cab Vertical velocity of the heave of the cabin
kij Stiffness ij, (i, j= 3-5) θ Displacement of the pitch of the cabin
E3 [N] Wave exciting force θ'cab Angular velocity of the pitch of the cabin
E5 [N m] Wave exciting moment Zfore Relative displacement of the front suspension
M [kg] Mass of the cabin Z'fore Relative velocity of the front suspension
m [kg] Mass of the hull Zaft Relative displacement of the rear suspension
I [kg m^2] Moment of inertia of the cabin Z'aft Relative velocity of the rear suspension
i [kg m^2] Moment of inertia of the hull z Displacement of the heave of the hull
l1 [m] Horizontal distance from front suspension to CG, Cg z'hull Vertical velocity of the heave of the hull
l2 [m] Horizontal distance from rear suspension to CG, Cg θ Displacement of the pitch of the hull
K [kg s^-2] compression spring constant θ'hull Angular velocity of the pitch of the hull
C1 [kg s^-1] Front damping coefficient
C2 [kg s^-1] Rear damping coefficient

The main specifications of the suspension system are 
given in Table 6. In this part, the results of the cabin motion 
obtained at two distinct wave heights (H/b =0.111, 0.222) 
and five various wavelengths (λ/L) are presented in Table 7. 
Fig. 13 shows the time history of the heave and pitch motions 
of the cabin and twin-hull for boat with cabin (suspension 
system) at H/b = 0.222 and different wavelengths (λ/L). It can 
be seen that the suspension system has significantly reduced 
the heave and the pitch motions of the cabin.
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Tab. 6. Main specifications of the suspension system

Parameter l1 l2 K C1 C2

Value 0.36 m 0.36 m 115 N/m 9 N.s/m 9 N.s/m

Tab. 7. Results of cabin motions of the model boat with cabin (Suspension 
system) in regular head waves at H/b=0.111-0.222 and different λ/L (Fr=1.2)

λ/L
H/b=0.111 H/b=0.222

Heave [m] Pitch [deg] Heave [m] Pitch [deg]

1 0.001 0.24 0.001 0.35

2 0.008 1.48 0.018 2.88

3 0.009 1.55 0.018 2.93

4 0.009 1.49 0.019 3.32

6 0.008 1.37 0.017 2.69
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Fig.13. Time histories of cabin and twin-hull motions of the model boat with cabin (Suspension system) in regular head wave at H/b=0.222  
and different wavelengths (Fr=1.2): (left) heave motion, (right) pitch motion
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DISCUSSION AND COMPARISON 

Fig. 14 shows the numerical result of time histories of heave 
and pitch motions for various models in head waves at two 
H/b =0.111, 0.222, and λ/L =4. As can be seen from Fig. 14, 

Figs. 15 and 16 show numerical results of RAOs of heave 
and pitch motions for models in head waves at two H/b 
=0.111, 0.222, and various λ/L. It can be seen that RAOs 
values in all λ/L and both wave heights in the mode with 
suspension are much lower than in the rigid mode and bare 
hull. The difference in their values in the high λ/L is very 
considerable, which is a sign of good boat performance with 
the cabin in the state with suspension compared to without 
suspension in heave and pitch motions. Also, compare rigid 
mode motions with the bare hull; rigid mode reduces motions 

the suspension system significantly reduces the motion of 
heave and pitch in the boat cabin, but the Rigid body model 
has increased the boat’s motions compared to the bare hull 
at this wavelength.
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relative to the bare hull only at low λ/L.
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CONCLUSIONS

This paper proposes and evaluates a novel concept boat 
equipped with a suspended cabin and numerical analysis was 
carried out to investigate motions. The motions of the boat 
and cabin were investigated, and the effect of the suspension 
system on cabin motions was evaluated in regular waves. For 
this purpose, the Fridsma model boat was selected. First, 
the boat was simulated in STAR-CCM+ software, and the 
motions were calculated at Froude number 1.2, two wave 
heights (H/b=0.111, 0.222) and five different wavelengths. The 
results were compared with Fridsma’s experimental tests for 
validation. The simulation results with less than 10% error 
rate were considered acceptable.

In the next phase, the cabin is positioned at a set distance 
on the top of the boat and is joined via a rigid body. The 
simulation was done in the software at the same Froude 
number of 1.2, two wave heights (H/b=0.111, 0.222), and 
different wavelengths. The results showed Rigid mode reduces 
motions relative to the bare hull only at low wavelengths.

Heave and pitch motions of the cabin were investigated in 
the final phase for the boat with a suspension system at the 
same Froude number of 1.2, two wave heights (H/b = 0.111, 
0.222) and varied wavelengths. MATLAB software simulated 
the suspension system between the boat and the cabin. The 
results showed that the heave and pitch motions of the 
cabin had been significantly decreased, with heave motions 
reduced by 32 to 85 percent and pitch motions reduced 
by 10 to 78 percent at different wavelengths. The maximum 

Fig. 15. Comparison of RAOs of the heave and pitch motions for different models in head waves at H/b=0.111and various λ/L (Fr=1.2):  
(a) heave motion, (b) pitch motion

Fig. 16. Comparison of RAOs of the heave and pitch motions for different models in head waves at H/b=0.222 and various λ/L (Fr=1.2):  
(a) heave motion, (b) pitch motion
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reduction of heave motion in H/b=0.111 and  was 
at λ/=1, which was 75% and 85%, respectively. Also, maximum 
reduction of pitch motion in H/b=0.111 and  was 
at λ/L=1, which was 70% and 78%, respectively.

For future work, analyzing the boat equipped with 
a suspended cabin in 6-DOF needs to be considered. 
Furthermore, it is also useful to study the optimization of 
the value of spring stiffness and damper coefficient to reduce 
the motion of the cabin.

NOMENCLATURE

z Displacement of the heave of the hull
Z Displacement of the heave of the cabin
θ Displacement of the pitch of the hull
Θ Displacement of the pitch of the cabin
H Wave height
k Wave number
λ Wavelength
Fr Froude number
V Velocity of the boat
L Length of the hull (boat)
b Breadth of the hull (boat)
h Height of the hull (boat)
Lc Length of the cabin
bc Breadth of the cabin
hc Height of the cabin
m Mass of the hull
M Mass of the cabin
i Moment of inertia of the hull
I Moment of inertia of the cabin
XCg, hull Longitudinal distance of center of gravity  
 of the hull
XCg, cabin Longitudinal distance of center of gravity  
 of the cabin
ZCg, hull Vertical distance of center of gravity of the hull
ZCg, cabin Vertical distance of center of gravity of the cabin
K Compression spring constant
C1 Front damping coefficient
C2 Rear damping coefficient
E3 Wave exciting force
E5 Wave exciting moment
aij Added mass
bij Damping coefficient
kij Stiffness coefficient 
l1 Horizontal distance from front suspension  
 to CG, Cg
l2 Horizontal distance from rear suspension  
 to CG, Cg
Z'cab Vertical velocity of the heave of the cabin
θ'cab Angular velocity of the pitch of the cabin
Zfore Relative displacement of the front suspension
Z'fore Relative velocity of the front suspension
Zaft Relative displacement of the rear suspension
Z'aft Relative velocity of the rear suspension
Z'hull Vertical velocity of the heave of the hull
θ'hull Angular velocity of the pitch of the hull

N Number of mesh 
GCI Grid Convergence Index 

REFERENCE

1. J. Han, D. Kitazawa, T. Kinoshita, T. Maeda, and H. 
Itakura, ‘Experimental investigation on a cabin-suspended 
catamaran in terms of motion reduction and wave energy 
harvesting by means of a semi-active motion control 
system’, Appl. Ocean Res., vol. 83, no. February 2018, pp. 
88–102, 2019, doi: 10.1016/j.apor.2018.12.003.

2. ‘Takahashi, T., Arinaga, S., Ishii, T. Investigation into the 
technical feasibility of a hi-stable cabin craft (1986) Trans. 
West-Jpn. Soc. Naval Arch., 72, pp. 213-226.’

3. ‘Kihara, K., Hamada, C., Ohnaka, S., Kitamura, T. 
Development of a 200 passenger hi-stable cabin craft (1991) 
Trans. West-Jpn. Soc. Naval Arch., 81, pp. 57-69.’

4. A. Kükner and K. Sariöz, ‘High speed hull form optimisation 
for seakeeping’, Adv. Eng. Softw., vol. 22, no. 3, pp. 179–189, 
1995, doi: 10.1016/0965-9978(95)00016-P.

5. S. M. Cook, P. Couser, and K. Klaka, ‘Investigation into 
wave loads and catamarans’, hydrodyn. High Speed Cr., no. 
November, pp. 24–25, 1999.

6. ‘“Chenliang Lu, 2010, ‘A comfortable boat with suspensions 
absorbing wave power’, Master Thesis, Department of 
Systems Innovation, School of Engineering, the University 
of Tokyo.”’

7. ‘“Tsukamoto, Daisuke; ‘Basic research on a wave energy 
absorbing and motion-controlled ship’, the University of 
Tokyo. In Japanese, 2012.”’

8. ‘V. Marine, http:// www.velodynemarine.com/ (2012). URL 
http:// www.velodynemarine.com/.’

9. ‘N.-C. P. Ltd, http:// www.nauti-craft.com/ (2014). URL 
http:// www.nauti-craft. com/’.

10. ‘Marine Advanced Robotics,https://www.wam-v.com(2005-
2021)/.URL https://www.wam-v.com/’.

11. J. F. and K. von E. Manhar R. Dhanak, P. Ananthakrishnan, 
‘Seakeeping characteristics of a wave-adaptive modular 
unmanned surface vehicle’, Int. Conf. Ocean. Offshore 
Arct. Eng.

12. ‘Han, Jialin; Maeda, Teruo; Kinoshita, Takeshi; Kitazawa, 
Daisuke; 2013a, “Towing test and analysis of an oscillation 
controlled small ship with wave energy converters”, World 
NAOE Forum 2013 &International Symposium on Marine 
and Offshore Renewable Energy’.



POLISH MARITIME RESEARCH, No 1/2022 25

13. ‘Han, Jialin; Maeda, Teruo; Kinoshita, Takeshi; Kitazawa, 
Daisuke; 2013b, “Research on a motion-controlled ship 
by harvesting wave energy– based on a semi-active 
control system”, the 6 th East Asia Workshop for Marine 
Environment and Energy, Qingdao, China’.

14. ‘Han, Jialin; Maeda, Teruo; Kinoshita, Takeshi; Kitazawa, 
Daisuke; “Towing test and motion analysis of a motion-
controlled ship- based on an application of skyhook theory”, 
Proceedings of the 12th International Conference on the 
Stability of Ships and Ocea’.

15. ‘“CD-Adapco., User guide STAR-CCM+ Version 13.0.6, 
2017.”’

16. ‘HIRT, C. & NICHOLS, B. 1981. Volume of fluid (VOF) 
method for the dynamics of free boundaries. J. Comput. 
Phys,, 39 201–225.’

17. ‘O.M. Faltinsen, “Hydrodynamics of High-Speed Marine 
Vehicles, Ch. 9- Planing vessles”, Cambridge University 
Press, 2005.’

18. G. Fridsma, ‘A systematic study of the rough-water 
performance of planing boats’, Stevens Inst Of Tech 
Hoboken Nj Davidson Lab, 1969.

19. ‘ITTC. Practical Guidelines for Ship CFD Application. 
ITTC–Recommended Procedures and Guidelines, 2011b. 
ITTC.’

20. O. F. Sukas, O. K. Kinaci, F. Cakici, and M. K. Gokce, 
‘Hydrodynamic assessment of planing hulls using overset 
grids’, Phys. Procedia, vol. 65, pp. 35–46, 2017, doi: 10.1016/j.
apor.2017.03.015.

21. H. Ghassemi, M. Kamarlouei, and S. Taj Golah Veysi, 
‘A hydrodynamic methodology and cfd analysis for 
performance prediction of stepped planing hulls’, Polish 
Marit. Res, vol. 22, no. 2, pp. 23–31, 2015.

22. A. Nadery and H. Ghassemi, ‘Numerical investigation of 
the hydrodynamic performance of the propeller behind 
the ship with and without WED’, Polish Marit. Res., vol. 
27, no. 4, pp. 50–59, 2020, doi: 10.2478/pomr-2020-0065.

23. I. B. Celik, U. Ghia, P. J. Roache, C. J. Freitas, H. Coleman, 
and P. E. Raad, ‘Procedure for estimation and reporting of 
uncertainty due to discretization in CFD applications’, J. 
Fluids Eng., vol. 130, no. 7, pp. 078001–078004, 2008, doi: 
10.1115/1.2960953.

CONTACT WITH THE AUTHORS

Hassan Bahrami
hassan.bahrami1996@gmail.com

Hassan Ghassemi
e-mail: gasemi@aut.ac.ir

Amirkabir University of Technology  
Hafez, 123123 Tehran,  

Iran



POLISH MARITIME RESEARCH, No 1/202226

POLISH MARITIME RESEARCH 1 (113) 2022 Vol. 29; pp. 26-33
10.2478/pomr-2022-0003

HEAVE PLATES WITH HOLES FOR FLOATING OFFSHORE  
WIND TURBINES

Ewelina Ciba*
Paweł Dymarski
Mirosław Grygorowicz
Gdańsk University of Technology, Poland

ABSTRACT

The paper presents an innovative solution which is heave plates with holes. The long-known heave plates are designed 
to damp the heave motion of platforms. They are most often used for Spar platforms. The growing interest in this type 
of platform as supporting structures for offshore wind turbines makes it necessary to look for new solutions. Based 
on the available literature and the authors’ own research, it was concluded that the main element responsible for the 
damping of heave plates is not so much the surface of the plate, but its edge. Therefore, it was decided to investigate the 
effect of the holes in heave plates on their damping coefficient. Model tests and CFD calculations were performed for 
three different structures: a smooth cylinder, a cylinder with heave plates with a diameter of 1.4 times the diameter of 
the cylinder, and a cylinder with the same plate, in which 24 holes were cut (Fig. 1). Free Decay Tests (FDT) were used 
to determine the damping coefficient and the natural period of heave, and then the values obtained were compared. 
The full and punched heave-plate designs were also tested with regular waves of different periods to obtain amplitude 
characteristics. The results obtained are not unequivocal, as a complex motion appears here; however, it is possible to 
clearly define the area in which the damping of a plate with holes is greater than that of a full plate.

Keywords: spar platforms, heave plates, damping coefficient, Floating Offshore Wind Turbines (FOWTs)

INTRODUCTION

Interest in offshore wind energy has been growing for years. 
Initially, mainly coastal structures appeared, but for a long time 
there has been a move to floating structures – Floating Offshore 
Wind Turbines (FOWTs). There are concepts of wind turbines 
based on various types of supporting structures. Most often, 
however, due to the large depths of the planned installation areas, 
the concepts of offshore wind turbines are based on spar-type 
platforms, as presented by Dymarski [1]. 

Designing structures for offshore wind energy is of course 
based on the knowledge and experience gained in the offshore 
oil industry. The problem of damping the heave motion of the 
Spar-type platform has already arisen in the case of oil rigs. In 
Haslum’s work [2] we can find a number of alternative shapes 
of the Spar platform hull aimed at increasing the damping 
coefficient. One of them is the damping plate: a flat, round plate 
with a larger diameter added to the platform.

Extensive analyses of the damping plate effects were 
conducted by Subbullakshmi and Sundaravadivelu [3]. The 
authors examined various plate configurations, depending 
on their diameter and position, and double plates. They 
noticed, among other things, that the damping effect of the 
plate increases when its diameter is increased to 1.4 times the 
diameter of the platform, and then it begins to decrease. This 
is confirmed by the conclusions drawn by Tao and Cai [4]. 
They analysed vortex structures around a heave plate cylinder 
of different diameters. The research shows that the vortices 
flowing from the edge of the plate should not be located too far 
from the cylinder surface, because then the damping is lower.

The research presented by Ciba [5] shows that a small plate 
with a diameter of ~ 1.1 greater than the diameter of the cylinder 
causes a significant increase in the damping coefficient. Hence 
the conclusion that the main element responsible for damping 
is not so much the surface of the plate, but rather its edge. This 
fact is also confirmed by the research presented by Mello et al. 

* Corresponding author: ewelina.ciba@pg.edu.pl (E. Ciba)
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[6], who analysed a heave plate with a skirt. Their research 
shows that an increase in skirt height does not always lead to 
an increase in damping.

So, if the main element responsible for the increase in 
damping obtained thanks to the use of the heave plate is its 
edge and the vortex structures flowing from it, it was decided to 
extend it by cutting holes in the plate. To test the effectiveness 
of this solution, the behaviour of three structures was tested: 
a smooth cylinder without heave plates, a cylinder with full 
heave plates, and a cylinder with heave plates with holes. Model 
tests and RANSE-CFD calculations of the Free Decay Test 
for all three structures were performed, which allowed us 
to determine the damping coefficients and periods of free 
oscillation, as well as testing the behaviour in regular wave 
conditions of cylinders equipped with heave plates.

Similar research for the circular porous plate itself was 
carried out by Tao and Dray [7]. They determined the 
hydrodynamic characteristics of an oscillating porous disc. 
The tests were carried out for forced oscillations. They noticed 
that the added mass coefficient is lower for the porous plate and 
that, with the low Keulegan‒Carpenter number (KC) related 
to the amplitude of the displacements, there is an increase in 
damping for the porous plates.

Perforated square plates were examined by Song and 
Faltinsen [8]. Tests were also carried out for an insulated plate 
by means of forced oscillations. They also noticed a reduction 
in added mass through perforation and pointed out that, at 
low KC numbers, damping is mainly due to fluid flow through 
the holes.

Many other researchers have studied the hydrodynamic 
coefficients of oscillating structures. Holmes et al. [9] counted 
the added mass and drag coefficient using the least-mean 
squares method to fit Morison’s equation to the force resultant 
histories predicted by the CFD solutions. The studies confirmed 
that the results of the direct solution of the Navier‒Stokes 
equation can be an efficient and effective supplement to 
Morison-type simulation in platform design. 

The hydrodynamic characteristics of the plate moved away 
from the bottom of the structure were investigated by Zhu et 
al. [10]. The results of their work indicate that the distance of 
the plate from the bottom of the structure does not have such 
a large effect on the increase of added mass as the increase in 
the radius of the plate.

The influence of the bottom shape (flat, rounded and semi-
spherical) on the hydrodynamic coefficients was investigated 
by Gu et al. [11]. They noticed that the greatest increase in 
damping occurs at a flat bottom.

Devolder et al. drew attention to the problem of convergence 
in the calculations of a body moving in a two-phase medium 
[12]. They identified the instability mechanism and provided 
an algorithm to accelerate convergence. Dunbar et al. also 
pointed to the problem of convergence [13]. They developed 
and tested a tightly coupled CFD / 6-DOF solver to accelerate 
coupled solution convergence to eliminate the artificial added 
mass instability.

Maron et al. [14] examined the scale effect in the heave plates 
calculations. They indicated that the uncertainties due to the 
scale effects are in reality less important than that introduced 

by the selection of a typical value for KC in order to estimate 
the viscous damping added in the state-of-the-art simulation 
codes in both the frequency and time domains used in offshore 
engineering.

PURPOSE AND SCOPE OF THE RESEARCH

The research aimed to answer the question of whether hole-
cut heave plates have a higher damping factor than traditional 
full heave plates, and for which solution the amplitude 
characteristics of the vertical motion of the platform on the 
wave are better. An additional aim of the research was to 
compare the results obtained by the RANSE-CFD method 
with the results of model tests to confirm the correctness of 
using the calculations as a design tool.

For this purpose, model tests and calculations were 
performed for three structures: a smooth cylinder, a cylinder 
equipped with traditional heave plates with a diameter of 1.4 
times the diameter of the cylinder, and a cylinder equipped 
with heave plates with holes (Fig. 1).

The Free Decay Test was carried out for each of the 
structures, and the damping coefficients and natural periods 
for each structure were calculated on their basis. Then, for 
structures equipped with heave plates, tests were performed 
on regular waves with an amplitude of a = 0.01 m and periods 
T = 1.4 s, 1.6 s, 1.8 s, 2.0 s.

MATHEMATICAL DESCRIPTION OF ISSUE

When submerged, under the influence of the initial force, 
the cylinder will then make an oscillating motion relative to 
the equilibrium position, with the amplitude of the movement 
decreasing with time. A mathematical description of the issue 
can be found in the literature [15].

Fig. 1. Cylinder equipped with heave plates with holes
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We assume that the moving body is a rigid body and we 
replace the surface and volume forces by the movement of the 
point associated with the origin of the coordinate system. We 
also assume that the coefficients of the equation are constant 
over time, which causes the equation to become linear. This 
assumption is only true for a small amplitude of motion. In 
this case, the deflection is not more than 6 cm, so it can be 
used. The cylinder motion equation is given as:

(m + a) ·  + b · ż + c · z = 0    (1)

where:
z – vertical displacement [m]
m – solid mass of cylinder [kg]
a – hydrodynamic mass coefficient [kg]
b – hydrodynamic damping coefficient [kg/s]
c – restoring spring coefficient [kg/s2]

Equation (1) can be written as:

 + 2v · ż + ω0
2 · z = 0     (2)

where the damping coefficient and the undamped natural 
frequency are defined as:

2v =   ω0
2 =     (3)

A non-dimensional damping coefficient κ is defined as:

κ =  =      (4)

Knowing the results of the free decay tests, we can calculate:

κ =  · ln      (5)

Depending on the averaged displacement amplitude:

 =        (6)

We calculate the hydrodynamic added mass coefficient as:

a =  – m        (7)

In the case of initial displacement za, Eq. (2) takes the form:

z = zae–vt (cos ωzt +  sin ωzt)    (8)

Due to the fact that for the frequency of free oscillations  
ωz2 = ω0

2 – v2 and when the damping is small v < 0.20, v2 << ω2, 
we can skip v2 and we can write that ωz ≈ ω0.

RANSE-CFD CALCULATIONS

CFD calculations were made using STAR-CCM+. Non-
stationary calculations were performed in the three-dimensional 

domain, using the volume of fluid and K-epsilon turbulence 
models. Cylinder displacements were modelled in 3D using 
the dynamic fluid body interaction module with an overset 
mesh. The computational domain measuring 4 m x 2 m x 
2.25 m was prepared as in Fig. 2.

At the inlet and outlet of the computational domain, the 
inlet velocity condition was set, setting the velocity and volume 
of the fraction for the appropriate wave. The remaining domain 
boundary walls were modelled as free-slip walls. The cylinder 
was treated as a rigid body with 3 degrees of freedom: vertical 
and horizontal displacements as well as rotation in relation 
to the y axis, which corresponds to the traditional body 
movements defined as surge (dx), heave (dz) and pitch (ry). 
Mass properties of the solid are presented in Table 1.

An overset mesh was used (Fig. 3), consisting of a moving 
(green) and a fixed (black) part, allowing the simulation of 
the object’s movement. The mesh was compacted near the free 
water surface, around the heave plate and in the area expected 
to move the cylinder. On the surface of the cylinder, an element 
size of 0.002 m from 5 prism layers with a total thickness 
of 0.002 m was applied. A mesh was obtained consisting of 
1,281,102 cells in the movable portion and 1,282,998 in the 
fixed portion.

Fig. 2. Computational domain 

Fig. 3. Calculation grid in the symmetry plane divided into a movable 
(green) and a fixed (black) part

Tab. 1. Mass properties

Mass 19.63 kg

Centre of the mass [0.0, 0.0, -0.21] m

Moment of inertia [1.08, 1.08, 0.16] kg m2
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Calculations were performed with the time step tk = 0.01 s. 
Displacements and rotations about the centre of gravity were 
measured.

In the Free Decay Test case, the initial draft was obtained 
by specifying the initial velocity of the solid v0 = -0.6 m/s. 
The free oscillation for a cylinder with a full heave plate and 
a heave plate with holes is shown in Fig. 4.

 

The free decay period decreases for successive oscillations. 
Average values of the natural periods of the structure were 
read (heave plate Thp = 1.63 s and heave plates with holes 
Thph = 1.57s) and subsequent deflection amplitudes, which 
allowed us to calculate the damping coefficients depending 
on the averaged deflection amplitude (Fig. 5).

It can be seen from the diagram that, for the most part, the 
damping coefficient of the plate with holes is greater than that 
of the full heave plate.

Based on the period of free oscillation, the added mass was 
determined. The added mass for the cylinder with a solid plate 
is 12.88 kg and 10.37 kg for a plate with holes.

Time histories for each case were obtained from the 
simulation of the structure under regular wave conditions. 
An example of the course for a cylinder with heave plates 
with holes on a wave with period T = 2s is shown in Figs 6 
(heave) and 7 (pitch).

Looking at the vertical displacement figure, it can be seen 
that zero is not an equilibrium position. This is due to the fact 
that the displacement of the object is slightly smaller than 
the set mass. Due to the analysis of the damping coefficient 
depending on the averaged amplitude (Eqs. 5 and 6), it has no 
influence on its values.

Based on the calculated values, the maximum displacements 
of the structure were determined and are presented in Fig. 8 
(heaving motion) and Fig. 9 (pitch motion).

According to the theory of the resonance phenomenon, the 
maximum displacement values for structures with a full plate as 
well as a plate with holes appear for waves with a period equal 
to the natural periods of the cylinders. In the case of waves with 

Fig. 4. Free Decay Tests

Fig. 5. A non-dimensional damping coefficient of heave motion

Fig. 6. Heave of cylinder with heave plates with holes on the regular wave T=2s

Fig. 7. Pitch of cylinder with heaveplates with holes on the regular wave T=2s

Fig. 8. Maximum amplitudes of heave motion

Fig. 9. Maximum amplitudes of pitch motion
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a period longer than 1.6 s, the displacement of the cylinder 
with the plate with holes is smaller, while the waves with the 
shorter period induce greater displacement of the cylinder 
with the plate with holes than the cylinder with a full plate. In 
the case of pitch, the situation is similar; for longer waves the 
movements of the cylinder with the plate with holes are smaller.

EXPERIMENT IN TOWING TANK

The model tests were carried out on a 40x4x3 m model pool 
at the Gdańsk University of Technology, equipped with a plate 
and an 8-segment regular and irregular wave generator (with 
a given spectrum of waves) with a maximum height of 0.25 m, 
designed and made by Edinburgh Design.

Structural displacements were measured by a system based 
on high-speed cameras to determine the position of the 6D 
object, named Qualisys. Measurements were made with an 
accuracy of 0.4 mm. Displacements and rotations about the 
centre of gravity were measured.

A model of a cylinder with interchangeable heave plates 
was prepared, resulting in three different structures as shown 
in Fig. 10. The balls on the top of the cylinder 4 are optical 
markers used in the measuring device.

The desired cylinder draft was achieved by ballasting it inside 
with appropriate weights. Attempts were made to distribute 
the ballast evenly so that the initial structure floated without 
heeling, but in each case there was some initial deviation.

The initial draft was obtained by pressing the structure 
manually under the water. This way of conducting the research 
resulted in some additional movements that disturbed the 
results of the research.

The Free Decay Test was performed in series: two repetitions 
for a smooth cylinder and three for cylinders with plates. 
During each of the tests, the displacements of the structure 
were measured in all 6 degrees of freedom. The figures of the 
free heave and pitch oscillations of the structure were analysed. 
An exemplary plot of vertical displacements (Fig. 11) and pitch 
(Fig. 12) is provided for the heave plates with holes cylinder.

On the basis of the obtained results, the natural periods 
were determined as: 1.41 s for a smooth cylinder, 1.63 s for 

a full plate and 1.56 s for a plate with holes. The added masses 
calculated on this basis were 4.4 kg for a smooth cylinder, 
12.7 kg for a full plate cylinder and 9.99 kg for a plate with 
holes. The damping coefficients were also calculated and are 
presented in Fig. 13.

Fig. 10. The tested model in three different configurations

Fig. 11. Time history of vertical displacement

Fig. 12. Time history of pitch displacement

Fig. 13. A non-dimensional damping coefficient of heave motion
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At extreme amplitudes of motion, the results are non-linear. 
This is most likely due to inaccuracies in the conduct of the 
experiment, and they are not taken into account.

The results of both runs on the smooth cylinder were 
very similar, while quite large differences were observed 
for the heave plate cylinders. Searching for the cause of the 
discrepancy, the displacements on the remaining degrees of 
freedom, which should be minimal, were checked. However, 
it was found that during some tests there were significant 
movements in the other directions, for example the pitch in 
series 2 for a cylinder with a plate with holes shown in Fig. 12. 
The results of series 1 for the cylinder with heave plates and 
series 3 for the cylinder with heave plates with holes were 
therefore considered most useful for analysis, as the pitches 
were the smallest. The results for these plots are linked with 
a line (blue and orange respectively) to facilitate analysis.

The results show that the use of heave plates significantly 
increases the value of the damping coefficient in relation to 
a smooth cylinder. It is also found that the damping factor of 
the plate with holes is greater than that of the plate without 
holes in the case of pure vertical movement. In the case of 
complex motion, the situation is not clear-cut.

Wave motion studies were performed with heave plate 
cylinders only. Displacement plots for a cylinder having heave 
plates with holes on a 2s period wave are shown below.

As can be seen from the presented figures, there are quite 
large movements in all six degrees of freedom. For the purposes 
of this article, the heave and pitch depending on the period of 
the forcing wave were analysed as the main ones. The maximum 
displacements are shown in respectively Figs 19 and 20.

On the basis of the obtained values, it can be concluded that, 
in the case of waves with a period longer than 1.6 s, the solution 
of heave plates with holes is better, i.e., that the movements of 
the structure are smaller.

Fig. 14. Trajectory in the horizontal plane of cylinder with heave plates 
with holes on the wave T=2s

Fig. 15. Heave of cylinder with heave plates with holes on the wave T=2s

Fig. 16. Yaw of cylinder with heave plates with holes on the wave T=2s

Fig. 17. Pitch of cylinder with heave plates with holes on the wave T=2s

Fig. 18. Roll of cylinder with heave plates with holes on the wave T=2s

Fig. 19. Maximum amplitude of heave motion

Fig. 20. Maximum amplitude of pitch motion
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COMPARISON OF RESULTS OF THE 
CALCULATIONS AND THE EXPERIMENT

In order to assess the correctness and usefulness of the 
results obtained on the basis of the calculations, they were 
compared with the results obtained from the model tests. The 
added mass, calculated on the basis of the results, was very 
similar, with 1% difference for a full plate and less than 5% 
difference for a plate with holes. Both the calculations (Fig. 7) 
and the results of the experiment (Fig. 17) showed second-
order harmonics in pitch. The figures show a comparison of 
the obtained values of the damping coefficient (Fig. 21) and 
the maximum heave and pitch of the structure on the wave 
(Fig. 22 and Fig. 23). The values obtained experimentally are 
marked with dashed lines. Both the damping coefficients 
and the amplitude of the wave motion measured on the 
experimental route are lower than those determined from the 
CFD calculations. This may be due to additional movements 
in the remaining degrees of freedom.

CONCLUSIONS

It is quite difficult to isolate vertical movement during the 
Free Decay Test in laboratory conditions, therefore, from three 
repetitions, the sample with the smallest additional movements 
was used for the analysis. The thus obtained hydrodynamic 
coefficients may be erroneous, so it is planned to repeat the 
research using forced oscillations and to compare the results 
obtained.

The main purpose of the presented tests was to evaluate the 
damping of heave plates with holes. Based on the results, it can 
be said that the damping coefficient in the vertical movement 
of the plate with holes is greater than that of the full plate. The 
damping factor increases with the increase of the deflection 
amplitude.

Cutting holes in the heaving plate reduces the added mass in 
relation to the full plate. Moreover, the added mass decreases 
with the disappearance of the motion amplitude. The obtained 
values of the added mass (~ 12.8 kg for a solid plate and ~10 kg 
for a plate with holes) are similar, although lower, compared 
to the theoretical values for a plate with a diameter of 0.35 m, 
equal to 14.26 kg. 

Under regular wave conditions, heave plates with holes 
give better results than a full plate for waves longer than the 
natural period. The use of heave plates lengthens the natural 
period compared to the natural period for a smooth cylinder, 
but cutting holes in them reduces this gain. The results of 
the experimental studies differ from the calculations mainly 
because they show movements on the other degrees of freedom, 
which the calculations take into account. However, these 
differences do not disqualify calculations as an effective design 
tool. The obtained values   are similar and allow us to draw the 
same conclusions.

In the case of pitch, the CFD calculations show quite good 
compatibility with the experiment only for waves with a period 

close to the free pitch period. For waves with smaller periods, 
a local maximum appears on the maximum amplitude of 
pitch motion figure, which was not confirmed by the research.

Heave plates with holes are very promising. The next step in 
the work should be to analyse more broadly the effect of holes 
of various diameters and configurations on the performance of 
heave plates. The conclusions drawn from the presented tests 
may also be used in the design of other floating structures.
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Fig. 21. Comparison of non-dimensional damping coefficient of heave motion

Fig. 22. Comparison of heave motion
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ABSTRACT

Floating offshore wind turbines are easily affected by typhoons in the deep sea, which may cause serious damage to their 
structure. Therefore, it is necessary to study further the dynamic response of wind turbine structures under typhoons. 
This paper took the 5MW floating offshore wind turbine developed by the National Renewable Energy Laboratory 
(NREL) as the research object. Based on the motion theory of platforms in waves, a physical model with a scale ratio 
of 1:120 was established, and a hydraulic cradle was used to simulate the effect of waves on the turbines. The dynamic 
response characteristics of offshore wind turbines under typhoons are systematically studied. The research results 
clarified that the turbine structure is mainly affected by wave loads under typhoons, and its motion response reaches 
its maximum value under the action of extreme wave loads. The research results of this paper can provide reference 
value for the design of offshore wind turbine structures under typhoons.

Keywords: floating offshore wind turbine; structural dynamic response; typhoon; physical model test 

INTRODUCTION

At present, the development and utilization of renewable 
energy has become one of the important needs of various 
countries for energy development. Wind energy is a very 
abundant form of renewable energy with the prospect of 
large-scale development [1, 2]. Due to factors such as noise and 
insufficient ground space, the development of wind energy on 
land is subject to certain restrictions, so offshore wind energy 
has gradually attracted the attention and research of academia 
and industry, showing a trend of development from shallow 
sea to deep sea [3, 4]. Floating offshore wind turbines are new 
equipment for the development of deep-sea wind energy, and 
multi-floating offshore wind turbines have been widely used 

due to their excellent motion performance and self-floating 
stability [5, 6].

Since offshore wind turbines operate in a complex flow 
field combining wind and waves, they need to withstand not 
only aerodynamic loads above the water surface, but also wave 
loads below it [7, 8]. Under the coupled effect of wind and 
waves, especially under typhoons, the offshore wind turbine 
structure is likely to undergo violent motion and sustain 
damage. Therefore, it is necessary to study further the dynamic 
response of wind turbine structures under typhoons [9, 10].

Aggarwal et al. used FAST software to solve the aerodynamic 
load of the offshore wind turbine, and imported the model into 
the hydrodynamic software AQWA to simulate the dynamic 
response of the Spar floating offshore wind turbine when 

* Corresponding author: xieyh@zjou.edu.cn (Y. Xie)
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subjected to wind and wave loads, but did not consider the 
coupled effect between the wind load and wave load [11]. Tran 
et al. used the CFD method to study the influence of the vortex‒
wake‒blade coupling on the aerodynamic performance of the 
wind turbine, and concluded that the unsteady aerodynamic 
load is very sensitive to the frequency and amplitude changes of 
the platform motion [12]. Roddier et al. designed a three-buoy 
floating semi-submersible platform based on NREL-5 MW, 
simulated the dynamic response of the platform in the frequency 
domain, and analysed the applicability of the scheme [13]. 
Chen et al. used numerical simulation methods to study the 
aerodynamic characteristics of floating offshore wind turbines 
with different periods and wave heights, and concluded that the 
coupled effect of waves and wind is not conducive to the power 
generation of wind turbines [14]. Ishihara et al. studied the 
influence of wave‒current coupling on the dynamic response of 
offshore buoyancy wind turbines, and concluded that considering 
the directional spreading of the sea wave spectrum can improve 
the prediction of the platform’s dynamic response [15].

At present, there are few studies on the dynamic response 
of floating offshore wind turbines under typhoons, and there 
are insufficient physical tests. Therefore, in order to explore 
further the dynamic response of offshore wind turbines under 
typhoons, Zhejiang Ocean University established a physical 
model of the NREL-5MW floating offshore wind turbine with 
a scale ratio of 1:120. The structure of NREL-5MW is shown 
in the diagrams in Fig. 1.

The remainder of the paper is organised as follows: Section 2 
derives the motion and force of the platform in the waves, which 
is the theoretical basis for the design of the hydraulic cradle. In 
Section 3, a physical model of the NREL-5MW floating offshore 
wind turbine with a scale ratio of 1:120 is established, and its 
structure and working principle are introduced. The reliability 
of the model is verified by comparing the results of the physical 
model test and numerical simulation. In Section 4, a series of 
physical model tests are carried out to systematically study 
the dynamic response of the offshore wind turbine structure 
under typhoon. Section 5 is the conclusion.

THE MOTION AND FORCE OF THE 
PLATFORM IN THE WAVES 

BOUNDARY CONDITIONS

The potential‒flow theory assumes that the fluid is ideal, 
there is a potential function and the fluid particles do not 
rotate. Enclose the wet surface SH of the platform, free surface 
SF, seabed SB and remote control surface SC into a space fluid 
domain, and record the total velocity potential as ϕ(x, y, z, t), 
which can be obtained by separating the time factor and the 
space factor [16, 17]:

ϕ(x, y, z, t) = Re[φe–iωt]      (1)

where ω is the angular frequency of the incident wave, rad/s;  
t is time, s.

In the fluid domain φ satisfies the Laplace equation:

2φ = 0         (2)

Linearising the boundary conditions of the free surface, the 
free surface kinematics boundary equation can be written as:

 – kφ = 0  (z = 0)     (3)

where k is the wave number, which satisfies the dispersion 
equation k =   , rad/m; д is the acceleration of gravity, 9.81 m/s2. 

The velocity potential φ of the incident wave can be 
expressed as:

φ =  ekz sin (kz – ωt)     (4)

where h is the water depth, m.
φ can be decomposed into the radiation part φR and the 

diffraction part φD:

Fig. 1. Schematic diagram of the structure of NREL-5MW
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φ = φR + φD        (5)

φR = iω  εjφj       (6)

φD = φ0 + φ          (7)

where εj is the motion amplitude of the platform in six degrees 
of freedom; φj is the radiation potential of the corresponding 
unit amplitude; and the velocity potential φ  is the disturbance 
generated by the incident wave due to the stationary platform. 
The total diffraction potential φD is the sum of φ0 and φ .

At the undisturbed position of the platform boundary, the 
diffraction potential and the radiation potential satisfy the 
following relationship:

 = nj       (8)

 = 0       (9)

where (n1, n2, n3) =   is the unit normal vector of the wet surface 
SH of the platform, and (n4, n5, n6) =   ×  ,  is the position 
vector,  =  (x, y, z).

FORCE ANALYSIS OF THE PLATFORM

According to the radiation potential and diffraction 
potential of the three-dimensional platform, the first-order 
dynamic pressure acting on the platform can be written by 
the Bernoulli equation as:

p (x, y, z, t) = –ρ  =

Re [iρω (φ0 + φ  +  εjφj )e–iωt]   (10)

The force and moment of the fluid received by the platform 
is:

Fi = pni ds = Re [(f0i + f i +  Tijεj )e–iωt] (11)

where f0i is the force and moment of the incident wave, 
f0i = iρω∫∫SHφ0nids, N or N.m; f i is the force and moment of 
the diffracted wave, f i = iρω∫∫SHφ nids, N or N.m; the sum of the 
above two formulas is the wave excitation force and moment 
that the platform receives in the wave, which is called the 
Froude‒Kriloff force and moment. Tij is the radiation force and 
moment in the i direction that the platform receives when it is 
at unit speed in j motion state, Tij = iρω∫∫SHφjnids, N or N.m.

The radiation force and moment can be decomposed as 
follows:

Re(Tij εj e–iωt) = ρRe[iρω–iωt εj φj ni ds] = 

– j uij – j λij

uij = ρ Re(φj )ni ds

λij = ρ Im(φj )ni ds     (12)

It can be seen from the above that the radiation force 
and moment are composed of two parts, one of which is 
proportional to the acceleration of the platform, and the 
proportional coefficient uij is called additional mass; the other is 
proportional to the speed of the platform, and the proportional 
coefficient λij is called the wave-making damping coefficient. 
Xj(j = 1, 2, … 6) represents the six degrees of freedom motion of 
the platform, which corresponds to surging, swaying, heaving, 
rolling, pitching and yawing respectively.

Therefore, the additional mass and wave-making damping 
coefficient can be used to express the force and moment of the 
fluid received by the platform:

Fi = Re [(f0i + f i ) e–iωt] –  ( j uij + j λij)  (13)

TIME DOMAIN MOTION EQUATION OF 
THE PLATFORM

According to the impulse response method proposed by 
Cummins, the motion of the platform at any time in the wave is 
regarded as superimposed by a series of instantaneous impulse 
motions, and the wave force at any time is regarded as the 
combination of a series of impulse excitations. When only the 
first-order wave force is considered, according to Newton’s 
second law, the time domain motion equation of the platform 
is as follows:

 {(Mij + mij ) j (t) + 

j (τ)Rij (t – τ)dτ + Kij Xj (t)} = Fi
(1)(t)  (14)

where Mij is the mass matrix of the platform; mij is the 
added mass in the time domain, mij = ρ∫∫SHφjnids; Kij is the 
recovery stiffness matrix; Rij(t) is the delay function, Rij(t)j = 
 ρ∫∫ nids; Fi

(–1) (t) is the component of the first-order wave 
force on the i-th degree of freedom. 

THE STRUCTURE AND WORKING 
PRINCIPLE OF THE PHYSICAL MODEL

ESTABLISHMENT OF PHYSICAL MODEL

In the physical model test of marine structures, a certain 
similarity criterion must be satisfied between the model and 
the prototype [18,19]. But it is not possible to satisfy all similar 
criteria at the same time. Therefore, according to the specific 
requirements and purpose of the test, the external force that plays 
a leading role in the test is selected to make the prototype and 
the model similar. This paper chooses to satisfy the geometric 
similarity, Strouhal similarity and Froude similarity in the model 
test. According to the similarity criterion, the corresponding 
scaling factors of relevant physical quantities in this test are 
shown in Table 1, where  represents the prototype,  represents 
the physical model, and  represents the scaling factor.
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Fig. 2 shows the physical model of NREL-5MW. The blade 
length is 0.525 m and the tower height is 0.621 m. The device 
is mainly composed of blades, towers, generators, batteries, 
hydraulic cradles, and fans, etc. In the physical model, nine 
eight-blade axial fans were placed side by side to simulate the 
effect of natural wind on the wind turbine. In order to ensure 
the stability of the wind speed, a fairing is installed around 
the fans. The working principle of the physical model device is 
as follows: First, select the different wind speeds required for 
the model experiment, which can be changed by adjusting the 
input power of the nine eight-blade axial fans. Then, according 
to the Beaufort wind scale [20], the corresponding waves at 
different wind speeds are selected, in which regular waves are 
used. Driven by the control program, the hydraulic cradle can 
produce heave, surge and pitch motions, which are equivalent 
to the motion response induced by waves acting on the floating 
wind turbine platform. Finally, the motion of the floating 
wind turbine under the coupled effect of wind and waves 
is simulated by the superimposed force of the fans and the 
hydraulic cradle.

VERIFICATION OF PHYSICAL MODEL

In order to verify the feasibility of the physical model, this 
paper adopts the method of comparing the results of the physical 
model experiment and numerical simulation. In the numerical 
simulation, FAST software with high fidelity results is used. 
Five wind speeds of 30, 35, 40, 50 and 60 m/s were selected. 
The comparison between the results of the physical model 
experiment and the numerical simulation is shown in Fig. 3.

It can be seen from Fig. 3 that the physical model experiment 
results are in good agreement with the numerical calculation 
results, except for the wind speed of 60 m/s. The variation 
trend of the maximum displacement of the blade tip obtained 
by the two is consistent.

PHYSICAL MODEL EXPERIMENT  
AND RESULTS ANALYSIS

In the dynamic response test of the floating wind turbine 
structure under the action of a typhoon, steady winds and 
corresponding regular waves are used according to the 
Beaufort wind scale. The effect of the sea current was not 
considered, and the propagation directions of both the wind 
and waves are all parallel to the y-axis, as shown in Fig. 4. In 
the test, the blades were set to disable rotation. According to 
the classification standard of typhoons, we chose 40 m/s, 50 
m/s, 60 m/s (corresponding to the test wind speeds respectively 
of 3.65 m/s, 4.56 m/s, 5.48 m/s) as the three research target 
wind speeds.

Tab. 1. Scaling factor of physical quantities

Fig. 3. Comparison of the results of physical model experiment and numerical model under different conditions

Fig. 2. Schematic diagram of physical model
(a) Tower and blades (b) Blade (c) Fan (d) Hydraulic cradle

Physical 
quantities Symbol Scaling 

factor
Physical 

quantities Symbol Scaling 
factor

Length Ls/Lm λ Angle θs/θm 1

Density ρs/ρm 1 Frequency fs/fm λ1/2

Time ts/tm λ1/2 Area As/Am λ2

Linear 
velocity vs/vm λ1/2 Angular 

velocity ωs/ωm λ-1/2
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DYNAMIC RESPONSE ANALYSIS OF THE TOWER

Fig. 5 shows the motion response of the tower under three 
conditions. That is, wind speed 40 m/s, no waves; wind speed 
40 m/s, wave period 25 s, wave height 16 m; and wind speed 
40 m/s, wave period 26 s, wave height 16 m. Fig. 5(a) is the 
displacement time curve of the tower surge motion, and Fig. 5(b) 
is the displacement time curve of the tower sway motion.

From Fig. 5, it can be clearly seen that the tower surge or 
sway motion is doing a certain period of reciprocating motion. 
Under the action of the wind alone, the amplitude of the tower 
surge and sway motion is obviously smaller than under the 
combined effect of the wind and waves. The period of the 
tower surge and sway motion increases with the increase of 
the wave period. At the same time, the amplitude of the tower 
surge and sway motion also increases significantly as the wave 
period increases.

THE INFLUENCE OF WAVES ON TOWER MOTION

In order to study the influence of different wave heights 
on the tower motion, the wind speed  is chosen to be 40 m/s, 
the wave period TP is 27 s, and the wave heights HS are 0 m, 
14 m, 16 m and 18 m respectively. The statistical results of the 
dynamic response of the tower motion under the above four 
working conditions are shown in Table 2. The power spectral 
density (PSD) of the tower surge motion is obtained through 
fast Fourier transform (FFT), by which the displacements are 
transformed from the time-domain to the frequency-domain, 
as shown in Fig. 6.

From Table 2, it can be seen that the tower surge or sway 
motion is doing a certain period of reciprocating motion 
under different wave heights. As the wave height increases, the 
amplitude of both the tower surge and sway motion gradually 
increases. From Fig. 6, it is obvious that the PSD of the tower 

Fig. 4. Schematic diagram of the coordinate system

(a) Displacement time curve of the tower surge motion

(b) Displacement time curve of the tower sway motion
Fig. 5. Displacement time curve of tower motion under 40m/s wind speed

Tab. 2. The dynamic response of the tower motion under different wave heights

Fig. 6. PSD of the tower surge motion under different wave heights
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surge motion has multiple peaks, and the frequency of the first 
peak of the PSD is close to that of the incident wave. In the first 
peak of the PSD, the peak value increases with the increase 
of the wave height, and the peak value in the no-wave case is 
significantly smaller than that in the wave case.

In order to study the influence of different wave periods on 
the tower motion, the wind speed v is chosen to be 40 m/s, the 
wave height HS is 27 s, and the wave period TP is 0 s, 25 s, 27 s 
and 29 s respectively. The statistical results of the dynamic 
response of the tower motion under the above four working 
conditions are shown in Table 3. The PSD of the tower surge 
motion is shown in Fig. 7.

From Table 3, it can be seen that the tower surge or sway 
motion is doing a certain period of reciprocating motion 
under different wave periods. As the wave period increases, 
the amplitude of both the tower surge and sway motion first 
increases and then decreases. From Fig. 7, it is obvious that the 
PSD of the tower surge motion also has multiple peaks, and 
the frequency of the first peak of the PSD is close to that of the 
incident wave. In the first peak of the PSD, the peak value first 
increases and then decreases with the increase of the wave period.

THE INFLUENCE OF WIND SPEED ON TOWER 
MOTION

In order to study the influence of different wind speeds on 
the tower motion, the wind speed is selected as 40 m/s, 50 m/s 

and 60 m/s respectively and there are no waves. The statistical 
results of the dynamic response of the tower motion under the 
above three working conditions are shown in Table 4. The PSD 
of the tower surge motion is shown in Fig. 8.

From Table 4, it can be seen that in the no-wave case, 
the tower surge or sway motion is doing a certain period of 
reciprocating motion under different wind speeds. As the wind 
speed increases, the amplitude of both the tower surge and sway 
motion gradually increases. Compared with the data in Table 
2 and 3, it can be seen that the influence of the wind speed on 
the tower motion is significantly less than that of waves. From 
Fig. 8, it can be seen that the PSD of the tower surge motion 
has multiple peaks, and the maximum peak increases with 
the increase of the wind speed.

Next, the influence of different wind speeds on the tower 
motion under the coupled action of wind and waves is studied. 
The wind speed is selected as 40 m/s, 50 m/s and 60 m/s 
respectively, the wave height HS is 16 m, and the wave period  
TP is 27 s. The statistical results of the dynamic response of 
the tower motion under the above three working conditions 
are shown in Table 5. The PSD of the tower surge motion is 
shown in Fig. 9.

From Table 5, it can also be seen that under the coupled 
effect of wind and waves, the tower surge or sway motion is 
doing a certain period of reciprocating motion under different 
wind speeds. As the wind speed increases, the amplitude of 
both the tower surge and sway motion gradually decreases. 
Compared with the data in Table 4, it can also be seen that the 
influence of the wind speed on the tower motion is significantly 

Tab. 3. The dynamic response of the tower motion under different 
wave periods

Tab. 4. The dynamic response of the tower motion under different wind 
speeds (no waves)

Fig. 7. PSD of the tower surge motion under different wave periods

Fig. 8. PSD of the tower surge motion under different wind speeds (no waves)
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less than that of waves. From Fig. 9, it can be seen that the PSD 
of the tower surge motion has multiple peaks, and the first peak 
value of the PSD decreases with the increase of the wind speed, 
which shows that this increase is beneficial to the survival of 
the platform under harsh conditions. In addition, compared 
with the data in Fig. 8, it can be seen that the frequency of the 
first peak of the PSD always appears when it is close to the 
incident wave frequency.

DYNAMIC RESPONSE ANALYSIS OF THE CABIN

The cabin is the most complicated part of the floating 
offshore wind turbine system. The power generation device, 
transmission system, and automatic control system are all 
housed in the cabin and may be damaged due to the violent 
motion of the cabin under the action of the wind and wave 
coupling. Since the propagation direction of the waves and wind 
is mainly along the y-direction, only the cabin acceleration in 
this direction is studied in the paper. The wind speed is selected 
as 40 m/s, 50 m/s and 60 m/s respectively, the wave height HS 
is 16 m, and the wave period TP is 27 s. The statistical results 
of the dynamic response of the tower motion under the above 
three working conditions are shown in Table 6. The PSD of 
the tower surge motion is shown in Fig. 10.

From Table 6, it can be seen that the cabin acceleration is 
also doing a certain reciprocating motion under the coupled 
effect of wind and waves. As the wind speed increases, the 
amplitude of the cabin acceleration gradually decreases, which 
shows that the intensity of the cabin motion is alleviated as 

the wind speed increases. From Fig. 10, it can be seen that 
the PSD of the cabin acceleration has multiple peaks, and the 
maximum peak decreases with the increase of the wind speed. 
The maximum peak appears when it is close to the incident 
wave frequency.

CONCLUSION

This paper takes the NREL-5MW floating offshore wind 
turbine as the research object, and its basic structure and 
working principle are introduced. In order to study the 
dynamic response of floating offshore wind structures under 
typhoons, the influence of the wave and wind speed on the 
dynamic response of the tower and cabin is studied. According 
to the structural characteristics and working principle of the 
NREL-5MW wind turbine, a physical model with a scale ratio 
of 1:120 was established. The physical model uses fans and 
hydraulic cradles to simulate the effects of wind and waves 
on the platform in the ocean. The reliability of the physical 
model is verified by comparing the results of the physical 
model test and the numerical simulation. Based on the above 
physical model experiment results, the following conclusions 
can be drawn:
(1)  Under the coupled effect of wind and waves, the tower surge 

or sway motion is doing a certain period of reciprocating 
motion. The influence of the wind speed on the tower surge 
or sway motion is significantly less than that of waves.

(2)  Under the coupled effect of wind and waves, the amplitude 
of both the tower surge and sway motion gradually increases 
with the increase of the wave height. The PSD of the tower 
surge motion has multiple peaks, and the frequency of the 
first peak of the PSD is close to that of the incident wave. 
In the first peak of the PSD, the peak value increases with 

Fig. 9. PSD of the tower surge motion under different wind speeds (with waves)

Fig. 10. PSD of the cabin acceleration

Tab. 5. The dynamic response of the tower motion under different wind 
speeds (with waves)

Tab. 6. Cabin acceleration in the y-direction
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the increase of the wave height, and the peak value in the 
no-wave case is significantly smaller than that in the wave 
case.

(3)  Under the coupled effect of wind and waves, the amplitude 
of both the tower surge and sway motion first increases and 
then decreases with the increase of the wave period. In the 
first peak of the PSD of the tower surge motion, the peak 
value first increases and then decreases with the increase 
of the wave period.

(4)  In the no-wave case, the tower surge or sway motion is doing 
a certain period of reciprocating motion under different 
wind speeds. As the wind speed increases, the amplitude of 
both the tower surge and sway motion gradually increases. 
In the PSD of the tower surge motion, the maximum peak 
increases with the increase of the wind speed.

(5)  Under the coupled effect of wind and waves, the tower surge 
or sway motion is doing a certain period of reciprocating 
motion under different wind speeds. As the wind speed 
increases, the amplitude of both the tower surge and sway 
motion gradually decreases. In the PSD of the tower surge 
motion, the first peak value decreases with the increase of 
the wind speed, which shows that this increase is beneficial 
to the survival of the platform under typhoons. And the 
frequency of the first peak of the PSD always appears when 
it is close to the incident wave frequency.

(6)  The cabin acceleration is also doing a certain reciprocating 
motion under the coupled effect of wind and waves. As 
the wind speed increases, the amplitude of the cabin 
acceleration gradually decreases. The cabin acceleration 
has multiple peaks, and the maximum peak decreases with 
the increase of the wind speed. The maximum peak appears 
when it is close to the incident wave frequency.
The above conclusions can provide a certain reference value 

for the design of floating offshore wind turbines in the deep sea.
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ABSTRACT

In order to ease consequences of spudcan-footprint interactions during jack-up rigs reinstalling in the vicinity of an 
existing seabed footprint, three new types of spudcan shapes, that is, a lotus-shaped spudcan with six circular holes, 
a flat-bottomed spudcan, and a concave-shaped spudcan, were proposed to perform an optimizing study of the spudcan 
structures, and the effectiveness of them were analyzed comparatively with other different measures. Firstly, 3D Large 
Deformation Finite Element (LDFE) analyses were carried out using the Coupled Eulerian-Lagrangian (CEL) method 
in the commercial finite element package ABAQUS. After calibrating the validity of the numerical calculation model 
against existing centrifuge test data and LDFE results, the differences in interaction mechanism between the novel 
spudcans and the generic spindle-shaped spudcan were studied when penetrating near an existing footprint with an 
eccentric distance of 0.5D, and the horizontal range of plastic deformation of the disturbed soils, the inclination angle 
of the spudcan and the offset distance of the pile legs were analyzed comparatively as well. The results show that the 
proposed novel spudcans can mitigate the maximum horizontal sliding force and the maximum bending moment 
at the top of the pile leg obviously, compared with those of the generic one, which were reduced by 32.59%, 22.47%, 
28.18%, and 26.32%, 12.88%, 18.02%, respectively. It also can be seen that all novel structures can ease the adverse 
consequences of spudcan-footprint interactions effectively, and can improve the in -place stability of the spudcan as 
well. Finally, three possible measures in mitigating interactions of the spudcan-footprint were contrasted, that is, the 
novel spudcan (represented by the lotus-shaped spudcan with six holes), stomping method, and perforation drilling 
method. The results show that all of them can reduce adverse impacts induced by interactions of the spudcan-footprint, 
and also can improve the in-place stability of the spudcan during reinstallation. In addition, among them, according to 
the effect of reducing the additional stress of the spudcan, the effectiveness of them can be listed as follows: perforation 
drilling near an existing footprint > the lotus-shaped spudcan with six holes > stomping method. In terms of the 
vertical bearing capacity of the spudcan, the lotus-shaped spudcan with six holes can improve it as much as 16.33% 
compared with the spindle-shaped structure due to the particularity of the structure. While reducing the continuity 
and strength of soil foundations, the perforation drilling measure leads to the decrease of the vertical bearing capacity 
of the spudcan by 13.07%. It can be concluded that all the three measures have merits and demerits, so the relevant 
construction environment conditions and engineering practice should be fully considered when selecting measures to 
deal with interactions of the spudcan-footprint. 

Keywords: Spudcan-footprint interaction,novel spudcan shape,VHM curves,stomping,perforation drilling

* Corresponding author: helinl@126.com (L. He)
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INTRODUCTION

Mobile self-elevating jack-up rigs are commonly employed 
for oil, gas and wind power exploration and exploitation 
in shallow to moderate water depths (≤150m) due to their 
proven characteristics, such as fl exibility, mobility and 
cost-eff ectiveness [1-2]. Most jack-up rigs typically consist 
of a buoyant triangular or rectangular platform supported 
by three or four independent pile legs, and each of them 
is fi xed to a large-diameter spudcan. Aft er the completion 
of off shore drilling, the pile legs will be retracted from the 
seabed, leaving depressions, which are generally referred to 
as a crater, or footprint, at the site. 

With the development of off shore resources, the jack-up 
rigs are usually required to be reinstalled in or next to 
a  previous footprint to  service the existing wells, drill 
additional new wells, or install jackets or wind turbines [3]. 
However, owing to the existence of footprint in the seabed 
and non-uniform soil strength profi les, it has been proved 
rather hazardous due to a high potential for the spudcan to 
slide towards the center of the footprint, and then leading to 
a failure to install the platform in the required position, or 
even bumping into the adjacent operating jacket platform, 
as shown in Fig. 1 [4]. With escalating demand for jack-up 
rigs to return to the built-up area to perform tasks, instability 
accidents of off shore platforms induced by spudcan-footprint 
interactions are subsequently rising dramatically [5]. Th e 
frequency of this kind of off shore incidents has increased 
by a factor of four between the period of 1979~1988 and 
1996~2006 [6], even at a higher rate from 2005 to 2012 [7]. 
Actually, the spudcan-footprint interaction when reinstalling 
near an existing footprint has been recognized as the second 
most frequent reason for the geotechnical failure of jack-up 
rigs [8]. Besides, according to the statistics of Berg, off shore 
operations of Shell EP company have left  approximately 1200 
depressions or craters on the seabed, leading to about 80 new 
wells adjacent to the existing footprints formed by craters 
every year [9]. Th erefore, it is imperative to further investigate 
mechanical behaviors of jack-up rigs during installing near an 
existing footprint and seek feasible measures to reduce adverse 
consequences induced by spudcan-footprint interactions. 

To solve this issue, phenomena and consequences induced 
by spudcan-footprint interactions have been investigated by 

many researchers [4,5,10-12]. In terms of footprint geometry, 
the results of centrifuge tests showed that a conical footprint 
with depth (0.22 0.33)Fz D ( D  is the diameter of the 
spudcan) was formed in soft  clay, while a cylindrical footprint 
with depth (0.50 0.66)Fz D was formed in stiff  clay. 
In addition, due to the complexity of the soil fl ow mode 
during the process of penetrating and extracting, the total 
width of the footprint has been proven to be approximate
(1.92 1.96)D . Schematic diagrams of a typical conical 
footprint in clay are shown in Fig. 2. And the critical footprint 
depth of 0.33Fz Dand width of 2FD D were considered 
in this study. Besides, the critical off set ratio (defi ned as 

/ D ,where is the distance between the footprint 
centre and the spudcan centre) was identifi ed as 0.5-1. In 
this paper, the critical off set ratio was set as 0.5 to carry 
out the following research. Due to the complexity and variety 
of possible strength gradients around the footprint, the 
foundation with the intact soil strength profi le was considered 
herein. Th is allows a consistent evaluation of the benefi ts of 
the spudcan structures and allows comparative analyses with 
diff erent measures more reasonable. 

In addition, for mitigating spudcan-footprint interactions, 
a series of mitigating measures have been presented, including 
stomping [13], reaming [14], infi lling [15], successive leg 
repositioning [16], and water jetting with spudcan preloading 
[17]. However, the results of the above-mentioned measures 
have turned out to be either unsatisfactory or inconvenient 
and uneconomical [18]. Consequently, Hossain et al. [3] and 
Jun et al. [19] focused on adjusting spudcan structures to 
alleviate spudcan-footprint interactions and proposed a novel 
spudcan shape with a fl at base and 4 holes, which is based 
on the mechanism that the fl at base can reduce the induced 
horizontal force and holes can provide a preferential soil 
fl ow path to facilitate the spudcan penetrating vertically. 
Th e results have initially showed that this measure has 
a remarkable eff ect in easing spudcan-footprint interactions. 

Th is paper attempts to further discuss the adjustment 
of spudcan structures and comparatively analyzes and 
assesses existing diff erent measures in mitigating spudcan-
footprint interactions. Th e research results of this paper can 
provide references for related design in off shore engineering.

Fig. 1. Schematic diagram of  spudcan-footprint interaction Fig. 2.    Schematic diagram of a conical footprint in clay
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NUMERICAL SIMULATION METHOD

During spudcan installing or reinstalling,  large 
deformations of soils are remarkable in the process of 
penetrating and extracting. 3D Large Deformation Finite 
Element (LDFE) analysis methods, which are performed 
by the Coupled Eulerian-Lagrange (CEL) approach in the 
commercial package ABAQUS/Explicit [21], have been 
proved suitable to solve  geotechnical problems in off shore 
geotechnical engineering and have been already adopted 
extensively by many researchers [22-26]. Th e CEL approach 
could eff ectively avoid mesh distortion in LDFE analyses. and 
the interactions between the spudcan and soil are considered 
by a contact algorithm called general contact in ABAQUS in 
the process of simulation.

NUMERICAL MODEL OF SPUDCAN-FOOTPRINT 
INTERACTION

As mentioned above, the CEL approach was adopted to 
carry out related research on mechanical characteristics of 
spudcan-footprint interactions. Because of the symmetry of 
the geometry structure and loading conditions, only half of 
the spudcan model and the soil model were built to perform 
related studies. To avoid boundary eff ects as discussed in 
preliminary convergence studies and considered by Zheng 
et al. (2015) [24-25] and Hu et al. (2015) [26], the width of 
the soil foundation domain from the center of the footprint 
to the left  and right sides of the model were 4D respectively, 
and the depth of the soil domain was 4D as well. Besides, 
void elements with the thick of 4m were established above 
the soil surface to accommodate soils fl owing into the empty 
Eulerian elements to simulate soil heaving and backfl ow, and 
an idealized artifi cial conical  footprint was recognized in clay 
based on research results of Kong et al. (2013)[11], with the 
diameter Df = 2D and the depth ZF=0.33D.

In the model, the soil was discretised as Eulerian elements 
and the spudcan structure was discretised as Lagrange 
elements, and the Eulerian mesh included the original soil 
domain and an overlying layer initially fi lled with void 
material. Th e global soil foundation model is shown in Fig. 3, 
and its corresponding mesh model is shown in Fig. 4, details 
of mesh are shown in Fig. 5. In the model, the soil strengths 
along and adjacent to the footprint were considered to be 
identical to these of the intact soil, and the rationality and 
feasibility of which were discussed and confi rmed by Jun 
(2019) [19]. In terms of boundary conditions, the bottom 
of the soil foundation model was fi xed constraint in all the 
directions, the periphery of the model except for the symmetry 
surface was constrained in the horizontal direction, and 
the symmetry surface was set as symmetry constraint. And 
structuralization hexahedral elements were used to mesh the 
soil foundation model and linear reductive integral elements 
C3D8R were used to mesh the spudcan model. 

Fig. 3. Sizes of soil foundation

Fig. 4. Mesh model of spudcan and foundation

Fig. 5 . Details of mesh of spudcan and foundationNUMERICAL MODEL
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CALIBRATION
To ensure subsequent analyses correct, the numerical 

calculation model built herein was firstly calibrated against 
previously published literature, including centrifuge test data 
obtained by Kong et.al. [11] and LDEF results using RITSS 
(Remeshing and Interpolation Technique with Small Strain) 
performed by Zhang et.al. [27] and using CEL performed 
by Jun et.al. [4].In the model, properties of soil material are 
listed in Table 1, other relative parameters of the model are 
the same as [4],[11] and [27]. 

Tab. 1. Properties of soil materials

Parameters Value
Effective unit weight γ/(KN ∙ m-3) 6.82

Friction angle 0

Dilation angle 0

Undrained shear strength kPau /s
7 5 0 92 ( );0 3 4
5 1 68 ( ); 3 4

u

u

S . . z kPa z . m
S . z kPa z . m

Elastic modulus kPaE / us500

Poisson’s ratio 0.49

The soil constitutive adopted in this study was based on an 
ideal elasto-plastic model and the Tresca strength criterion. 
The contact between the spudcan and the soil was defined as 
the master-slave surfaces contact according to the Coulomb’s 
law of friction. In the tangential direction, the friction formula 
was defined by “penalty function” for the surface between 
the spudcan and the soil, and in the normal direction it was 
set as “hard contact”. 

CALIBRATION AGAINST CENTRIFUGE TESTS AND 
LDFE ANALYSES 

As shown in Fig. 6, it can be seen that the trends of 
VHM (Vertical reaction force V, horizontal sliding force H, 
bending moment M) results of this paper and the previous 
research are the same, but the centrifuge test data are lightly 
lower than those of other methods. The reason is that, for 
the centrifugal test, the soils backfill into the footprint or 
backflow more quickly due to the softening of soils, which 
leads to the decrease rate of the horizontal force of the spudcan 
after reaching the peak faster than those calculated by FEM, 
but the ideal elasto-plastic soil constitutive model adopted 
in this paper fails to capture the softening effect of the soil 
in the analyze. However, when the spudcan penetrates to 
a certain depth in the soil, the results from all the above 
methods approach the approximate constant value eventually, 
which verifies the correctness of the CEL calculation model 
established in this paper. 

In addition, due to the complexity of spudcan-footprint 
interactions, there are only a few studies on the influence of 
different values of the friction coefficient between the spudcan 
and the soil on the calculation results currently, and the values 
of the structure-soil friction coefficient of the calculated 
models are usually setting as 0.1-0.5 [27-30]. In this paper, 
the friction coefficients were set as 0.1 and 0.5 respectively 
to calibrate the numerical calculation model. Although the 
results when the friction coefficient was set as 0.1 showed 
closer to those observed in laboratory experiments, the two 
trends were the same, and Yu [30] has given a conclusion that 
when the friction coefficient was above 0.5, the values of V, H 
and M are little affected by the friction coefficient. Therefore, 
it was set as 0.5 in the subsequent study to ignore the influence 
of the different friction coefficients on the calculation results.

Fig. 6. Numerical model calibration against centrifuge tests and LDFE analyses
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OPTIMIZATION MECHANISM 
OF THE NOVEL SPUDCAN

FAILURE MECHANISM OF SPUDCAN DURING 
REINSTALLING NEAR THE EXISTING FOOTPRINT

Th e  mechanical characteristics of the traditional spindle-
shaped spudcan during penetrating next to an existing 
footprint are shown in Fig. 7. It can be seen that, due to the 
obvious asymmetry of soil foundations on both sides of the 
spudcan, the vertical reaction force of soil acting on the 
bottom of the spudcan generates an eccentric eff ect with the 
eccentric distance e, and a horizontal sliding force H caused 
by the soil squeezing eff ect on the right side of a spudcan. 
Th erefore, if the reference point RP of the spudcan is set as 
shown in Fig. 7, then the spudcan is subjected to a combination 
of vertical reaction forceV , horizontal sliding force H and 
bending moment with a value of veM . In practical 
engineering, buckling failure of the pile leg below the platform 
usually occurs as shown in Fig.1. But it has been shown that 
the combined loadings acting at the  reference point RP are not 
large enough to lead to such an accident. While if the reference 
point is located on the top of the pile leg, that is, at the point 
of RP1, then the mechanical mechanism of the whole pile 
leg is shown in Fig. 8. It indicates that although the vertical 
reaction force V and the horizontal sliding force H of the 
pile leg have not changed with the alteration of the reference 
point location, there is a much larger amount additional 
bending moment generates at the reference point RP1 due to 
the existence of the horizontal sliding force arm L (the length 
of the pile leg) , with the value of HLM a . Th en the total 
bending moment at the point of RP1 will be MMM at , 
and this value is suffi  cient to cause structural instability in 
practice engineering. Besides, the in clination angle of the 
spudcan and the off set distance of the pile leg induced 
by the interaction of the spudcan-footprint are shown in 
Fig. 9. To manifest the variation trend of the spudcan and the 
pile leg more intuitively, two normalized parameters named 
the relative inclination angle of the spudcan α = )(tan 1 H/V
and the off set distance of pile legs δ =  are introduced. 
Th e positive horizontal sliding force represents the force of 
the spudcan sliding towards the footprint, and the positive 
bending moment represents the counterclockwise bending 
moment caused by the right side of the spudcan touching 
the soil fi rstly.

Fig. 7. Mechanical characteristics of spudcan during reinstallation

Fig. 8. Failure mechanism diagram of pile leg

Fig. 9. Diagram of α and δ

DESIGN BASIS OF OPTIMIZING THE NOVEL SPUDCAN

As shown in Fig. 8, the lowering of horizontal force H on 
the right side of the spudcan can reduce aM obviously and then 
mitigate the sliding risk of the spudcan eff ectively. However, 
the resistance of the soil foundation is perpendicular to the 
bottom surface of the cone during the spindle-shaped spudcan 
penetrating next to an existing footprint, as shown in Figure 
10. Th en this force will generate an additional horizontal 
component force due to the inclination angle θ of the bottom 
surface of the cone, which will lead to the risk of horizontal 
sliding much more likely. Based on this, to optimize the design 
of generic spindle-shaped spudcan structure, on the premise 
of retaining the anti-skidding cone tip at the bottom, the 
bottom part of the inverted cone is removed to make the 
bottom fl at and so it only bears the vertical resistance, that 
is, a fl at-bottomed spudcan, as shown in Fig. 11. Another 
way of reducing the horizontal sliding force induced on the 
right side of the spudcan is to adopt a concave-shaped style, 
as shown in Fig. 12. In this case, the horizontal resistance of 
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the soil generated on the bottom surface of the spudcan will 
counteract some horizontal sliding force generated on the 
right side of the spudcan, which can reduce the horizontal 
sliding force eff ectively. Besides, to assess the infl uence of the 
angle θ1,  there are two angles of 0° and 18.4° selected to carry 
out comparative analyses herein, that is the fl at bottom shaped 
spudcan shown in Fig. 11 and the concave-shaped spudcan 
with the angle θ1 of 18.4° shown in Fig.12. Besides, considering 
solid body will increase the diffi  culty of penetrating, 6 holes 
with a diameter of 2.7m were set to alter the generic spundcan. 
In view of the diffi  culty to extract with a cone shaped top, 
intercepting the curve of the obtuse end of the eggshell and 
replacing the conical surface of the generic spudcan, then 
a new type of spudcan structure generating less extracting 
resistance can be obtained, which is named as a lotus-shaped 
with 6 hole spudcan, as shown in Fig. 13.

 Fig. 10.  Diagram of force mechanism of the generic spudcan

Fig. 11.  Diagram of force mechanism of the fl at bottom spudcan

Fig. 12.  Force mechanism of the concave-shaped spudcan

Fig. 13. Diagram of the lotus-shaped spudcan

COMPARATIVE ANALYSES OF DIFFERENT 
NOVEL SPUDCANS

PERFORMANCES OF DIFFERENT SHAPE SPUDCANS

Fig. 14 shows a comparison of the distribution of the 
vertical reaction force V, the horizontal sliding force H and the 
bending moment M along the penetration depth Z of the above 
mentioned four types of spudcans during penetrating near an 
existing footprint with an eccentric distance of 0.5D, that is, 
the generic spindle-shaped spudcan, the lotus-shaped spudcan 
with six holes, the fl at-bottomed spudcan and the concave-
shaped spudcan. In general, it indicates that the vertical 
reaction force V of the lotus-shaped spudcan is basically 
similar to that of the generic spindle-shaped spudcan, and 
those of the fl at-bottomed spudcan and the concave-shaped 
spudcan are lightly larger than them relatively. In terms of 
horizontal sliding force H and bending moment M at RP1, 
it shows that the results of the spindle-shaped spudcan are 
much larger than those of the other three types of spudcans. 
It all indicates that the proposed novel spudcans can mitigate 
the spudcan-footprint interactions eff ectively.

In order to intuitively refl ect the relative variation rate of 
V, H, M induced to three kinds of novel spudcans compared 
with the generic spindle-shaped spudcan and the diff erences 
of in-place stability in the process of the spudcan penetrating, 
based on the obtained results shown in Fig. 14, the maximum 
horizontal sliding force H and the maximum bending 
moment at the top reference point PR1 of the pile leg and 
their relative variation rate were calculated in Table 2. Th e 
statistical results show that, in the same conditions, compared 
with the generic one, the maximum horizontal sliding force 
H and the maximum bending moment at the top point PR1 
of the pile leg induced to three new types of the spudcan are 
decreased by 32.59%, 22.47%, 28.18% and 26.32%, 12.88%, 
18.02% respectively. It can be seen that all three new types of 
spudcans can eff ectively reduce the adverse eff ects of spudcan-
footprint interactions. 
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Types of spudcan H(MN) The variation rate of Hmax Mt(MN · m) The variation ratio of Mmax 

Spindle-shaped 1.086 / -39.899 /

Six-hole lotus-shaped 0.732 -32.59% -29.398 -26.32%

Flat-bottomed 0.842 -22.47% -34.761 -12.88%

Concave-shaped 0.780 -28.18% -32.708 -18.02%

VARIATION LAW OF SOIL PLASTIC DEFORMATION 
IN HORIZONTAL RANGE 

In order to directly reflect differences in the plastic 
deformation on both sides of soil foundations for the 
above mentioned four kinds of spudcans in the process of 
penetrating near an existing footprint, diagrams of plastic 
deformation of soil foundations with different penetrating 
depths (0.38D, 0.6D, 1D, 1.5D) were shown in Fig. 15. For 
comparing differences in soil disturbed zone in the horizontal 

Fig. 14. Comparison of V, H, M of the four types of spudcans during reinstallation

range, statistics of the maximum horizontal range of soil 
plastic deformation on the left and right sides of the spudcan 
were shown in Fig. 16 with the penetrating depth of 0.38D, 
0.6D, 1D and 1.5D respectively. 

Tab. 2. Horizontal sliding force of spudcan and change of bending moment at the top of pile leg
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             (a)the generic spudcan                            (b)lotus-shaped spudcan                     (c)fl  at-bottomed spudcan                (d)concave-shaped spudcan

Fig. 15. Plastic deformation of soil during the process of spudcan reinstalling

Fig. 16. Maximum horizontal range of plastic deformation for the four diff erent kinds of spudcans
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Tab. 3. Maximum and variation rate of horizontal range of plastic 
deformation on both sides of soil

Type of 
spudcans

Maximum 
horizontal 

range 
of plastic 

deformation 
on the left 

side/m

Variation 
Ratio 

Maximum 
horizontal 

range of plastic 
deformation 
on the right 

side /m

Variation 
Ratio 

Spindle-
shaped 6.54 / 5.82 /

Six-hole 
lotus-shaped 5.80 -11.32% 5.08 -12.71%

Flat-
bottomed 6.72 +2.75% 5.93 +1.89%

Concave-
shaped 8.76 +33.94% 8.58 +47.42%

As seen from Fig.16, the maximum horizontal range 
of plastic deformation of soil foundations on the left and 
right sides of the concave-shaped spudcan is greater than 
that of the generic one. At the completion of penetrating, 
the difference of the maximum horizontal range of plastic 
deformation of soil foundations for the two types of spudcans 
reaches the largest. Compared with the traditional spindle-
shaped spudcan, differences on the left and right sides of the 
concave-shaped spudcan are increased by 33.94% and 47.42% 
respectively. However, the maximum horizontal range of 
plastic deformation of soil foundations on both sides of the 
lotus-shaped spudcan with six holes is smaller than that of 
the generic spindle-shaped spudcan, and compared with the 
generic one, differences on the left and right sides of the lotus-
shaped spudcan with six holes are reduced by 11.32% and 
12.71%, respectively. There are large differences between the 
asymmetry of soil foundations and the maximum horizontal 
range of plastic deformation of soil foundations on both sides 
of the above mentioned four types of spudcans with the 
penetrating depth of 0.38D, the reason is that when the lotus-
shaped spudcan with six holes penetrating the soil foundation, 
part of the soils squeezed by the flat-bottom surface flowing 
into holes, which reduces the horizontal sliding range of soil. 
However, due to the existence of a concave cavity below the 
bottom of the concave-shaped spudcan, the soil under the 
action of squeezing needs to fill the cavity and then flow 
to the sides of the spudcan, which increases the horizontal 
sliding range of soil. In short, the maximum horizontal range 
of plastic deformation of soil foundation on both sides of the 
lotus-shaped spudcan with six holes is smaller than those 
of the other three kinds of spudcans, and the flat-bottomed 
spudcan is in the middle.

COMPARATIVE ANALYSES OF THE INCLINATION 
ANGLE AND THE OFFSET DISTANCE 

In order to intuitively contrast variation tendencies of 
mechanical characteristics of a spudcan and pile legs among 
the three kinds of novel spudcans and the generic spindle-
shaped spudcan, based on V, H, M curves of all kinds of 

spudcans in the process of penetrating, two standardized 
parameters, that is, the inclination angle of α = tan-1(H/V) and 
the offset distance of pile legs of δ = Mt/V were introduced 
to reflect the spudcan- footprint interaction, as shown in 
figure 17. And the comparison of the inclination angle α and 
the offset distance δ of all spudcans after anti-skidding cone 
submerged by the soil completely were shown in Table 4. It 
indicates that all three new types of a spudcan can reduce 
the inclination angle and the offset distance to some extent, 
and compared with the traditional spindle-shaped one, the 
lotus-shaped spudcan with six holes can reduce the maximum 
offset distance by 60.53%, the concave-shaped spudcan can 
reduce the maximum inclination angle by 66.57%. Therefore, 
compared with the generic spudcan, the three new types can 
reduce the sliding risk of the spudcan in the operation of 
jack-up rigs next to the existing footprint, meanwhile, increase 
the in-place stability of the spudcan obviously, which can 
provide a reference for the design of the spudcan structure 
of jack-up rigs.

Fig. 17. Comparison of the inclination angle α and the offset distance δ 
of all spudcans

Tab. 4. Comparison of the inclination angle α and the offset distance δ of all 
spudcans

Type of spudcans α/(° )

Variation 
rates 
of the 

inclination 
angle (α)

|δ|/m

Variation 
rates of 

the offset 
distance 

|δ| 
Spindle-shaped 
spudcan 13.31 / 7.98 /

Six-hole lotus-shaped 
spudcan 7.59 -42.98% 3.15 -60.53%

Flat-bottomed 
spudcan 8.03 -39.67% 3.82 -52.13%

Concave-shaped 
spudcan 4.45 -66.57% 3.45 -56.76%

COMPARATIVE ANALYSES OF DIFFERENT 
MEASURES IN EASING SPUDCAN-

FOOTPRINT INTERACTION
Currently, there are several measures presented in the 

literature to reduce consequences of spudcan-footprint 
interactions, such as stomping in advance, perforation 
drilling near the existing footprint and so on. In order to 
analyze merits and demerits of different kinds of measures, 
the spudcan shape optimization method proposed in this 
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paper, stomping in advance, and perforation drilling near 
the existing footprint were analyzed and compared based on 
CEL to discuss the application conditions of them.

  STOMPING 

Th e so-called “Stomping” means stomping in advance 
is performed outside the dangerous area near the existing 
footprint before the reinstalling of a spudcan to make the 
surrounding soils squeezed into the existing footprint, or 
to make the soils near the existing footprint pressed to the 
same depth as the bottom of the footprint, so as to level the 
seabed and reduce the horizontal sliding force.  In this section, 
 the eccentric distance of 0.5D was taken as the fi nal position 
to reinstall the spudcan near an existing conical footprint 
as described earlier. Th e center distance of 0.75D, 1.00D, 
1.25D, 1.50D, 1.75D and 2.00D were selected respectively to 
stomp with the stomping depth of 5m. Th e deformation of 
soil foundation with diff erent center distances aft er spudcan 
stomping in advance and the fi nal position of the spudcan 
penetrating were shown in Fig. 18. Th e parameters of the 
numerical calculation model were set in accordance with 
the previous.

PERFORATION DRILLING 

Th e so-called “Perforation Drilling “ refers to presetting 
a certain number of hollow holes artifi cially in the soil along 
the perimeter of the spudcan, so as to reduce the adverse eff ect 
of the existing footprint when it penetrates near an existing 
footprint. Hossain and Stainforth [31] have conducted 
preliminary research on the perforation drilling scheme 
through a centrifugal test, and the eff ectiveness of this method 
in reducing the horizontal sliding risk of a spudcan during 
reinstallation near an existing footprint was verifi ed. Although 
this method has not been used in practical engineering, the 
feasibility of this method to reduce the risk of puncture in 
stratifi ed clay has been confi rmed. For the relevant parameters 

of perforation drilling near footprint scheme, Hossain et al. 
[32] put forward some useful suggestions: the ratio of drill 
diameter to the spudcan diameter should be 0.047-0.065, or 
the ratio of eff ective drilling diameter to the spudcan diameter 
should be 0.059~0.094. Distance between borehole center 
and adjacent borehole center should be 0.099~0.15. Th e area 
drilled in the perimeter of the spudcan should account for 
13%~60% of the maximum vertical projection area of the 
spudcan. 

In this section, the eccentric distance of 0.5D was taken 
as the fi nal position to reinstall the spudcan near an existing 
conical footprint as described earlier as well. Based on the 
numbers of drilling holes, diameter and depth of boreholes 
set in the research of foundation drilling modeled by Pan et 
al. [33], the soil foundation near the projected perimeter of 
a spudcan was drilled in this study. Th e relevant working 
conditions were shown in Table 5. Th e number and layout 
of boreholes in soil foundation, the projected perimeter of 
the spudcan and the area of footprint were shown in Fig. 19. 
Th e setting of other parameters of the fi nite element model 
was consistent with the previous model, and 1/2 symmetric 
model was established for this research. 

Tab. 5. Setting of conditions for perforation drilling of soil foundations

Conditions Drilling 
diameter/m

Drilling 
depth/m

Drilling 
number

Drilling 
location

C1-SFP1 0.092D 2ZF 24 unilateral

C1-SFP2 0.092D 2ZF 48 unilateral

C1-SFP3 0.092D 2ZF 64 unilateral

C2-SFP1 0.092D 2ZF 24 bilateral

C2-SFP2 0.092D 2ZF 48 bilateral

C2-SFP3 0.092D 2ZF 64 bilateral

Fig. 18. Stomping in advance with diff erent center distances
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COMPARISON ANALYSES OF THREE MEASURES TO 
MITIGATE SPUDCAN-FOOTPRINT INTERACTION

In order to intuitively compare the eff ectiveness of the 
above three types of measures in reducing the additional 
response generated by interactions of the spudcan-footprint, 
that is, the novel lotus-shaped spudcan with six holes, the 
stomping method and the perforation drilling method. In 
this study, comparison of variation rates of parameters Vmax, 
Hmax and Mmax, which refl ect the mechanical characteristics 
of the spudcan, and parameters αmax and δmax, which refl ect 
in-place stability of the spudcan, were comparatively analyzed 
with the penetrating depth of 10 m, as shown in Table 6. 
From the results in Table 6, it can be seen that, compared 
with the generic spindle-shaped spudcan without any dealing 
with the soil foundations in advance, the maximum value of 
horizontal sliding force and the maximum value of bending 
moment at the reference point of RP1 of the pile leg aft er 
stomping in advance with a distance from the center of 1.25D 
were reduced by 29.47% and 29.17%, and aft er perforation 
drilling with 64 holes unilateral in advance were reduced by 
34.70% and 37.70%, and they have been eff ectively reduced 

for lotus-shaped spudacan with six holes as well, with the 
rates of 21.45% and 16.19% , a slightly less than another two 
measures. For the inclination angle α and the off set distance 
of the pile leg δ, all three measures can lightly reduce the 
inclination angle but largely reduce the off set distance, with 
the maximum reduction rate of 50.46% for perforation 
drilling measures. 

It can be seen that all above three measures can mitigate 
adverse eff ects caused by interactions of the spudcan-footprint 
eff ectively, and can greatly improve the stability of the 
spudcan when penetrating as well. Among them, according 
to the eff ect of reducing the additional stress of the spudcan, 
the eff ectiveness of them can be listed as follows: Perforation 
drilling near an existing footprint > the lotus-shaped spudcan 
with six holes > Stomping. While considering the vertical 
bearing capacity of a spudcan, the lotus-shaped spudcan 
with six holes improve it as much as 16.33% compared with 
the spindle-shaped structure due to the particularity of the 
structure, while because of reducing the continuity and 
strength of soil foundations, the perforation drilling measure 
leads to the decrease of the vertical bearing capacity of the 
spudcan by 13.07%.

Tab. 6. Comparisons of maximum and variation rate of related parameters of three measures

Conditions Vmax(penetrating 
depth 10m)/MN

Variation 
rate Hmax/MN Variation 

rate
Mtmax/
MN·m

Variation 
rate αmax/° Variation 

rate δmax/° Variation 
rate

Generic spudacan 19.728 \ 2.072 \ -83.019 \ 21.768 \ -14.201 \

Lotus-shaped 
spudcan 22.950 +16.33% 1.628 -21.45% -69.576 -16.19% 14.556 -33.13% -7.347 -48.26%

Stomping-1.25D 19.805 +0.3% 1.462 -29.47% -58.803 -29.17% 14.502 -33.38% -10.109 -28.81%

Drilling-C1-SFP3 17.149 -13.07% 1.353 -34.70% -51.718 -37.70% 14.730 -32.33% -7.035  -50.46%

Fig. 19. Diagram of perforation drilling
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 In a word, the measure to optimize the spudcan shape, 
such as the new lotus-shaped spudcan with six holes, can 
ensure the vertical bearing capacity of the spudcan and 
can better suit for reinstalling near an existing footprint to 
improve the in-place stability. However, the existence of the 
holes in the spudcan structure increases the complexity of the 
structure shape and also increases the difficulty to produce it 
relatively, while the flat-bottomed spudcan and the concave-
shaped spudcan are not bound by such limitations and can 
effectively mitigate interactions of the spudcan-footprint as 
well. Besides, although this kind of measure can well reduce 
interactions of the spudcan-footprint theoretically, it has 
not been verified in an actual condition. For stomping, the 
additional stress on the spudcan can be reduced in some 
extent after stomping in advance theoretically. However, in 
the actual working conditions, due to the complex marine 
soil foundation conditions and coverage by thick silt soil, the 
location and scale of the existing footprint are difficult to 
recognize, hence it is difficult to determine the position and 
depth of the stomping. Besides, if there is a fixed platform 
near the footprint, it may not be possible to conduct stomping 
in the ideal position, and if the new jack-up rig spudcans are 
used in stomping operation, the jack-up rig structure also 
has some risks of instability if the foundation conditions are 
too poor and the time of the loading pump is too long. For 
perforation drilling near an existing footprint, in theory, it 
also can reduce the additional stress acting on the spudcan 
in some extent, but this scheme has not been implemented in 
practical engineering either. Perforation drilling method can 
decrease additional stress acting on the spudcan by means of 
an adjusting strength of the soil on both sides of the spudcan 
through drilling, but this scheme changes the integrity of the 
soil and reduces the bearing capacity of the soils below the 
spudcan projection. Therefore, if it is necessary to ensure the 
in-place stability of a jack-up rig structure, there is a need 
to increase the depth of the spudcan penetrating or employ 
some related foundation reinforcement measures. Moreover, 
due to the complex marine soil foundation conditions and 
coverage by thick silt soil in the actual working conditions, 
the perforation drilling location of soil foundation is more 
difficult to be selected and the depth of drilling is more 
difficult to be determined. In addition, the selection of 
perforation drilling parameters for different craters is quite 
a discrepancy, and the relevant drilling equipment needs to 
be prefabricated in advance, but the universality of drilling 
instruments is poor, so these measures will significantly 
increase the construction cost. 

In brief, it can be concluded that all the three measures 
have merits and demerits, so the relevant construction 
environment conditions and engineering practice should 
be fully considered when selecting measures to deal with 
interactions of the spudcan-footprint. 

CONCLUSIONS

This paper discussed possible measures to mitigate spudcan-
footprint interactions when a jack-up rigs reinstalling near 
an existing footprint. Based on the mechanical mechanism 
of a spudcan, three novel spudcan shapes were proposed, 
and mechanical characteristics of these novel spudcans and 
a flow mechanism of soil foundations were investigated 
comparatively. Besides, three types of possible measures 
for easing spudcan-footprint interactions were analyzed 
comparatively as well. Conclusions from this study are as 
follows:

1. In comparison with the generic spindle-shaped spudcan, 
the lotus-shaped spudcan with six holes, the flat-bottomed 
spudcan, and the concave-shaped spudcan can reduce the 
horizontal sliding force and the bending moment at the 
top of the pile leg by 32.59%, 22.47%, 28.18%, and 26.32%, 
12.88%, 18.02%, respectively, which indicates that all three 
novel spudcan can reduce adverse consequences during 
reinstallation of the spudcan near an existing footprint 
effectively.

2. During reinstallation of the spudcan near an existing 
footprint, the horizontal range of plastic deformation of the 
disturbed soil generated by the flat-bottomed spudcan and 
the concave-shaped spudcan is larger than the generic ones, 
and that of the lotus-shaped spudcan with six holes is less 
than that generated by the generic one.

3. Two normalized parameters, the inclination angle of 
the spudcan and the offset distance of the pile leg are 
introduced to reflect consequences induced by interactions 
of the spudcan-footprint. The results show that all three 
new types of spudcans can reduce inclination angle of the 
spudcan and offset distance of the pile leg effectively, and 
in comparison with the generic one, the inclination angle 
of the lotus-shaped spudcan is 60.53% less than that of the 
generic spindle-shaped spudcan, and the inclination angle of 
the concave-shaped spudcan is 66.57% less than that of the 
generic one.

4. Three possible measures in mitigating interactions of the 
spudcan-footprint were contrasted, that is the novel spudcan 
(represented by the lotus-shaped spudcan with six holes), 
stomping method, perforation drilling method. The results 
show that all of them can reduce adverse consequences induced 
by interactions of the spudcan-footprint, and also can improve 
the in-place stability of the spudcan during reinstallation. In 
addition, according to the effect of reducing the additional 
stress of the spudcan, the effectiveness of them can be listed as 
follows: perforation drilling near an existing footprint > the 
lotus-shaped spudcan with six holes > stomping. While 
considering the vertical bearing capacity of the spudcan, the 
lotus-shaped spudcan with six holes improve it as much as 
16.33% compared with the spindle-shaped structure due to the 
particularity of the structure, while because of reducing the 
continuity and strength of soil foundations, the perforation 
drilling measure leads to the decrease of the vertical bearing 
capacity of the spudcan by 13.07%. It can be concluded that 
all three measures have merits and demerits, so the relevant 
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construction environment conditions and engineering 
practice should be fully considered when selecting measures 
to deal with interactions of the spudcan-footprint. 
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ABSTRACT

An acoustic sea glider has been developed for ambient sea noise measurement and target detection through the 
deployment of an acoustic vector sensor (AVS). The glider was designed with three cabins connected in sequence and 
it can dive to depths exceeding 1200m. The AVS fixed on the glider measure acoustic pressure and particle velocities 
related to undersea noise, and the inner attitude sensors can effectively eliminate the estimation deviation of the 
direction of arrival. The inherent self-noises of the acoustic sea glider and AVS are presented respectively in respect to 
the Knudsen spectra of sea noise. Sea trial results indicate that the AVS could work well for undersea noise measurement 
when the glider is smooth sliding, and the target azimuth estimated by AVS after correction is remarkably consistent 
with the values measured by the GPS, and direction-finding errors are less than 10 degrees. The research in this paper 
shows that the acoustic sea glider is able to undertake tasks such as a wide range of underwater acoustic measurement 
and detection.

Keywords: acoustic sea glider; acoustic vector sensor; ambient sea noise; target detection

INTRODUCTION

The sea glider is a long-range autonomous underwater 
vehicle (AUV), utilising the buoyancy of sea water as the 
driving force and converting vertical motion to horizontal in 
conjunction with wings [1]. It can float upward and dive by 
only adjusting the density with very low energy consumption. 
Consequently, the sea glider can be much quieter and more 
energy-efficient compared to AUVs with propellers, since it 
is gliding instead of propelling [2].

Inherently, the temperature and salinity of sea water 
along with depth are the basic parameters of the ocean, and 
consequently conductivity, temperature and depth (CTD) 
sensors are the most widely used sensors in surveys of ocean 
physics. However, further intensive investigation for a better 
understanding of the ocean needs to be performed and 
more special sensors are being employed to collect various 

data. Low-frequency acoustic signals produced by tsunamis, 
undersea earthquakes, large mammals and artificial vessels are 
of increasing concern in the area of natural disaster monitoring 
and marine ecological protection [3],[4]. Moreover, the 
detection and identification of surface and underwater objects 
using acoustic sensors are another aspect of great concern 
in ship navigation [5],[6]. In order to achieve high-efficiency 
marine investigation and target detection, the integration of 
acoustic sensors on underwater moving platforms such as 
AUVs has become a new research hotspot [7],[8].

The acoustic sea glider, a  kind of specially designed 
glider with low self-noise from machinery and electricity, 
is appropriate for acoustic sensors with their negligible 
hydrodynamic noise induced by low-speed motion [9],[10]. As 
a result, some acoustic sensors have been tentatively employed 
on the sea glider in the area of natural disaster monitoring and 
military surveillance [11]-[13].

* Corresponding author: zhouhk702@126.com (H. Zhou)



POLISH MARITIME RESEARCH, No 1/202258

Compared to acoustic pressure sensors or hydrophones, 
the acoustic glider based on acoustic vector sensors (AVS) 
shows great superiority in underwater acoustic measurement 
[14]. A single composite AVS measuring the acoustic pressure 
and particle velocities (acceleration, displacement or pressure 
gradient) synchronously can achieve a good signal-to-noise ratio 
of low-frequency acoustic signals instead of the conventional 
large-scale hydrophone array [15]. An AVS is insensitive to 
isotropic noise due to natural cosine directivities and it can 
be easily integrated on compact and lightweight underwater 
vehicles [16]. In terms of target detection, the direction of 
arrival of a target relative to the AVS can be estimated through 
acoustic intensity processing, and then the absolute bearing 
angle can be corrected using attitude information of the AVS 
relative to the geographic coordinate system.

This paper presents an acoustic sea glider equipped with 
an inertial-type AVS for deep-sea noise collection. The AVS 
design integrates one omnidirectional hydrophone, a triaxial 
accelerometer and the attitude sensors. The acoustic sensitivities 
and self-noise of the AVS were obtained through laboratory 
calibrations as well as the glider-radiated noise. Finally, the 
direction of arrival (DOA) estimation using the AVS on the 
acoustic sea glider was verified through a sea trial in the South 
China Sea.

GLIDER DESIGN

The acoustic sea glider is 3.2 m in length and 0.25 m in 
diameter. It is designed for the maximum diving depth of 
1200 m with an endurance of 60 days at the average speed of 
one knot. The glider structure consists of three independent 
cabins as presented in Fig. 1.

The head cabin located at the front end of the glider is mainly 
for installing sensors, including an acoustic module, CTD 
sensors and buoyancy materials. The acoustic module includes 
a composite AVS with an acoustic dome and the related signal 
processor. The acoustic dome is made of polyurethane material 
to ensure the penetrability of sound waves and alleviate the 
influence of flow noise, and the AVS is flexibly suspended 
inside the dome with metal springs. The dome connects the 
head cabin through an aluminium alloy rod, to keep away from 
the disturbed stream. The acoustic signal processor, situated in 
the head cabin, is used to collect and store the output signals 
derived from the AVS. The whole head cabin is exposed to the 
water and all sensors and parts must be waterproof.

The middle cabin is divided into three separate pressurised 
compartments. A set of batteries and a drive mechanism are 
installed in the first compartment, constituting an attitude 
adjustment module, and hence the desired pitch angle of the 
glider can be achieved through the movement of batteries. In 
the second compartment there is a navigation and controller 
module, and another set of batteries is installed for providing 
extra electric power. A  buoyancy adjustment module is 
located in the third compartment, and actually it works as 
an underwater oil pump that changes the buoyancy through 
filling in and pumping out the oil from the oilcan. A pair 
of carbon-fibre wings is fixed on the two sides of the third 
compartment for pitch attitude adjustment.

The tail cabin is immersed in the seawater just like the 
head cabin. An oil bag installed in this cabin is part of the 
buoyancy adjustment module. An iridium antenna for surface 
communications and a configurable propeller for providing 
short-term thrust are deployed outside the tail cabin.

Fig. 1. Exploded view of the acoustic sea glider
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SENSOR DESIGN

The miniature and low-power CTD sensors (RBRlegato³) are 
directly installed on the head of the sea glider with the probe 
exposed to the seawater, as shown in Fig. 2. Conventionally, 
the conductivity, temperature and depth data are recorded per 
second respectively. The composite AVS flexibly suspended 
inside the acoustic dome mainly consists of a hydrophone, 
a triaxial piezoelectric accelerometer and attitude sensors. The 
hydrophone and piezoelectric accelerometer sense the acoustic 
pressure and particle velocity respectively. The dimensions of 
the designed AVS are Ø66 × 78 mm with an average density 
of 1.15 g/cm3. Test results indicate that the sensitivity of the 
hydrophone is −191.5 dB (0 dB re 1 V/μPa), and the sensitivities 
of the triaxial piezoelectric accelerometer are 2.85 V/g, with the 
equivalent pressure sensitivities of −179 dB (0 dB re 1 V/μPa at 
1 kHz). The working bandwidth of the AVS can extend from 
10 Hz to 3 kHz.

The underwater sea current will change the orientation of an 
AVS that is mounted on a moving platform, and consequently 
it is necessary to measure the real-time azimuth and attitude 
information of the AVS. Conventional countermeasures are 
directly installed on an electronic compass and an attitude 
sensor on the platform or vehicle. However, these methods 
may be less accurate because of the flexible suspension of 
the AVS and installation deviations of the attitude sensors. 
Therefore, attitude sensors are integrated into the AVS with 
acoustic sensors, and then the extended Kalman filter is 

used to achieve orientation correction during signal post-
processing. The attitude sensors, including a triaxial MEMS 
gyroscope, a MEMS accelerometer and a MEMS magnetometer, 
measure the angular velocity, gravitational acceleration and 
magnetic flux density respectively. The attitude sensors 
are located on the circuit board which is supported on the 
piezoelectric accelerometer. The high-performance single-chip 
microcomputer based on an ARM-Cortex core on the same 
circuit board is used to achieve functions such as control, 
attitude data acquisition and angle calculation.

The attitude sensors’ accuracies were tested at the First 
Metrology and Test Center of National Defense Technology 
Industry, China. Calibration frequencies were chosen as 0.1 
Hz to 2 Hz since the motions induced by sea currents, tides 
and surges are conventionally below 1 Hz. Test results indicate 
that the measured heading and roll angle errors are less than 
0.5° and the pitch angle error is less than 0.4° when the attitude 
angles do not exceed 20°.

Fig. 3(a) illustrates the self-noise characteristics of the AVS 
from 20 Hz to 4 kHz, and the Knudsen ambient sea noise 
levels at sea states 0 to 3 are also presented for comparison. The 
results show that the self-noise of the hydrophone is 36 dB/√Hz 
at 1 kHz, which is lower than Knudsen’s ambient noise of 
zero order sea level, and the self-noises of the vector channels 
gradually decrease and approach sea state 3 when the frequency 
is increased to 100 Hz.

In addition, the acoustically radiated noise from the acoustic 
sea glider was tested from 20 Hz to 4 kHz in the anechoic tank 

Fig. 2. CTD sensors and acoustic vector sensor

Fig. 3. Self-noise of AVS (a) and radiated noise from the acoustic sea glider (b)
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under different working conditions and the result is provided 
in Fig. 3(b). It is obvious that radiated noise from the glider 
under battery sliding is lower than other conditions, although 
it is almost 20 dB higher than the hydrophone’s self-noise from 
400 Hz to 3 kHz. When the oil pump starts up, the radiated 
noise increases as the noise peaks around 400 Hz and 1 kHz 
respectively. The propeller, used for emergency manoeuvres, 
has the most serious influence on the noise, and the peak 
noise level exceeds 90 dB at 700 Hz when sailing at 3 knots. 
The measured noise level below 100 Hz may be less accurate 
due to the size limitation of the anechoic tank.

SEA TRIAL

AMBIENT SEA NOISE GATHERING

Underwater noise measurement experiments were 
conducted based on the acoustic sea glider in the northern 
part of the South China Sea in May 2020. During the sea 
trial, the glider dived from the surface to a depth of 1000 m 
and the deep-water noise was recorded simultaneously. The 
conductivity and temperature at the depth from 700 m to 800 m 
are presented with a 1 Hz sampling rate as shown in Fig. 4, 
and hence the resulting sound velocity profile could be easily 
achieved. Acoustic ambient sea noises were faithfully recorded 
by the AVS under a 20 kHz sampling rate, benefiting from the 
lower background noise of the acoustic sea glider. The collected 
noise data related to the four sensors, i.e. the hydrophone and 
the triaxial piezoelectric accelerometer. Unlike the hydrophone 

(pressure sensor), acoustic particle velocity sensors (triaxial 
accelerometer) are more sensitive to high-frequency structure-
borne noise, and hence low-pass filters are essential in the 
signal post-processing.

TARGET DETECTION EXPERIMENTS

The DOA of a target can be estimated through acoustic 
intensity processing. Acoustic intensity is generally a complex 
quantity that describes the propagating power associated with 
a sound wave in an acoustic medium, and it is mathematically 
expressed as the cross spectrum between the pressure and 
particle velocity in the frequency domain. Therefore the active 
intensity component that describes the transport of acoustic 
power can be used to determine the bearing of a sound source 
without ambiguity. During target detection experiments 
a scientific research ship, 42 m in length and 6 m in width, 
served as the target. The glider dived twice in total to depths 
of 579 m and 962 m respectively, and acquisition of the ship’s 
radiated noise was executed by the AVS on the acoustic sea 
glider during the first dive. The outputs of the attitude sensors 
are presented in Fig. 5(a), and it can be observed that the 
underwater glider adjusts the heading frequently between −10° 
and 10°, making itself move forward as scheduled. Fig. 5(b) 
shows the azimuths of the target ship estimated by AVS with 
no attitude correction and veracious azimuths measured 
by the GPS from the time of 15:16 to 16:17; obviously, the 
glider’s movement caused serious deviations. Fig. 5(c) shows 
the estimated azimuths after attitude correction (extended 
Kalman filter), which are very close to the values measured by 
the GPS, and the bearing accuracy achieved was better than 10°.

Fig. 5. Outputs of the attitude sensors when the glider is diving (a) and DOA estimation results before attitude correction (b) and after attitude correction (c)

Fig. 4. CTD and ambient sea noise data collected through acoustic sea glider in the South China Sea
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CONCLUSIONS

Propeller-less propulsion and stable movement make the 
sea glider the perfect underwater moving platform for various 
acoustic measurements. A dedicated acoustic sea glider was 
developed for underwater wide-range measurements of ambient 
sea noise and vessel-radiated noise in this paper, through 
incorporating an inertial-type acoustic vector sensor (AVS). 
The AVS located at the front end of the glider successfully 
measured underwater noise relating to sound pressure and 
particle velocity together with attitude angles. Test results 
in the anechoic tank show that the AVS has comparatively 
low self-noise, and the radiated noise is acceptable when the 
acoustic sea glider is sliding. Sea trial results demonstrated that 
the AVS worked well when the acoustic sea glider was diving 
from the surface down to the deep sea. The bearing accuracy 
of the target through the AVS on the sea glider is better than 
10° after attitude correction. This research is of important 
significance for the application of AVS on acoustic sea gliders, 
and moreover underwater observation could be more effective 
in both the military and civilian fields with the employment 
of a sea glider cluster and various acoustic sensors.
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ABSTRACT

Most ship collisions and grounding accidents are due to errors made by watchkeeping personnel (WP) on the bridge. 
International Maritime Organization (IMO) adopts the resolution on the Bridge Navigation Watch Alarm System 
(BNWAS)  detecting operator disability to avert these accidents. The defined system in the resolution is very basic 
and vulnerable to abuse. There is a need for a more advanced system of monitoring the behaviour of WP to mitigate 
watchkeeping errors. In this research, a Bridge Navigation Watch Monitoring System (BNWMS) is suggested to achieve 
this task. Architecture is proposed to train a model for BNWMS. The literature reveals that vision-based sensors can 
produce relevant input data required for model training. 2D body poses belonging to the same person are estimated from 
multiple camera views by using a deep learning-based pose estimation algorithm. Estimated 2D poses are projected into 
3D space with a maximum 8 mm error by utilising multiple view computer vision techniques. Finally, the obtained 3D 
poses are plotted on a bird’s-eye view bridge plan to calculate a heatmap of body motions capturing temporal, as well 
as spatial, information. The results show that motion heatmaps present significant information about the behaviour 
of WP within a defined time interval. This automated motion heatmap generation is a novel approach that provides 
input data for the suggested BNWMS.

Keywords: Safety of Navigation, Navigation Watch, Deep Learning, 3D Body Pose

INTRODUCTION

Many studies have shown that maritime accidents are often 
the result of human error. Along with improved ship design 
and technology, there has been noticeable progress on accident 
analysis [1, 2] and risk management [3, 4]. This progress 
contributed to a 50% drop in reported shipping losses in 2020, 
compared to 2011 [5]. Besides this, maritime accidents have 
declined globally since 2013 [6]. However, the numbers are still 
large enough to threaten marine ecosystems, the environment 
and local economies when considering the catastrophic 
consequences of such incidents [7]. In particular, collisions 
and groundings have the potential to cause catastrophic results. 
Analyses of collisions and groundings show that 96.5% of 

errors occur on the bridge, where the main actor involved has 
been the officer in charge of the navigation watch (OOW) [8]. 
Thus, proper watchkeeping during ship navigation is of great 
importance, to prevent pollution of the marine environment 
and loss of both life and property.

The master of the ship shall ensure that watchkeeping 
arrangements on the ship are adequate for safe navigation 
[9]. The most important issue in arranging watchkeeping is the 
competence and fitness of OOW and the lookout. OOW should 
understand individual and team roles and responsibilities 
during a navigational watch, and an OOW should be familiar 
with all navigational installations and equipment. The lookout 
must know how to keep a continuous and proper look-out. 
Watchkeeping personnel (WP), both the OOW and the lookout, 

* Corresponding author: gokcekv@itu.edu.tr (V.Gokcek)
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should not deal with any other duties or actions other than 
their responsibilities related to navigational watch.  

Proper watchkeeping and the responsibilities of WPs are 
well defined in the International Convention on Standards 
of Training, Certification, and Watchkeeping for Seafarers 
(STCW) Chapter VIII – Standards Regarding Watchkeeping 
[9]. There are routines to fulfil those watchkeeping standards, 
such as fixing the ship’s position frequently, maintaining visual 
look-out, checking the track, monitoring the navigational 
hazards, verifying compass input and steering, etc. [10]. 
Deviation from these routines means that the watch is below 
standard and a situation may occur, forming the basis for 
the occurrence of a maritime accident. Poor look-out and 
insufficient use of navigation equipment are among the 
watchkeeping routines that are the root causes of groundings 
and collisions [11]. To prevent such non-conformities, the 
master of the ship controls WPs during navigational watch, 
by randomly visiting and checking them. However, the master 
cannot control all navigation watches during the whole voyage. 
Thus, International Maritime Organization (IMO) adopts the 
Resolution MSC.128(75) Performance Standards for a Bridge 
Navigation Watch Alarm System (BNWAS), to detect operator 
disability which could lead to marine accidents [12]. The system 
monitors the absence of watchkeeping on the bridge and 
automatically alerts the Master or the backup officer or, even, 
all of the crew. However, the defined system in the resolution 
is very basic and vulnerable to abuse.  

BNWAS has a reset mechanism which is a combination 
of push-buttons and motion detectors on the bridge, as well 
as event listeners on the electronic navigation equipment. If 
it is not reset within the manually defined period (between 
3 and 12 minutes), alarm stages start from the bridge to all 
necessary locations. While this approach can detect the absence 
or disability of WP on the bridge, it is not sufficient to evaluate 
whether there is proper watchkeeping. Resetting BNWAS at 
every period does not mean that WPs follow their watchkeeping 
responsibilities based on STCW, it is just proof that there is 
a WP on the bridge, even when the WP is drowsy or affected by 
fatigue. Along with BNWAS, there is a need for a more advanced 
evaluation system to enhance the safety of navigation. 

An artificial intelligence-based automated system that 
continuously monitors the behaviour of WPs improves ship 
navigation safety. This system detects nonconformities and 
gives feedback to improve the behaviour of WPs by monitoring 
their watchkeeping performance. Also, WPs keep a proper 
watch if they know that they are continuously being monitored. 
In this respect, an architecture is proposed to train a model 
for a Bridge Navigation Watch Monitoring System (BNWMS). 
In this architecture, vision-based sensors are suitable for the 
bridge environment to collect training data.  

This study focuses on the automated motion heatmap 
generation of WP during navigation watch. A multi-video 
camera system is established on the actual bridge. Multiple 
cameras are calibrated to enable 3D projection. 2D body poses 
belonging to the same person from multiple camera views are 
estimated by using a deep learning-based pose estimation 
algorithm. The backward projection method, with camera 

parameters, is utilised to construct a 3D body pose from 
estimated 2D poses. An error function is defined to eliminate 
incorrectly calculated 3D body poses, while maximum and 
minimum lengths for body parts are assigned to validate the 
results. A heatmap of body motions is generated by plotting 
validated 3D body poses in the bird’s-eye view (2D) bridge 
plan. This automated motion heatmap generation, presenting 
both temporal and spatial information, is a novel approach that 
enables the training of a deep learning-based model monitoring 
the behaviour of WP during navigation. 

The article is organised as follows. Section 2 gives information 
about the study’s background and related literature. Section 3 
outlines the methodology used in the analysis, while Section 
4 details the results of a case study. Section 5 discusses the 
research findings. The final section remarks on the implications 
and concludes the article. 

BACKGROUND

Although there is no research on the behaviour of seafarers, 
based on machine learning or deep learning techniques, many 
different methods are proposed for the analysis of human 
behaviour, in terms of human activity recognition in many 
areas. Human activity recognition determines body posture, 
movements, and actions using multimodal data from various 
sensors. Previous studies on the recognition of human activities 
can be categorised, broadly based on the sensors used.  These 
categories include vision-based sensors, wearable sensors, 
mobile phone sensors, and social network sensors [13]. Vision-
based sensors produce images that enable the recognition of 
many different activities [14]. Mobile phones, smartwatches, 
and other wearable sensors calculate cardiovascular parameters 
or inertial data to monitor health conditions and sports 
activities [15]. Social network sensors enable an understanding 
of users’ behaviour and interests, if they actively use social 
media sites [16]. 

Both visual and wearable sensors can extract relevant data 
for the behaviour analysis of WP during navigation. While 
examining restricted areas, like a bridge, many types of 
research use vision sensor technologies, such as RGB cameras, 
for event monitoring and recognition, rather than relying on 
wearable sensors [17]. Besides, the use of wearable sensors 
can distract WP, and reduce awareness and performance. 
Thus, the use of image data would be more appropriate for the 
bridge environment. Models have been developed which detect 
and identify emotions [18], gestures [19], mouth and flexion 
movements [20], eye movements [21] skeletal structures [22], 
and physical activities [23], using only image data with a deep 
learning approach. For flexion, eye movement, and emotion 
recognition, the face of the person should be constantly 
monitored with a high-resolution camera. These models are 
mostly trained to assess drivers and pilots. However, WP on the 
bridge does not sit in a fixed position like a driver or pilot but 
walks in a wide area during a watch. Therefore, it is difficult to 
monitor the permanent face of WP on the watch. Besides, the 
area that WPs occupy during a navigation watch is important 
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to understanding watchkeeping behaviour. Thus, constructing 
3D body pose features from vision sensors and plotting them 
onto a 2D bridge plan is an appropriate approach for the bridge 
environment.

The simplified architecture shown in Fig. 1 is proposed 
to train a model for BNWMS on the behaviour analysis of 
seafarers. In this model, the input is the tracked 3D body-
pose features (i.e. xij is the jth pose parameter at the ith frame) 
while the output is the label for the WP’s behaviour in that 
time (i.e. yk is the class label). Classification labels can easily be 
obtained by expert evaluation (for example, an expert can label 
the actions of the WP seen in the video). However, the body 
pose features within a defined time interval constitute a high 
dimensional space. Those features should be converted into 
simpler input data, useful for behaviour analysis. It is assumed 
that knowing the areas that WPs occupy on the bridge is an 
essential input to comprehend what they are doing during 
a navigational watch. Thus, we focus on motion heatmaps of 
the 3D body-poses of WPs. 

Firstly, there should be multiple camera views to extract 3D 
body-pose features. When using multiple cameras to analyse 
the same scene, camera calibration is a necessary step. In 
the context of multiple view geometry in computer vision, 
camera calibration is used to find the camera’s intrinsic and 
extrinsic parameters. While intrinsic parameters refer to 
optical characteristics and internal camera geometry, extrinsic 
parameters are the 3D position and orientation of each camera 
frame relative to a  world coordinate system  [24]. Those 
parameters enable mapping between 3D world coordinates and 
2D image coordinates. There are various camera calibration 
algorithms and they can be classified as linear, nonlinear, and 
multi-step techniques [25, 26]. Multi-step techniques are more 
accurate than linear methods and are faster than nonlinear 
methods. The four-step camera calibration developed by 
Heikkila & Silven [27] and the bias-corrected version of this 
algorithm developed by Heikkila [28], are well-known and 
most-used in the multi-step category. In this study, the latest 
version of Heikkila’s camera calibration is utilised.

Secondly, a 2D pose estimation algorithm is required to 
estimate body parts from each camera. When a body pose 
is detected on at least two camera views, a 3D pose can be 
constructed by using camera parameters. The pose estimation 

algorithm must work in real-time and detect multiple persons 
in the scene. There are top-down and bottom-up approaches to 
detect people and their poses in the image. Top-down methods 
[29, 31] detect people first and then estimate their body parts 
on each detected region; this is followed by calculation of the 
relevant pose of each person. On the contrary, bottom-up 
methods detect all joints first, then associate them to create 
a possible pose for each person [22, 32]. Each method has its 
advantages, however, for this study, fast multi-person pose 
estimation is necessary to assess real-time behaviours of WP 
during a watch. 

Top-down methods apply a  person detector to detect 
people and use single-person pose estimation (SPPE) for each 
detected person. Since those methods need to detect each 
person independently, they show less accuracy in overlapping 
situations. Also, running the SPPE model for every person 
consumes time, depending on the number of detected people. 
On the other hand, bottom-up methods find all joints and 
combine them properly for each possible person in the image. 
They take the most time to pair corresponding joints. However, 
grouping the detected joints is less costly than repeating the 
SPPE for each detected person. Bottom-up methods can extract 
body parts correctly, even if there are overlapped people. The 
performances of the state-of-the-art bottom-up method 
OpenPose [22] and the top-down method HRNet [31] are 
compared. Each model was run on the same 4 hour navigation 
watch. OpenPose is approximately 24 times faster than HRNet, 
while HRNet seems more accurate than OpenPose. Since it 
is not possible to maintain real-time analysis by HRNet, we 
considered using OpenPose despite its slightly lower accuracy. 

The final step is to construct 3D poses and define a plotting 
procedure to generate the motion heatmap of those poses. 
The next section gives more detailed information about the 
methodology.

METHODOLOGY

The research methodology to generate a motion heatmap 
consists of a deep learning-based pose estimation algorithm 
and multiple view computer vision techniques. 2D body poses 
belonging to the same person are estimated by the OpenPose 
algorithm from multiple camera views. The camera parameters 
are estimated by camera calibration, to project 2D body poses 
into 3D space. The constructed 3D body poses are then plotted 
on the 2D bridge plan, to generate a heatmap of body motion. 

OpenPose is the real-time, multi-person 2D pose estimation 
algorithm based on a multi-stage Convolution Neural Network 
(CNN). The first stage of CNN predicts confidence maps of 
body part locations, while the second stage (called part affinity 
fields - PAF) encodes the degree of association between parts. 
The grouping of keypoint instances is carried out by using 
confidence maps and the PAFs together, in order to output 
the 2D keypoints for all people in the image. It predicts 25 
keypoints for each person, as shown in Fig. 4. The detailed 
methodology of OpenPose is presented in [22].

Camera calibration estimates unknown parameters of 

Fig. 1. Architecture for BNWMS
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the camera model. Heikkila’s geometric camera calibration 
model [28], based on the perspective projection, is utilised to 
find unknown camera parameters. Unknown parameters can 
be divided into intrinsic and extrinsic parameters. Extrinsic 
parameters enable the transformation of world coordinates  
(X,  Y,  Z) to camera coordinates (x,  y,  z), while intrinsic 
parameters provide the mapping of camera coordinates to 
pixel coordinates (u, v). This operation is the forward projection 
shown in Fig 2.

In the backward projection, there is a reverse application of 
the forward projection shown in Fig. 3. By using one camera 
output, there are always two equations with three unknowns. 

If the Z dimension in the 3D plane is known, in addition 
to the single-camera image points, the other two world 
coordinates can be calculated. However, since the information 
of the Z dimension is not available, it is not possible to calculate 
the 3D coordinates using the single-camera data. Instead, if the 
pixel coordinates in the same spot are known from a second 
camera, all of the 3D coordinates, along with the Z dimension, 
can be calculated. Since two different sets of pixel data from 

two cameras belong to the same point in the world coordinates, 
a series of equations emerge:

pci =  = IEi  

  (1)
eqn1i = (pci(1:1,:)/ pci(3:3,:) == pci(1:1,:));

eqn2i = (pci(2:2,:)/ pci(3:3,:) == pci(2:2,:));

where I is the intrinsic parameters matrix, Ei is a combination of 
extrinsic parameters of the th camera, pci are the calculated pixel 
points of the ith camera from unknown parameters of  X, Y, Z 
coordinates, and pi is a real observed point of the ith camera. 
The triangulation function transforms pi into X, Y, Z [9]. There 
is an error function to verify the solution and this reprojects 
X, Y, Z into each of the th camera coordinates, to re-calculate 
pixel points (rpci). The comparison between rpci and original pi 
is made over a threshold value. This value is equal to two times 
the camera calibration error because there are two calculation 
processes with calibration parameters including X, Y, Z and rpci. 
The performance of the 3D pose construction depends on the 
difference between rpci and pi. To be acceptable, this difference 
should be smaller than the threshold value.

Since there is always more than one WP on the bridge, the 
OpenPose algorithm finds multiple poses. At that point, the 
problem of correct matching 2D poses from different views 
arises. If OpenPose finds two people on two camera views, 
the backward projection algorithm would create four possible 
3D poses. Although the defined threshold value for backward 
projection eliminates the wrong 3D poses, max-min length 
values for detected body parts are also assigned. These length 
limits validate the result of the backward projection algorithm. 
Fig. 4 shows the pose format of OpenPose and defined max-
min lengths for detected body parts.

Due to occlusions on the bridge, backward projection may 
not be able to construct a complete 3D pose. So, only essential 

Fig. 2. Forward projection

Fig. 3. Backward projection

Fig. 4. OpenPose body joints, colour codes, body parts sequence [22], and defined limits
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body parts are defined. Fig. 5 shows the required body parts 
of the 3D pose and its plotting on the 2D bridge plan. Our 
algorithm seeks those multiple parts in a given sequence, C1 to 
C21, based on those detected first. If any of the combinations 
are found within validated 3D poses, the algorithm plots it on 
the 2D bridge plan. While plotting, Neck or Mid Hip is adjusted 
as a centre of rectangular dimensions 250 mm x 500 mm 
(height x width).

Plotting all of the validated 3D poses of WPs on the 2D 
bridge plan, within a defined time interval, creates a map. 
A heatmap of those plotted poses shows us the motions of WP 
during a watch. The more heated areas on the map represent the 
more occupied locations during a watch. Since the location of 
the navigation equipment is known, the assessment of watches 
can be inferred based on which locations the WP occupied.

CASE STUDY

During the case study, a night watch was used because 
vision-based pose estimation during the nighttime is more 
challenging than in the daytime. Data was collected from 
a real bridge environment. A camera system was established 
on the bridge of a bulk carrier. The installed video cameras had 
clear night vision that would not disturb the WPs. Each video 
camera location and angle of view was adjusted to maximise 
the field of view and minimise the blind spots. The resolution of 
the recorded camera views was 2560 x 1944 pixels, which was 
enough to identify body pose. Three months of video recording 
data were collected from multiple camera views. The proposed 
methodology was applied to generate motion heatmaps and 
the results are given in the following subsections.

Fig. 5. Plotting 3D poses on the 2D bridge plan
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CAMERA CALIBRATION

The calibration procedure required the 3D coordinates of 
the control points and the corresponding pixel coordinates for 
those control points in each camera view. Our data comprised 
video recordings from two video cameras on the bridge. Each 
camera was positioned differently, with a special orientation 
to reduce blind spots. Sample images of the camera views and 
calibration objects are shown in Fig. 6. 380 mutual control 
points were defined. X, Y, Z coordinates of each control point 
and their observed u, v points were recorded for each camera. 
The recorded input data was used to conduct camera calibration 
by the Heikkila method [28].

During calibration optimisation, the intrinsic and extrinsic 
parameters of the cameras were calculated in 20 iterations. 
Fig. 7 shows the extrinsic parameters for two of the cameras, 
along with the control points used; Table 1 shows the recovered 
intrinsic parameters (assumed to be the same for all cameras) 
with average pixel error.

An error of 2.97-3.00 pixels in (u, v) coordinates corresponds 
to a maximum 8 mm error in the world coordinate system. 
These error values are acceptable for detecting and tracking 
human body parts in the bridge environment. The threshold 
values for reprojection errors were set to 5.94-6.00 pixelswhich 
is two times the camera calibration error.

3D POSE CONSTRUCTION 

By using calibrated multiple camera views, the body pose of 
WP could be mapped and tracked in 3D space. However, there 

Fig. 6. Bridge camera views with the calibration object

Fig. 7. Camera extrinsic parameters with used control points

Tab.1. Camera Intrinsic Parameters

Focal Length [1757.47 1761.57] +/- [5.27 5.24]

Principal point [1254.80 956.48] +/- [11.52 7.11]

Skew [ 0.00 ] +/- [ 0.00  ]

Distortion [-0.32 -0.08 -0.00003 -0.00004 0.00 ] 
+/- [0.007 0.007 0.00   0.00  0.00 ]

Pixel error [ 2.97   3.00 ]
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should be 2D poses from each camera, to construct the 3D 
poses. Therefore, a real-time multi-person 2D pose estimation 
algorithm – OpenPose (developed by Cao et al. [22]) – was 
utilised to estimate body poses from multiple views.

The pose detection algorithm seeks the pixel data of each 

joint on each camera image, then combines them properly for 
each possible person in the image. As shown in Fig. 8, poses 
for two people were detected on both camera views. 

Openpose estimated Po11 and Po12 on camera CAM1 and 
Po21 and Po22 on camera CAM2. This means that the backward 

Fig. 8. Results of pose estimation algorithm on each camera image

Tab. 2. Pixel points of each detected joint and possible world coordinates of those joints

Tab. 2. Main particulars of the barge model

BODY JOINTS

Pixel Coordinates of Detected Body Joints (u-v) World Coordinates Of Possible Body Joints (X-Y-Z)

CAM1 CAM2
Pe1 Pe2 Pe3 Pe4Po11 Po12 Po21 Po22

0 Nose 1048-546 2336-1054 443-242 48-358 2783-812-1450 - 4292-2401-1670 3235-2531-1450

1 Neck 947-562 2151-1134 480-232 84-367 2826-645-1434 3664-1594-1431 4168-2230-1597 3270-2392-1355

2 Rsho 839-572 2089-1245 476-229 87-360 2993-612-1448 3725-1574-1397 4207-2215-1611 3443-2377-1362

3 Relb 865-801 2218-1511 480-294 73-433 3021-635-1142 - 4175-2272-1413 3336-2525-1079

4 Rwri 960-960 2358-1219 - 52-376 - - 4209-2358-1562 3297-2559-1357

5 Lsho 1060-538 2168-1022 495-239 85-381 2592-644-1411 3432-1588-1421 4106-2228-1563 3040-2384-1327

6 Lelb 1123-683 2244-1320 482-302 68-447 2567-734-1177 3967-1677-1249 4070-2305-1400 3058-2525-1073

7 Lwri - 2358-1202 - 46-385 - - - 3237-2575-1338

8 Mhip 885-802 1818-1460 564-310 151-457 2764-352-1000 3432-1314-888 3886-1920-1221 3231-2168-879

9 Rhip 804-811 1766-1539 546-327 146-465 2917-361-977 3444-1324-791 3967-1941-1213 3325-2177-847

10 Rknee 909-1029 1729-1828 541-418 154-544 2849-465-592 3627-1393-358 3805-1923-920 3385-2224-476

11 Rankle 960-1270 - - - - - - -

12 Lhip 934-784 1875-1406 587-319 154-468 2610-302-962 3397-1314-890 3835-1913-1193 3092-2175-847

13 Lknee 856-1025 - 595-420 168-557 2801-247-518 - 3814-1865-869 -

14 Lankle 859-1202 - - 194-637 - - 3717-1782-536 -

15 Reye 1026-530 2308-1029 440-233 53-347 2824-812-1486 - 4287-2378-1692 3284-2502-1485

16 Leye 1061-520 2339-997 445-235 55-351 2750-808-1480 - 4265-2369-1679 3180-2509-1469

17 Rear 952-516 2192-1058 470-232 - 2826-673-1473 3612-1629-1465 - -

18 Lear - - - 75-354 - - - -

19 Lbtoe 933-1242 - - 185-645 - - 3652-1831-503 -

20 Lstoe 934-1217 - - 179-655 - - 3667-1863-507 -

21 Lheel 833-1239 - - 217-640 - - 3689-1682-461 -

22 Rbtoe 1024-1350 - - - - - - -

23 Rstoe 987-1355 - - - - - - -

24 Rheel 957-1303 - - - - - - -
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projection algorithm produced four possible 3D poses. The 
pixel points of the joints were detected by OpenPose and the 
3D coordinates of those joints were calculated by backward 
projection and are listed in Table 2. Pe1, Pe2, Pe3, and Pe4 are 
possible 3D poses created by the combination of Po11, Po12, 
Po21 and Po22. When obtaining the 3D poses, only the joints 
detected on both camera views were used by the backward 
projection algorithm.

Table 3 shows reprojection errors for the calculated 3D 
coordinates of joints and the lengths of body parts obtained 
from those joints. While both Pe1 and Pe4 have acceptable 

reprojection errors and part lengths, Pe2 and Pe3 have large 
reprojection errors and unacceptable lengths for more than 
50% of detected body parts.

3D plotting of all the estimated 3D poses and validated 3D 
poses, after elimination, is shown in Fig. 9. It can be seen that 
validated 3D poses of WPs explain the real poses and locations 
of WPs shown in Fig. 8. Since some joints are not detected on 
both cameras, some body parts are missing in the constructed 
3D poses. However, essential body part combination C2 is 
detected for both Pe1 and Pe4. This means that validated 3D 
poses can be mapped on the 2D bridge plan.

Tab. 3. Reprojection errors and lengths of body parts

Fig. 9. 3D pose of WPs

BODY JOINTS
Reprojection errors of calculated 3D Body Joints 

(<6 pixels) Body
Parts 

Sequence

Lengths of Body Parts 
(mm)

Pe1 Pe2 Pe3 Pe4 Filters Pe1 Pe2 Pe3 Pe4

0 Nose - 240-818 - 3-5 1-8 400-600 528 655 563 528

1 Neck 2-8 163-591 696-109 5-3 1-2 140-250 171 72 44 174

2 Rsho 1-2 160-597 696-136 1-0 1-5 140-250 235 233 71 231

3 Relb 5-11 252-647 - 4-3 2-3 250-400 308 - 209 336

4 Rwri - 288-549 - 7-1 3-4 200-300 - - 176 283

5 Lsho 2-6 158-580 614-102 14-10 5-6 250-400 252 569 183 291

6 Lelb 1-2 226-649 848-60 6-2 6-7 150-300 - - - 323

7 Lwri - - - 4-1 8-9 75-200 154 98 83 100

8 Mhip 7-7 149-420 521-142 2-1 9-10 350-500 405 475 336 378

9 Rhip 4-8 161-467 482-145 9-7 10-11 350-500 - - - -

10 Rknee 2-4 189-416 473-105 4-2 8-12 150-300 166 35 59 142

11 Rankle - - - - 12-13 400-500 487 - 328 -

12 Lhip 7-5 146-421 550-120 1-1 13-14 400-500 - - 357 -

13 Lknee 1-1 184-426 - - 1-0 150-250 173 - 224 172

14 Lankle - 192-389 - - 0-15 50-100 54 - 32 66

15 Reye 0-1 219-775 - 2-6 15-17 50-100 140 - - -

16 Leye - 209-753 - 3-1 0-16 50-100 44 - 43 63

17 Rear 2-7 - 676-96 - 16-18 50-100 - - - -

18 Lear - - - - 14-19 350-500 - - 87 -

19 Lbtoe - 196-366 - - 19-20 60-120 - - 35 -

20 Lstoe - 203-394 - - 14-21 80-120 - - 128 -

21 Lheel - 178-355 - - 11-22 350-500 - - - -

22 Rbtoe - - - - 22-23 60-120 - - - -

23 Rstoe - - - - 11-24 80-120 - - - -

24 Rheel - - - - Detected Parts 13 7 17 13

Avg error 3.5 364.6 365.2 3.9 Acceptable Parts 13 3 4 13
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MOTION HEATMAP GENERATION

Estimated 3D poses of WPs are plotted onto the 2D 
bridge plan shown in Fig. 10. The position of the Neck is 
adjusted as the centre of the rectangle and the dimensions 
are 250 mm x 500 mm (height x width). 

As shown in Fig. 10, one WP is standing on the Electronic 
Chart Display and Information System (ECDIS), which is the 
navigating software program, while another is in the look-out 
area, which is the infront of the electronic navigation equipment. 
This may mean that the officer WP is checking the position of 
the vessel on the ECDIS, while the lookout WP is continuing 
as a look-out to detect collision situations. However, a single 
screenshot of the watch is not enough for that assessment. The 
evaluation should be based on the behaviour of WPs within 
a time interval. Heatmap plotting of estimated 3D poses on the 
2D bridge plan, within defined time intervals, is assumed to 

fulfil evaluation criteria. Although there should be a continuous 
and proper look-out at all times, during dense marine traffic, 
more attention should be given by both WPs. As well as a look-
out, proper use of other electronic navigation equipment is 
also essential to avoid collisions. A ship’s position should be 
checked periodically, depending on the proximity to shallow 
waters and how dense the marine traffic is. Broadly speaking, 
the importance of watchkeeping can be classified depending on 
navigation areas, such as shallow waters, coastal waters, and open 
seas. Heatmaps should be adjustable, based on those navigation 
areas. The defined period for BNWAS is 3 to 12 minutes [12]. 
The same intervals can be assigned for our heatmaps as follows: 
3 minutes for shallow waters, 6 minutes for coastal waters, and 
12 minutes for open seas. In this study, the motion heatmaps 
generated within 12 minute intervals are presented in Fig.11. 

Visual checks show that, during Case 1, the lookout stays 
and walks on the look-out area, while the OOW uses the 

Fig. 10. Plotting 3D poses on the 2D bridge plan
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ECDIS, Radio Detection and Ranging (RADAR), Auto Pilot-
Helm, Global Maritime Distress and Safety System (GMDSS) 
console, and navigation table. During Case 2, the lookout 
still uses the look-out area, however, the OOW largely uses 
the navigation table. In Case 3, the lookout just stays in the 
same place and the OOW stays on the ECDIS and sits on the 
chair. In the final case, the lookout walks in the look-out area, 
while the OOW uses all of the navigation equipment, except 
the GMDSS console. These cases show the brief behaviour of 
WPs for the defined period. 

Since the performance of WPs is affected by how they follow 
their responsibilities, heatmaps provide simple and significant 
information for understanding what they are doing during 
their watch. In that respect, motion heatmaps explain the 
behaviour of WPs, providing suitable input data for training 
a model on behavioural analysis of WPs. 

DISCUSSION ON FINDINGS

Camera calibration results show that pixel coordinates 
can be converted to world coordinates by using the 
backward projection algorithm with a maximum 8 mm error 
(~3.00 pixel). This error can be reduced to a sub-pixel value 
[33], [34] by using a more accurate calibration object with 
precise localisation on the bridge. However, acceptance of the 
error value depends on the task to be performed. The plotting 
algorithm for motion heatmaps creates a rectangle with the 
dimensions 250 mm x 500 mm. 8 mm error in both X and 
Y axes is equal to a 0.05% predicted plotting area. In other 
words, camera calibration has 99.95% accuracy in motion 
heatmap generation. 

The accuracy of the 3D pose construction depends on 
the accuracy of both the 2D pose estimation algorithm and 
camera calibration. The heatmap generation algorithm seeks 
a combination of neck, shoulders and hip joints and plots 

‘neck’ or ‘mid-hip’ on the map. The accuracy of OpenPose on 
those key joints is ~85% on the MPII human multi-person 
dataset [35]. Since the camera calibration has too small an 
error, compared to Openpose, 3D pose construction accuracy 
is equal to the 2D pose estimation algorithm. There is a trade-
off between accuracy and speed, when choosing the right 
pose estimation algorithm. Collected high-resolution video 
recordings have 12 frames per second (fps) and there are always 
multiple persons on the bridge. The pose estimation algorithm 
should work with at least 24 fps, to estimate multiple poses 
from two video cameras in real-time. Only the OpenPose 
running in NVIDIA GeForce GTX-1080 Ti GPU and i7-6850K 
CPU is satisfying that requirement for this research. Fps can 
be lowered, to enable more accurate algorithms running real-
time, such as AlphaPose [29] or METU [36]. Nevertheless, lower 
fps means that fewer frames will be used to produce motion 
heatmaps. This will lead to a non-smooth tracking with pose 
jumps. So, Openpose is the most appropriate algorithm for the 
time being, however, if a new pose estimation algorithm which 
would have more accurate results with more fps is developed 
in the future, it can be easily adapted to the system developed 
in this research. 

Direct tracking of 3D pose features that present full 
information about the physical activities of WP can be 
proposed as an input. Only the uninterrupted, complete 
3D pose construction can make this possible. Navigation 
equipment obstruct constructing complete 3D poses. Rather 
than tracking completed 3D poses, another input producing 
method should be suggested. Monitoring the watchkeeping 
behaviour of WP is mainly based on whether the WP is 
following the routines of the navigation watch. The location 
where WPs stand and the time they spend at that location 
are proof that they are following those routines. While the 
motion heatmap generation developed in our research works 
with incomplete 3D pose information, it captures temporal as 
well as spatial information. The motion heatmaps shown in 

Fig. 11. Motion heatmaps of 3D body poses belonging to 12 minutes period of a night navigation watch
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Fig. 11, present the behaviour of WPs within the defined time 
interval. In that respect, heatmaps of body motions is a novel 
approach to generate input for training a deep learning-based 
behaviour analysis model.

CONCLUSIONS

IMO recognises that many operational bridge-related 
marine accidents are caused due to the lack of a  system 
detecting the incapacity of the OOW. IMO makes the BNWAS 
mandatory for the ships defined in Resolution MSC.282(86) to 
avert those accidents. However, the defined system is very basic 
and vulnerable to abuse. There is a need for a more advanced 
system to mitigate watchkeeping errors and improve the safety 
of navigation. In this study, BNWMS, which continuously 
monitors the behaviour of WP autonomously, is suggested 
to fill this gap. Automated motion heatmap generation is 
developed to provide input data for BNWMS.

A multi-video camera system was established to obtain 
data from an actual bridge. A real-time multi-person 2D pose 
estimation algorithm was run on each camera view to estimate 
2D body poses. The backward projection method constructed 
3D body poses from binary 2D poses. Although the defined 
error function in backward projection eliminates wrong 3D 
poses, a filtering algorithm was developed to validate the 
results. Validated 3D body pose features were plotted on the 
2D bridge plan to generate motion heatmaps of WPs within 
a defined time interval.

The results show that it is possible to obtain motion 
heatmaps that give important information about watchkeeping 
behaviour. Automated motion heatmap generation is a novel 
approach to produce input data for behaviour analysis of WPs. 
An expert can make visual evaluations with the heatmaps 
of certain periods constructed in this study. However, the 
final goal is to automate the whole process by establishing 
BNWMS. Therefore, training a deep learning model using 
motion heatmaps to make the evaluation process by machine 
forms part of our future work.

This is the first study of vision-based behaviour analysis 
on a ship’s bridge. It is thought that this study, which is the 
first in its field, will be the basis for a series of other studies. 
In addition, the approach in this study will pave the way for 
behaviour analysis in environments other than ships (such as 
factories) that require working in a large area.
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ABSTRACT

This article provides a review of the possibility of using different types of reactors to power ships. The analyses were 
carried out for three different large vessels: a container ship, a liquid gas carrier and a bulk carrier. A novelty of this 
work is the analysis of the proposal to adapt marine power plants to ecological requirements in shipping by replacing 
the conventional propulsion system based on internal combustion engines with nuclear propulsion. The subjects of 
comparison are primarily the dimensions of the most important devices of the nuclear power plant and the preliminary 
fitness analysis. It was assumed for this purpose that the nuclear power plant fits in the engine room compartment and 
uses the space left after the removal of the combustion engines. At the same time, this propulsion provides at all times 
sufficient energy for port, technological and shipping operations at an economically justifiable speed. For deep-sea 
vessels, which are supposed to reach null emissions of CO, CO2, NOx, SOx and H2O, this is one of the most reasonable 
solutions. Finally the paper proves that all the above-mentioned marine functions could be effectively applied in power 
plants equipped with 4th generation nuclear reactors. 

Keywords: nuclear reactor, ship propulsion, nuclear power plants

INTRODUCTION

The growth of international trade is increasing the demand 
for the transportation of goods between different regions 
of the world. Currently, 80% of the volume and 70% of the 
value of all cargo is transported by ships. With an increased 
number of ship journeys, the amount of fuel burned is 
growing, which increases the production of CO2, NOx and 
SOx, having an adverse impact on the environment [1], [2]. 
A reduction of the harmful impact on the environment can 
be achieved, among others, by modernizing existing systems 
and improving their parameters [3], [4] and by additionally 
introducing and developing new solutions, such as fuel cells 
[5] or nuclear propulsion. Nuclear fuel has the advantage of 

negligible life-cycle CO2 emissions and a relatively low price 
compared to other fuels [6]. 

Currently, nuclear fuel is used in Russian warships and 
icebreakers (Taimyr and Arctica) [7]. The list of active Russian 
navy ships consists of 64 units [8], 14 of which have nuclear 
propulsion, as described in Table 1. There are plans to launch 
the construction of new nuclear submarines. In the near 
future two nuclear submarines armed with intercontinental 
ballistic missiles are to be built, along with two diesel-powered 
submarines. 

Examples of other nuclear-powered ships include NS 
Savannah, Otto Hahn, Mutsu, and NS Sevmorput [9]. The 
future of water transport is in the use of small nuclear reactors 
on commercial ships, e.g. container ships, bulk carriers or 

* Corresponding author: mardrosi@pg.edu.pl (M. Drosińska-Komor)
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liquid gas carriers. For reasons of operational safety, it is 
proposed to use reactors of the 4th generation such as the 
HTGR reactors (High Temperature Gas Reactors), where 
nuclear fuel in the form of TRISO fuel can be used. In order 
to cool the reactor, helium should be used, the leakage of 
which, in the event of damage, will not cause a threat to the 
ship’s crew or to the environment.

 Tab. 1 Russian nuclear attack submarines

Class Project Boat Commissioned

Sierra II
945A Nizhny Novgorod 1990

945A Pskov 1993

Victor III
671RTMK Obninsk 1990

671RTMK Tambov 1992

Akula

971 Bratsk 1989

971 Pantera 1990

971 Narval 1990

971I Kuzbass 1992

971I Volk 1992

971I Leopard 1993

971I Tigr 1994

971I Samara 1995

971U Vepr 1996

971M Gepard 2000

Th is article also presents the existing concepts of the 
use of nuclear propulsion, currently most oft en occurring 
in submarines. Th is work presents the possibility of using 
reactors to propel ships in order to improve their energy 
performance by replacing the combustion engines of some 
existing types of ships with nuclear reactors. Th e potential 
realisation of this advantageous idea proves that the use 
of a VHTR reactor plant does not change signifi cantly the 
machinery room dimensions and even off ers the possibility 
to enlarge the cargo space. Th is is particularly important for 
the forecasted new ship types. 

Th e main novelty, to the best of the authors’ knowledge, is 
the proposal to replace traditional internal combustion engines 
with a drive using nuclear reactors. Numerous advantages of 
VHTR marine applications are also quoted and discussed. 
Th ey mainly concern environmental, technical and economic 
features. Th is paper also compares the dimensions of the 
most important devices. Th e research goal is to analyse the 
feasibility of replacing internal combustion engines powered 
by fossil fuels with turbines using nuclear reactors. Th e 
technical goal is to determine the change in the dimensions 
of the essential components for deep-sea vessels which, in 
the long run, will strive for zero emissions of CO, CO2, NOx 
and SOx. A novelty is the analysis presenting the possibility 
of replacing the combustion engine with nuclear propulsion 
to make ships more environment-friendly. Th e dimensions 
of the essential components of the nuclear power plant have 
been compared and a preliminary effi  ciency analysis has 
been carried out. 

A BRIEF OVERVIEW OF REACTORS 
SELECTED FOR MARINE PROPULSION

Ishida and Yoritsune have presented a low-power 
Pressurised-Water Reactor (PWR) called the “DRX deep-
sea reactor” [10]. It is used in a research bathyscaphe capable 
of diving to a depth of 6.5 m. Th is reactor has a power of 
750 kWt, or 150 kWe. It was studied at the Japan Atomic 
Energy Research Institute in terms of its suitability for 
submarine use. Fig. 1 shows a diagram of the location of the 
reactor in the submarine. Th is boat has a total length of 24.5 m 
and a width of 4.5 m. Th e reactor has an operating pressure 
of 8.4 MPa, and temperatures at the inlet and outlet of 282 
and 298 °C, respectively., Th e steam temperature is 243 °C and 
the pressure is 3 MPa. Th e core is cooled by a natural coolant 
circulation system. Th e upper space inside the reactor is fi lled 
with water. Only control rods are used to adjust the power of 
the reactor. In this reactor, the values of the negative reactivity 
coeffi  cients of the moderator density are greater than those 
in a conventional onshore PWR reactor [11].

Fig.  1. Th e location of the reactor and other compartments 
in the bathyscaphe based on [10]

A Small Modular Reactor (SMR) for off shore drilling 
platforms (fi xed and fl oating) has been presented by Yan [12]. 
Th is concept was also explored by Lee et al. [13], who improved 
the safety features of the reactor by providing passive cooling 
and a reactor-vessel emergency cooling system. Sea water is 
used for this purpose (the reactor is submerged). Floating 
reactors have also been presented by Isshiki [14] and by 
Tanigaki et al. [15], whose papers focused on the safety aspects 
of designing a ship. Th e research on the safety and use of 
reactors in watercraft  has been ongoing since that time.

Th e small reactor with a sodium-based Direct Reactor 
Auxiliary Cooling System (DRACS) (Fig. 2) [16] has apower of 
50 MWe, and the device can be used on land. Th e advantages 
of this reactor are the lack of the requirement for continuous 
fuel supply and the service life of its core without refuelling, 
assumed to be 30 years. Due to its dimensions and power, 
the reactor can be used for ship propulsion. Th is system 
equipped with 50 MWe can achieve a power of 120 MWt. 
Th e reactor has just one cooling system and uses fuel in the 
form of ternary metal. Th e temperature of the primary system 
is at a level of 550/395 °C. Flow diodes (Tesla valves) are used 
for protection and allow the occurrence of natural convective 
fl ow for the removal of decay heat.
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F ig. 2. Th e DRACS system based on [16]

Th e NEREUS project acronym stands for: “A Naturally 
safe, Effi  cient, pebble-bed Reactor graphite moderated easy 
to operate, Ultimately Simple and small” [17]. Th e project 
includes ideas on the possibilities of nuclear energy and aims 
to implement modular HTR installations cooled by helium 
with a moderator in the form of graphite. Th e designed 
system is to be used to propel ships. Th e installation will be 
designed in such a way that the construction, repairs and 
general logistical support will be carried out through a proven 
management system. Th e gas turbine (Brayton) cycle has a 
higher effi  ciency, so it produces less pollution than existing 
nuclear power plants that use the steam (Rankin) cycle. In the 
reactor core, during the fuel cycle, the reaction chain should 
be maintained. Due to the fi ssion process, the amount of 
fuel decreases gradually. Fresh fuel is constantly added and 
spent fuel is removed. Th e NEREUS system is based on the 
use of combustible wastes. It is envisaged that the ship will be 
refuelled once every three years. Th e combination of enriched 
fuel and combustible wastes will make it possible to reach 
20 MW in the reactor, of which 8 MW will be transferred to 
the generator. Th e control of energy production is strongly 
dependent on the temperature of the fuel. Th e control of the 
self-regulation power makes the fuel very safe and suitable 
for unmanned power plants. Th e project mainly concerns 

the market for the propulsion of ships, and enables effi  cient 
functioning of the unmanned engine room. Th e output 
controlling the power of the installation is supplied by the 
generator and implemented by means of mass fl ow control 
in the closed cycle system.

SELECTED PROPOSALS FOR THE USE OF 
HIGH-TEMPERATURE REACTORS IN SHIP 

POWER PLANTS
Th e technology and the current issues are summarised 

in the report by Arostegui and Holt [18]. Th e types of 
advanced nuclear reactors are categorised in various ways. 
Th e categorisation presented here is from the Congressional 
Research Service, which identifi es three primary categories: 
advanced water-cooled reactors, non-water-cooled reactors, 
and fusion reactors. Descriptions of these reactors are given 
based on the website: Resources of the future. 

Nuclear energy is generated by splitting uranium atoms in 
a controlled operation called fi ssion. Traditionally, nuclear 
power is generated using light-water nuclear reactors to heat 
water and create steam to drive a turbine; however, several 
new reactor technologies are in development. Th ese advanced 
nuclear reactors extend beyond traditional reactors, off ering 
the opportunity of safer, cheaper, and more effi  cient generation 
of emissions-free electricity, as well as heat for industrial 
processes. Currently, almost all nuclear energy across the 
globe is generated by non-advanced reactors (Table 2), with 
few advanced reactors in active use for energy generation.

Th ree ship types (the bulk carrier, the container ship and 
the liquid gas carrier) were selected for this study to assess the 
possibility of using a VHTR to power the main propulsion 
engine. For each of them, a location for the nuclear reactor 
and the main propulsion was proposed. Th e possibilities of 
solving each of these power plants are illustrated based on 
the example of the currently existing combustion power plant 
shown in the scaled cross-section of the ship. An attempt has 
been made to propose a location for the reactor as far away 
from the crew cabins as possible. It should also be taken into 
account that ships that could use high-temperature reactors 

Tab.  2 Operable nuclear power plants [19]

Reactor type Main countries Number GWe Fuel Coolant Moderator

Pressurised water reactor (PWR) USA, France, Japan, Russia, 
China, South Korea 304 288.7 enriched UO2 water water

Boiling water reactor (BWR) USA, Japan, Sweden 61 61.8 enriched UO2 water water

Pressurised heavy water reactor 
(PHWR) Canada, India 48 24.5 natural UO2 heavy water heavy water

Advanced gas-cooled reactor (AGR) UK 11 6.1 natural U (metal), 
enriched UO2

CO2 graphite

Light water graphite reactor 
(LWGR) Russia 11 7.4 enriched UO2 water graphite

Fast neutron reactor (FBR) Russia 2 1.4 PuO2 and UO2 liquid sodium none

High-temperature gas-cooled 
reactor (HTGR) China 1 0.2 enriched UO2 helium graphite
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should be redesigned to provide for the power plant specially 
designed for this novel propulsion. This will allow the ship 
to better adapt to the power and geometry characteristics of 
the power plant containing the VHTR.

The selected ships [20] belong to the category of watercraft 
with large carrying capacities, significant hull dimensions (up 
to approx. 400 m in length and approx. 60 m in width) and 
high demand for propulsive power (from 24 to 67 MW). In 
the original design, they are propelled by low-speed (70 to 
80 rpm) diesel engines driving the screw propellers directly.

A PROPOSAL FOR A TURBO STEAM POWER PLANT 
USING THE VHTR REACTOR

Only one power plant type with a high-temperature 
reactor was considered. It is similar to the PWR-type double-
contour nuclear power plant (Fig. 3) pebble-bed, and the 
use of TRISO balls was adopted. In test reactors these now 
allow hot helium with a temperature of up to 950 °C to be 
obtained [21]. The helium is cooled in a spiral exchanger 
with an option for separation into the steam generator and 
the superheater sections, producing steam for the secondary 
turbine circuit. In onshore power plants supercritical steam 
parameters are currently used to achieve a net efficiency 
of the turbine circuit of up to 46%. It can be expected that 
such high steam parameters will meet with resistance in the 
shipbuilding industry, but even these conventional steam 
parameters allow a 42% net efficiency to be reached. At the 
same time, it should be noted that spiral exchangers and steam 
generators are devices with relatively small dimensions. The 
results of the earlier work [22] on the problems of helium‒
steam heat exchange, illustrated in Fig. 4, show this feature 
by comparing the dimensions of an onshore steam boiler for 
a 300 MW power plant to a corresponding helium exchanger. 
The difference is spectacular: the helium steam generator is 
only about 33 m tall and has a diameter of about 4 m. This also 
proves that helium exchangers do not pose a serious problem 
in marine applications in terms of the exchanger dimensions 
or weight. Given the thermal power of a 70 MW power plant, 
the environmental advantages and the reduction of the fuel 
tanks provide an additional stimulus for the research on such 
power plants. One such major advantage is the fact that the 
only emission to the environment is heat from the condenser 
cooling system. In contrast, helium itself, as an inert gas, does 
not ionise [23]; only trace amounts of cinder, dust, etc. that 
are possible in the helium system can pose a small (many 
times lower than the current 3rd generation power plants) 
radioactive hazard in the event of a leak. Thus, such a power 
plant clearly stands out favourably against the background 
of the conventional and nuclear power plants in current use.

Fig. 3. A simplified diagram of a double-contour 4th generation power plant 
based on the use of a high-temperature reactor in the primary circuit

Fig. 4. A comparison of the dimensions of an onshore boiler for a 300 MW 
power plant (approx. 750 MW of the boiler thermal power) with 

the corresponding helium-based superheated steam generator based 
on [22]. Dimensions of the helium steam generator: height about 33 m, 

diameter about 4 m

A BRIEF DIMENSIONAL ANALYSIS OF THE ESSENTIAL 
POWER PLANT EQUIPMENT

The steam generator
The next part of the paper will consider proposals for the 

modernisation of power plants in the selected large ships, 
aimed at the use of HTGR. The highest power necessary to 
propel one of them is about 70 MW. Assuming that it will be 
possible to achieve a net efficiency of 40%, the heat output of 
the steam generator will be approx. 175 MW (4 times less than 
for the case in Fig. 4 [22]). This will also lead to a reduction 
of the heat transfer area in the steam generator by approx. 
4 times. This, in turn, can lead to a reduction in the height 
of the steam generator to approx. 10 m. In the following part 
of the paper, such dimensions of the steam generator will be 
adopted, at the appropriate scale, for the geometric analysis 
of the basic devices on the longitudinal cross-sections of the 
example ships in Fig. 5 and Fig. 6.
The reactor

The reactor itself, the most important component of the 
presented idea for a modern drive, is also small in size. Based 
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on [24], it is possible to quote the dimensions of the tested 
4th generation reactors with a pebble-type bed for a thermal 
power of 250 MW: core height 10 m, diameter 3.5 m, pressure 
vessel height 16 m and diameter 5.6 m. Taking into account 
for the heat transfer, in a simplified way, only the Peclet 
relationship for the required thermal power of a marine power 
plant of 175 MW, it can be estimated that it is possible to 
reduce these dimensions by at least 20%. On this basis, it 
can be estimated that, with this thermal power of the ship’s 
VHTR reactor with pebble-bed, the size of the space needed 
for its installation, together with the necessary devices, at 
the helium inlet and outlet will be: height about 20 m, width 
about 10 m and depth about 15 m. As with the characteristics 
of the steam generator, these sizes, at the appropriate scale, 
will be used for the geometric analysis on the longitudinal 
cross-sections of the ships considered in Fig. 5 and Fig. 6.

The turbine
The dimensions of the space for the drive depend on its 

power, thermodynamic parameters and the working medium 
[25]. It is also important from the operational point of view to 
ensure trouble-free operating conditions, i.e., among others, 
protection against propulsion vibrations [26], [27], and to 
ensure appropriate controls [28]. For the ships considered 
below, with the prospect of using the VHTR reactors, as in 
Fig. 4 it is possible to use at least three solutions:

one steam turbine drives one screw propeller through 
the gearbox;
two steam turbines drive two screw propellers through 
the gearbox;
one steam turbine provides propulsion for a high-power 
electric generator while the screw propeller is driven by 
electric motors (turbo-electric drive).
A ship’s steam turbine with the gearbox and condenser 

with a capacity of up to 35 MW requires space for assembly: 
height approx. 10 m, length approx. 10 m and width approx. 
8‒10 m [29]. The largest ship turbines have so far had up 
to 50 MW of power, so the 70 MW power plant should be 
replaced (without the use of unusual special solutions) by 
two units with a capacity of 35 MW each. However, in the 
case of turbo-electric propulsion, one steam turbine can be 
installed to drive a generator up to 80 MW. The dimensions 
of the space for such a turbine are height about 8‒10 m, length 
about 15‒20 m and width about 8 m [29]. It can be noted that 
for the ships in question, 60 m wide, there is a possibility of 
not only longitudinal but also transverse placement of the 
turbine. This allows for better use of the power plant’s space. 
See the diagrams in Fig. 5 and Fig. 6.

Fig. 5. A comparative diagram of the spaces needed for the installation of the 
essential equipment of the power plant with a VHTR reactor with a thermal 

power of 175 MW on the same scale in the longitudinal projection:  
a – the steam generator, b – the pebble-bed-type VHTR reactor, c – the 35 MW 
steam turbine with the gearbox and condenser, d – the 80 MW steam turbine 

of the ship’s power plant with the generator and condenser

It is worth noting that the second largest device in Fig. 5 
is the turbine, which can also be compacted by introducing 
another working medium, especially in the last f low 
stages. Such an analysis was carried out in [30], where 
a thermodynamic analysis of the circuit, which consisted 
of a closed Joule‒Brayton cycle with helium as the working 
medium, was shown. The nuclear reactor was studied in 
several configurations of thermodynamic cycles, namely with 
heat recuperation, compressor intercoolers, simple circulation 
and a combined system where 3 Rankine cycles working 
on ammonia, ethanol and steam were compared. Low 
boiling point liquids were also analysed under supercritical 
conditions, achieving in some configurations higher energy 
efficiency than a typical gas‒steam circuit. The volume flow 
rates in the last stages of the turbine were reduced, compared 
to the steam turbine, to 38% and 80%, respectively, using 
ethanol and ammonia. However, this solution was intended 
for powers of the order of 180 MWe and higher and can 
therefore be applied to the commercial power industry. This 
work [30] also did not take into account the possibility of 
arranging individual devices in order to make the optimum 
use of the space in which they are located. Another solution 
combining the reduction of the turbine dimensions through 
the introduction of the ORC factor, but additionally ensuring 
proper management of waste heat, is presented in the article 
[31]. Here, the dimensions of the turbine are divided into 
the high-temperature part (with steam as the working 
medium) and the low-temperature part (with a low boiling 
point medium). In total, both parts generate similar power 
to that of a large-size unsplit steam turbine and, after using 
waste heat, there is even an increase in power along with 
a decrease in the dimensions of the low-pressure turbine 
up to several dozen percent, depending on the ORC factor. 
However, in this solution, the operation of the cycle is based 
on the steam generator, which is a boiler, and the power of 
the entire system goes beyond the standards of ships, so 
it would be necessary to design a dedicated ORC turbine 
for the ship power plant. However, details about the power, 
emissivity of the system, cycles efficiency, thermodynamic 
parameters, as well as individual dimensions affecting the 
overall dimensions, should be analysed using tools such 
as Computational Flow Mechanics [32] or comprehensive 
approach taking into account both Computational Fluid 
Dynamics and Computational Flow Mechanics [33].
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PROPOSALS FOR THE MODERNISATION 
OF SELECTED MARINE POWER PLANTS 

THROUGH THE USE OF VHTR REACTORS
The first part of this section presents data on the selected 

ship types. The following subsections will describe the most 
important solutions allowing the introduction of nuclear 
reactors to ships powered so far in a traditional way.

The container ship (Fig. 6a) acc. to [20]
The container ship is represented by the CMA CGM 

ANTOINE DE SAINT EXUPERY. It was built in 2018 and 
has the following parameters: overall length 400 m, moulded 
breadth 59 m, gross tonnage 217,673, deadweight capacity 
172,400 DWT, nominal capacity 20,600 TEU. The ship is 
powered by one WinGD W11x92 two-stroke engine with 
a power of 67,430 kW at the MCR, and for the CSR it is 57,315 – 
for the single propeller with a diameter of 10.2 m and the 
maximum speed of 80 rpm. The captain’s bridge and crew 
quarters are located in the front part of the ship and the 
engines in the aft part.

It was initially assumed that the introduction of the VHTR 
reactor and the steam turbine assembly into the power plant 
would be made for the existing hull. The current location of 
the power plant in the aft part, away from the superstructure, 
fully meets the condition of distancing the nuclear reactor 
from the crew premises. The spaces necessary for the main 
equipment of the power plant are very roughly marked in Fig. 
6a. Of course, the proposals for their placement can change 
and should be a subject of detailed analyses. Besides, it can 
be expected that the 4th generation nuclear power plants will 
rather be installed on new ships. On the other hand, in the 
case of the largest ships, modernisation of the power plant 
can happen when the advantages of the drive described here 
are confirmed in practice. There is enough space in the power 
plant to use a turbo-electric drive with a VHTR reactor.

The bulk carrier (Fig. 6b) acc. to [20]
SAO DIANA is one of the largest bulk carriers used to 

transport ore. It was built in 2018 and has seven holds, each 
with a capacity of 26,000 cubic meters. The parameters of the 
ship are as follows: overall length 333 m, moulded breadth 
59 m, deadweight capacity 326,107 DWT, nominal capacity 
180,000 m3.

The operating speed of the ship is 14.5 knots and it is 
powered by the MAN B&W 7G80ME-C9.5 engine, achieving 
a power of 23,390 kW.

As in the previous case, the introduction of the VHTR 
reactor and the steam turbine assembly into the power plant 
will be made for the existing hull. The current power plant 
is at the stern. The existing vessel has a dual-fuel engine 
and a separate LNG tank. This prompts the proposal of two 
modernisation solutions for the VHTR power plant. One is 
to set up the VHTR reactor in the current power plant and 
the other is to set it up in the rebuilt space of the LNG tank. 
The latter meets the requirement for moving the reactor away 
from the superstructure. In the first case, better radiation 

protection will be needed. The spaces necessary for the main 
power plant equipment are pre-marked in Fig. 6b. Their 
distribution should depend on detailed analyses, as in the 
previous case. It can be noted that, for such a bulk carrier 
configuration as the one analysed, the possibility of using 
turbo-electric propulsion is very beneficial. The power plant 
together with the reactor can be placed in the space after the 
LNG tank, and the remaining equipment in the power plant 
under the superstructure. With the use of such a modern 
power plant on new ships of this type, designers will be able 
to better optimise the propulsion with the VHTR reactor.

The tanker (Fig. 6c) acc. to [20]
The next vessel selected to analyse the possibility of using 

a nuclear reactor is the DHT Bronco tanker, which was built 
in 2018, and has a double bottom. It is designed to save as 
much energy as possible. It has five central cargo tanks and 
ten side tanks, one on each side of the central tank, as well 
as two residual tanks. The rated power of the main engine 
is 32,970 kW at 72 rpm and it is the Hyundai MAN B&W 
7G80ME-C9.5-HPSCR engine equipped with high-pressure 
selective catalyst reduction. The parameters of the ship are 
as follows: overall length 333 m, moulded breadth 60 m, 
cargo capacity, liquid volume 353,900 m3, maximum loading 
capacity 25,500 m3/hour, discharge rate 15,000 m3/hour.

The proposal to use the VHTR reactor and steam turbine 
assembly in the power plant is also based on the configuration 
of the existing hull. The power plant is located at the stern. 
One way of locating the VHTR reactor is possible: in the space 
of the current power plant. Steam can also be used to drive 
the cargo pumps. Good radiation protection will be needed. 
The spaces necessary for the main power plant equipment 
are pre-marked in Fig. 6c. Their distribution should depend 
on detailed analyses, as in the previous cases. The use of 
a turbo-electric drive with a VHTR reactor in this case is 
also possible.

Other ships
Advances in the miniaturisation of reactors will soon 

allow the use of different types of power plants with different 
VHTR reactors of the 4th generation. One example of the study 
of such concepts, in this case for a helium turbogas power 
plant, is the NEREUS project [17]. The energy and geometry 
analysis of the possibility of using one of the types of the 4th 
generation reactors on the three large ships presented in the 
previous subsections is also an example of such research. 
The considerations are illustrated on the currently existing 
ship structures. Most likely, however, power plants with the 4th 
generation reactors will be used primarily on new ships of 
various sizes. This will allow for a more flexible design of the 
power plant than in the case analysed above. But this will 
also ensure all the energy and environmental benefits for 
seagoing shipping.
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CONCLUSION

This paper discusses the possibility of applying nuclear 
propulsion to civilian ships. The potential locations of the 
reactor in the three types of ships have been presented. The 
proposal to place nuclear reactors in place of conventional 
fuel engines is a major novelty of the work. The paper proves 
that all marine functions could be effectively applied in power 
plants equipped with 4th generation nuclear reactors. The 
potential realisation of this advantageous idea proves that the 
use of a VHTR reactor plant does not change significantly the 
machinery room dimensions and even gives the possibility 
to enlarge the cargo space. This is particularly important 
for the forecasted new ship types. Numerous advantages of 
VHTR marine applications are also quoted and discussed. 
They concern mainly environmental, technical and economic 
features. The proposed procedure of such propulsion design 
tested in the paper is shown in Fig. 7. 

Fig. 7. Simplified general system of design analysis presented in the paper. 
A similar procedure can be applied for the design of modern ships’ plants based 

on VHTR nuclear reactors adoption

Nuclear propulsion, due to the currently lowest 
environmental burden (lower than other alternative energy 
methods including renewable energy), can in the future be 
successfully installed also on vessels that already sail using 
conventional fossil fuels. At the same time, this propulsion 
provides at all times sufficient energy for port, technological 
and shipping operations at an economically justifiable speed.

The use of helium as a reactor coolant provides much 
greater anti-radioactive safety than the currently existing 
nuclear energy technologies. This is very important for 
civilian marine applications. According to the authors, the 
reactor with the pebble-bed in the two-contour cycle of the 
turbo steam power plant stands out here. In addition to 
good environmental features, it provides high efficiency for 

Fig. 6. Initial proposals for installing a power plant with a 4th generation VHTR reactor for the selected large-size ships with structures according to [20]. All the 
ships are on the same scale. a – The container ship (ANTOINE DE SAINT EXUPERY), b – the bulk carrier (SAO DIANA), c – the tanker (BRONCO). Red – the 

VHTR reactor, yellow – the steam generator, dark blue – the main turbine (35 MW), light blue – the steam turbogenerator (80 MW)
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ocean-going ships and frees the ship’s structure from huge 
conventional fuel tanks.

The paper has analysed the possibility of placing a power 
plant with the 4th generation nuclear reactors on three selected, 
currently existing, large-size ships. Most likely, however, 
power plants based on the 4th generation reactors will be 
used primarily on new ships of various sizes. This will allow 
for more flexible design of the power plant than in the cases 
analysed in the paper.
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ABSTRACT

With continuous improvements in the function and performance of ship equipment, mechanisms of failure have become 
more and more complicated. To avoid over-maintenance or under-maintenance in existing routine ship maintenance 
strategies, a ship-level method for repair decisions based on the preventive maintenance concept is proposed in this 
paper. First, the anticipated repair demand levels of key components are calculated using an improved failure mode 
and effects analysis (FMEA) method; second, a Weibull distribution model is established, and the parameters are 
estimated using the maximum likelihood estimation (MLE) to predict the characteristic life of the equipment; then, 
logical decision principles and rule-based reasoning (RBR) are used to determine the ship repair level and repair 
timing. Finally, the feasibility and application value of the proposed repair strategy were verified by case studies, and 
a ship-level system for repair decisions was established.

Keywords: preventive maintenance; FMEA; lifetime prediction; decision system; ship equipment

INTRODUCTION

With continuous improvements in ship equipment 
technologies since the 21st century, along with increasing 
frequency of use, the mismatch between the existing ship-
level repair modes and maintenance needs has become 
increasingly apparent [1]. Behind the increasing importance 
of ship equipment maintenance and support, some urgent 
problems need to be solved, such as the repair scope, repair 
level, and repair timing, which have been of concern to the 
ship equipment maintenance personnel.

At present, the maintenance of ship equipment is mainly 
performed as scheduled maintenance or temporary repairs, 
and major scheduled maintenance activities are often carried 
out in conjunction with ship-level repairs [2]. Ship-level 

repairs can be divided into three categories according to 
the scale of the repair work: dock repairs, minor repairs, and 
medium repairs [3]. During a ship’s life cycle, the general ship 
repair structure is as follows: service - dock repair - minor 
repair - dock repair - medium repair - dock repair - minor 
repair - dock repair - decommissioning [4]. The maintenance 
interval and in-service time for ship-level repairs are typically 
lengthy, and uniform periodic maintenance strategies are not 
flexible enough, highlighting an urgent need for preventive 
maintenance strategies for ship equipment and novel levels 
of repair modes that combine both periodic and contingent 
repairs [5-7].

In the field of preventive maintenance, research has been 
carried out on complex equipment repair decision problems, 
including determining the repair scope, repair level, and 

* Corresponding author: stx@hbut.edu.cn (T. Song)
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repair timing. Girtler [8] presents a three-state semi-Markov 
model based on the state transition process of machines in 
ship power stations, and the applicability of these probabilities 
in decision-making, with the assistance of the Bayesian 
statistical theory is demonstrated. Wei [9] proposed a task-
oriented preventive maintenance strategy for naval fleets 
with the lowest maintenance budget as the optimization 
objective. A model for optimizing situational maintenance 
decisions to determine the repair scope of the system was 
established. P. He [10] performed a repair-level analysis of air 
defence and anti-missile equipment, established a decision 
flow model based on modular equipment, and applied 
an improved adaptive particle swarm optimizer (APSO) 
algorithm to determine the repair level of the equipment. 
Girtler [11] presents the possibility of controlling the actual 
operating process of an arbitrary plant installed in a marine 
power plant based on a four-state semi-Markovian process 
and the operational decision to determine a rational route 
for the operating process of the plant based on a dynamic 
programming method with Bellman’s principle of optimality. 
Zagan [12] develops a multiple linear regression model to 
describe the effect of historical data on hull repairs, paint time, 
piping, age, structure and panel replacement to predict a ship’s 
overall maintenance time. Lin [13] introduced a dynamic 
performance inspection and situational maintenance 
strategy for the inertial navigation system of a ship. A Wiener 
process model was used to establish a single-component 
system performance degradation model for determining the 
optimal time to repair the system. Hashemi [14] proposed two 
repair strategies based on the Pólya process, as well as a cost 
function based on the repair cost of the system, and the system 
availability was used to obtain the optimal time for preventive 
maintenance of the system. Niu [15] established a multi-
objective optimization model with maintenance frequency 
as the decision variable. Then, Monte Carlo simulations were 
used to solve the optimization model and obtain optimal 
maintenance intervals for parts during their service life. Sa’ad 
[16] developed an optimal preventive maintenance strategy for 
minimum repair, which determines the optimal preventive 
maintenance scope to yield maximum availability. Preventive 
maintenance of a photovoltaic (PV) plant was taken as an 
example.

Although the above-mentioned studies have proposed 
many theories and techniques for preventive maintenance 
decisions of complex equipment, fewer studies have applied 
these theories and techniques to repair-mode planning for 
whole ships. Most existing studies have focused on optimal 
design of the ship-level repair structure [17], macro reform 
of the ship-level repair mode, or calculating planned repair 
intervals; however, the existing models have not been refined 
enough to determine the scope, class, and timing of whole 
ship repairs. In this paper, the repair demand level is assessed, 
and the repair scope of the whole ship is determined using 
equipment failure information. Furthermore, technical state 
data and historical failure information of ship equipment are 
used to determine the remaining life. The repair level and 
repair timing of the whole ship are also determined using 

two methods – namely logical decision principles (LDP) and 
rule-based reasoning (RBR) – and a ship equipment-level 
repair decision information system is introduced to provide 
technical support for the repair of ships.

KEY THEORIES AND TECHNIQUES

The repair decision process of ships is based on three 
aspects: repair scope, repair level, and repair timing. For 
the repair scope, FMEA is adopted to analyse individually the 
critical equipment of the ship to determine the level of repair 
needed for each key component and the degree of impact on 
the system it belongs to. For assessing the repair level of the 
whole ship, a logical decision method is adopted. The repair 
level of the whole ship is determined from the bottom up 
according to the logical decision diagram and repair scope. 
For repair timing, the Weibull distribution and maximum 
likelihood estimation method are adopted to predict the 
equipment failure time and determine the repair level of 
the whole ship by generating rules in conjunction with the 
repair level of the ship.

FMEA

The qualitative FMEA method is particularly well-
suited to analysing descriptive information about faults 
at the phenomenal level, repair information, etc. For ship 
equipment, FMEA is a better method for making decisions 
about repair requirements under existing conditions, as 
the current data collection mostly comprises descriptive 
data about maintenance phenomena, so accurate sensor 
measurement data needs to be improved. The core step is to 
quantify the three indicators of Severity (S), Occurrence (O) 
and Detection (D) [18-20], and then obtain the risk priority 
number (RPN) by calculating the product of S, O and D.

However, traditional risk assessment methods have the 
following limitations or shortcomings: 1) the use of integer 
values to represent possible levels of risk for different risk 
factors is too crude and ignores the relative importance of 
each indicator; 2) risk factors are either not weighted or are 
difficult to determine; 3) different occurrence, detection, and 
frequency levels may produce the same RPN values [21-23]. 
In view of these shortcomings, relative weights can be applied 
to risk factors as a simple and straightforward method to 
determine the RPN [24]. In the improved method, the RPN 
can be expressed as

��� 	 �( ! ���b ! ���V ! �� (1)

Owing to the complexity and uniqueness of ships, an 
overly complex weighting method will greatly increase the 
economic and time costs. Based on the advice of professional 
maintenance personnel, this paper adopts ship risk severity 
k = 0.6, ship risk occurrence m = 0.2, and ship risk detection 
n = 0.2.
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A higher RPN indicates a higher risk of equipment failure 
in the system and a higher level of maintenance requirements. 
The evaluation criteria for severity of failure are presented 
in Table 1.

Tab. 1. Severity of failure rating for ship equipment

Rating Description of Severity(S)
9,10 Ship cannot be used

7,8 Huge impact on ship systems, making it difficult to work on 
the ship

5,6 Loss of function of equipment and inability to properly use 
some ship functions

3,4 Influences use of the equipment
1,2 Does not affect overall use of the equipment

Similarly, evaluation criteria for fault incidence and fault 
detection can be developed, as described in Tables 2 and 3.

Tab. 2. Failure occurrence rating for ship equipment

Rating Description of Failure Occurrence (O)

9,10 Mean Time Between Failure (MTBF) of less than 1 week

7,8 MTBF < 1 month

5,6 MTBF < 3 months

3,4 MTBF < 6 months

1,2 MTBF ≥ 6 months

Tab. 3. Failure detection rating for ship equipment

Rating Description of Likelihood of Detection (D)

9,10 Difficult to detect, requires specialist testing to find

7,8 Needs to be disassembled and tested over a long period of 
time using a specialized device to find

5,6 Can be detected using detection tools and with professional 
training

3,4 Can be detected by routine inspection with simple training

1,2 Directly detectable by senses without training

Once the evaluation criteria for S, O, and D have been 
established, criteria for evaluating the repair need can be 
developed using the RPN, as shown in Table 4.

Tab. 4. Rating of repair need based on risk priority number (RPN) of ship 
equipment

Repair Demand Level Description of RPN

I 0 < RPN < 0.648

II 0.648 ≤ RPN < 3

III 3 ≤ RPN < 8.232

IV 8.232 ≤ RPN < 17.496

V 17.496 ≤ RPN ≤ 24

In Table 4, the RPN is used to divide the repair need of ship 
equipment into five levels: I–V, where level I is the lowest and 
level V the highest. A higher level indicates a greater urgency 
and need for repair. For convenience, equipment with a repair 
demand level greater than II is collectively referred to as the 

high-risk part. To avoid confusion between the concepts of 
the repair level and repair demand level, it should be noted 
that dock repair, minor repair, and medium repair are classes 
of large-scale maintenance activities carried out on the whole 
ship, i.e., repair level; whereas Classes I, II, III, IV and V, 
as determined by the RPN, are used to classify critical and 
important equipment of the ship system according to their 
risk profile and repair need, i.e., the repair demand level.

WEIBULL DISTRIBUTION

To determine the repair time of ship equipment, it is often 
combined with failure prediction. At present, there are two 
types of failure prediction methods: (1) emerging methods 
based on artificial intelligence algorithms [25]; (2) traditional 
failure prediction methods based on the life distribution of 
the equipment [26]. Of these, the failure prediction methods 
based on artificial intelligence algorithms can more accurately 
estimate equipment life by analysing a large amount of real-
time monitoring data; however, this approach is limited 
by the huge computation load of monitoring the data, and 
results are difficult to obtain in real time; failure prediction 
methods based on life distribution can give a more accurate 
prediction of the time of equipment failure within a certain 
range, and much less maintenance data is required. Moreover, 
since the working state of the ship has a certain degree of 
confidentiality, large quantities of equipment maintenance 
data and real-time technical state data are difficult to obtain. 
The failure prediction method presented in this paper to 
determine the maintenance time of ship equipment is based 
on the life distribution.

Weibull Distribution Model
The exponential distribution, Weibull distribution, and 

normal distribution are commonly used to describe the life of 
a part, with various applications of life distribution. Since the 
Weibull distribution is a good fit for all types of experimental 
data and can describe all phases of the bathtub curve, it is 
often used to describe the life of parts. The failure behaviour 
of key parts of ship systems, such as bearings, gears, decks, 
electronic components, motors, engines, transmissions, 
hydraulic pumps, etc., will typically follow a “bathtub” curve 
and they will all obey the Weibull distribution [27].

The Weibull distribution can be divided into two types: 
three-parameter and two-parameter. The three-parameter 
Weibull distribution is not widely used in practical 
engineering problems because it requires the use of Newton’s 
iterative method to solve three transcendental equations 
for estimating the parameters. In addition, the selection of 
the initial values and parameter evaluation procedure are 
difficult, and operation data are often scattered. Therefore, 
the two-parameter Weibull distribution is selected here to 
describe the life of the ship equipment. The two-parameter 
Weibull cumulative distribution function is

���� 	 $ � M�� )��+��
0.� � � � 
 (2)
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where b (b> 0) is the shape parameter, which is closely related 
to the shape of the curve; θ is the scale parameter, θ> 0; and 
t is the time of use of the equipment. Eq. (3) represents the 
probability of equipment failure before time t.The failure 
probability density function is given by

���� 	 0
� �

+
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 (3)

The reliability function is

���� 	 M�� )� �+��
0.� � � � 
 (4)

Maximum Likelihood Estimation Method
The unknown parameters of the two-parameter Weibull 

distribution include both shape and scale parameters. 
Each reliability index can be calculated only after these 
parameters are determined. At present, the most widely used 
parameter estimation method is the method of maximum 
likelihood estimation (MLE) [28]. The MLE results have high 
accuracy and can meet the requirements for ship equipment 
maintenance applications [29]. This method is therefore 
selected and used to estimate shape parameter b and scale 
parameter θ of the ship equipment from historical failure data.

The likelihood function of the two-parameter Weibull 
distribution is

��h� f� 	 " ����� 	 � 0
�
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The log-likelihood function is obtained by taking the 
logarithm on both sides, as follows:
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Taking the partial derivatives of θ and b, respectively, yields
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By solving this system of non-linear equations with the 
Newton‒Raphson algorithm, the parameter estimation results 
for θ and b are obtained when the log-likelihood function 
achieves its maximum value. Unknown θ and b values of the 
reliability function can be calculated to predict the life of the 
equipment by calculating each reliability assessment index. 
Commonly used life indexes include B10, B20, median life 
(B50), and characteristic life [30]. The characteristic life is 
the life when the reliability = 0.368 (cumulative probability 

of failure is 0.632). The characteristic life is often used to 
describe the overall life of a product. Compared with 
other life indicators, the characteristic life predicts the 
maximum possible product life, avoids problems such as 
over-maintenance, and is more economical. Therefore, the 
characteristic life as the maximum life of the equipment is 
adopted in this paper.

LOGICAL DECISION AND RULE-BASED REASONING

Repair Level Decision
The logical decision diagram analysis method is based on 

the reliability-centred maintenance (RCM) concept, which 
asks a series of logical questions about the performance 
indicators of the equipment according to the requirements 
of the decision objective to decide on the recommended 
maintenance method. The logical decision diagram is not only 
highly normative and intuitive, but also flexible and suitable 
for identifying key characteristics of a design. In this paper, 
the RCM concept is applied to ship equipment maintenance 
decision-making. The decision-making process is as follows: 
first, determine the equipment elements to be considered for 
maintenance; then input them into the judgment box of the 
logical decision diagram; finally, complete the analysis and 
decision-making process by subsequently answering “Yes” 
or “No” to each question [31]. To determine the repair level 
of the ship, the repair scope and repair demand level factors 
obtained using the FMEA method described previously are 
input into the logical decision diagram, as shown in Fig. 1. 
The logical decision diagram for the ship repair level is used 
to determine the repair level of the whole ship.

The constraints for logical determination are the number 
of faulty parts k, number of systems affected by the risky 
faulty parts s, and the sum of each fault RPN W (W = Σ PNk). 
To generate the rules for logical determination of the repair 
level, s and RPN are quantified and assigned values at each 
repair level. When all fault repair demand levels are I, 
the corresponding repair level is temporary repair; when 
there is a repair demand level V among the faulty parts, 
the corresponding repair level is medium repair. When 
the number of systems affected by a risky fault component 
s ≥ 6, the corresponding repair level is medium repair; when 
the number of systems affected by a risky fault component 
s ≥ 4, the corresponding repair level is minor repair. For the 
summation of the RPNs for each fault, W ≥ 100 corresponds 
to a medium repair, W ≥ 80 indicates a minor repair; W ≥ 40 
corresponds to a dock repair, and W < 40 corresponds to 
a temporary repair. It should be noted that, in practice, the 
s and RPN thresholds in the above rules can be flexibly 
adjusted according to the ship situation to suit different ship 
repair conditions.
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Reasoning for Timing of Repairs
After predicting the lifespan of key components using the 

Weibull distribution model, it is necessary to determine the 
repair time of each key component and the repair timing 
of the whole ship based on the prediction results. As the 
ship system is large and complex, the above logical decision 
method cannot be used to make accurate decisions on the 
repair timing of the whole ship. Instead, a more rigorous 
inference method based on generative rules is adopted to 
determine the repair timing through forward reasoning.

Rule-based reasoning describes relevant expert knowledge 
or experience as a set of rules representing specific problems 
in the field and the corresponding answers to those problems. 
The reasoning process used by experts is simulated to solve a 
certain problem [32-34]. The method uses a rational decision 
design approach, which is highly logical and rule-based. 
Rule-based reasoning is often represented by generative 
rules because the structure of the knowledge represented 
by generative rules is closer to human thinking habits 
and therefore easier to accept and understand. Generative 
rules are a way of representing knowledge with the help of 
the conditional IF-THEN statement. In its basic form, the 
IF-THEN statement can be defined as 

_����������'��������e����������'�� 
e��e����_��������%������������e������������%�� 

�� 

e��e����������n�� 
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where P(X) is the conditional assertion (premise) of the 
generating equation, indicating the state for which the 
generating equation holds; Q(Y) is the concluding assertion 
of the generating equation, defining the conclusion or action 
that follows when the rule holds; P(X) is a logical expression 
whose value is obtained by a logical operation; when the value 
of the expression holds true, the actionQ(Y) is executed, or 
the conclusion Q(Y) is obtained. The rules for generating 
the timing of ship equipment maintenance according to the 
above representation are as follows:

Rule 1: IF curtime – sertime < charlife THEN repairtime = 
sertime + charlife ELSE repairtime = curtime

Rule 2: IF curtime – lastrepair < repairinterval THEN 
repairtime = lastrepair + repairinterval ELSE repairtime = 
curtime

Fig. 1.Repair level logic decision diagram
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In the above two rule definitions, curtime is the current 
date, sertime is the service date, charlife is the characteristic 
life, repairinterval is the repair interval, lastrepair is the last 
repair date, and repairtime is the repair date. The difference 
between the two rules is that Rule 1 determines the repair time 
for off-weight parts based on the characteristic life predicted 
by the Weibull distribution, whereas Rule 2 determines the 
repair time based on the regular maintenance interval of the 
ship. The rule inference process for the repair time of the ship 
equipment is shown in Fig. 2.

Timing of ship 
repairs

Determination of 
equipment status

FMEA analysis Logical decision 
diagram
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Fig. 2. Decision diagram based on logical reasoning for repair time

By applying the generative rules to the system according to 
the logic reasoning approach presented in Fig. 2, it is possible 
to determine the repair timing for equipment and thus the 
repair timing of the whole ship. The process is as follows: first 
determine the status of the equipment according to its actual 
condition, then determine the repair level (i.e. equipment to be 
repaired) through FMEA and logical decision methods; next, 
determine whether the large-scale level repairs or small-scale 
emergency repairs should be carried out on the ship according 
to the repair level; if emergency repairs are needed, carry out 
crew-level repairs and replacement work directly without 
performing the repair time assessment; for equipment level 
repairs, the repair time is determined according to whether a 
scheduled maintenance strategy or a preventive maintenance 
strategy is used. The preventive maintenance strategy matches 
Rule 1, and the scheduled maintenance strategy matches Rule 
2, thus the repair time of the equipment can be obtained 
through logical reasoning. To determine the repair timing, 

the nearest equipment repair time to the current date should 
be selected as the repair timing class for the whole ship.

CASE STUDY

A ship consists of six systems: hull and outfitting, propulsion 
system, electrical system, auxiliary system, integrated platform 
management system, and combat system. Each system is 
made up of several critical components and sub-systems. 

Of these six systems, the hull 
and outfitting are important 
to the overall structure of the 
ship and dock access, while 
the electrical and propulsion 
systems are the ship’s source of 
electrical and kinetic energy, 
and together, all three systems 
are highly representative of 
the overall ship system. Due 
to the complexity of the ship’s 
systems, the bill of material 
(BOM) structure for ship 
maintenance can be divided 
into three layers: whole ship, 
system, and key components. 
Here, several key components 
are taken as the main research 
objects, without breaking 
them down into further sub-
components. In this case, the 
hull structure and outfitting 
system, the main switchboard 
of the electrical system, and 
diesel engine of the propulsion 

system were selected, and the results were used to develop a 
bottom-up inference process.

DETERMINATION OF LEVEL OF REPAIR NEED

The FMEA analysis method is described earlier in the 
paper. In this study, the method was used to analyse the 
repair information for a fin stabilizer failure provided by the 
repair shop, high elastic couplings, and diesel generator sets 
of a certain type of ship. The failure modes and effects were 
determined, and a risk score was assigned to each failure 
according to the severity, incidence, and detection evaluation 
criteria. Finally, the risk of failure score was calculated using 
the specific RPN value using Eq. (1). Multiple faults often 
occur in a single off-load component and the RPN for each 
fault may be different and may correspond to multiple repair 
demand levels. To solve this problem, the RPNs of multiple 
faults caused by an off-load component were compared, 
the maximum value was selected, and the maximum RPN 
was used to determine the repair demand level, as shown 
in Table 5.
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Table 5 shows that the repair demand level for the fin 
stabilizer is class III, the repair demand level for the high 
elastic couplings is class II, and the repair demand level for the 
diesel generator sets is level III, all of which are high-risk parts.

DETERMINATION OF CHARACTERISTIC LIFE

To determine the repair time of key parts, the first step is 
to carry out a failure prediction of the equipment according 
to the Weibull distribution model referred to above in the 
paper and determine the characteristic life of the equipment. 
The performance of the fin stabilizer is directly related to the 
ship’s manoeuvrability and safety. The historical failure times 
of 20 fin stabilizers from the same batch of types collected by 
the ship repair yard are presented in Table 6.

Tab. 6. Failure history of fin stabilizer

Serial number 1 2 3 4 5 6 7 8 9 10

Failure time [day] 173 175 177 183 187 191 196 198 202 205

Serial number 11 12 13 14 15 16 17 18 19 20

Failure time [day] 212 213 221 230 235 240 242 245 246 249

Before using the Weibull distribution model for fault 
prediction, a data fitting test must be carried out. The Weibull 
distribution model can only be applied to data with a good 
fit. The results of fitting tests performed on 20 fault data sets 
in MATLAB are shown in Fig. 3.

Tab. 5.Failure mode and effects analysis (FMEA) of key ship components

Equipment Affiliated 
System Failure Mode Cause Analysis S O D RPN Repair Need 

Level

Fin stabilizer Hull and 
outfitting

Press „Start”, fins do not work Faulty oil fill valve, fin drain 
valve 7 3 8 6.4

III
Fins do not automatically 
go into reduced cranking 

operation

Unlocked locking device, 
faulty wiring 6 4 9 6.2

Fins turned to one side Servo valve failure, 
potentiometer damage 5 3 7 5.0

High elastic 
couplings

Propulsion 
system

Rubber fracture Excessive cabin temperature 3 2 2 2.6

IIShaft breakage
Stress greater than permissible 

value for highly flexible 
coupling

4 1 1 2.8

High elastic damage Misalignment of shaft system 2 1 4 2.2

Diesel generator 
sets Electrical system

Low starting speed Poor contact, excessive gear 
wear 6 6 8 6.4

IIIStrange noise coming from 
front cover Excessive backlash 4 5 8 5.0

Low oil pressure Lack of oil, worn piston doors 4 4 7 4.6

Fig. 3. Goodness-of-fit test results for Weibull distribution

As seen in Fig. 3, the historical failure time data are 
uniformly distributed along a straight line with a slope greater 
than zero, indicating that the data distribution conforms to 
the Weibull distribution. Thus, the failure time of the fin 
stabilizer can be predicted using the Weibull distribution 
model. Prior to the failure prediction, parameter estimation 
must be performed using the greater likelihood estimation 
method presented above. Briefly, historical failure times were 
input into the MATLAB program and the non-linear system 
of equations (Eq. (7)) was solved using Newton’s iterative 
method to obtain b = 9.480 and θ = 222.422. The estimated 
values of b and θ were substituted into Eqs. (3) and (4) to 
obtain the failure probability density function and reliability 
function, as follows:
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Statistical data for the reliability, failure probability density, 
remaining life failure probability density, and cumulative 
probability of remaining life distribution related quantities 
versus running time were plotted in MATLAB, as shown 
in Fig. 4.

Fig. 4. Statistics related to Weibull distribution for fin stabilizer

Fig. 4(a) shows the variation of reliability of the fin stabilizer 
with operating time. Using the solve function in MATLAB 
to solve Eqs. (9) and (10), we can obtain that t = 222.414 
days, the reliability is 0.368 and the cumulative probability of 
failure is 0.632, i.e., the characteristic life is 222 days. Fig. 4(b) 
shows the variation of the probability density of failure with 
operating time for the fin stabilizer. It can be concluded that 
the probability density of failure is greatest at t = 222.414, i.e., 
the probability of equipment failure is the greatest after this 
point. Therefore, maintenance should be carried out before 
then, which also confirms the reasonableness of choosing the 
characteristic life to predict the equipment maintenance time. 
Fig. 4(c) and 4(d) show the probability density, cumulative 

distribution, and running time for the remaining life of the 
fin stabilizer after 70 days in service. The detailed analysis 
of these simple functional relationships is not provided here. 

Similarly, based on the historical failure time data for the 
high elastic couplings (421, 462, 485, 502, 531, 552, 571, 599, 
625, 650, 662, 683, 701, 715, 730, 733, 750, 772, 780, and 793 
days), it can be concluded that b = 6.925, θ= 682.116, and the 
characteristic life is 682 days. Based on the historical failure 
time data for the diesel generator sets (243, 249, 255, 260, 
262, 269, 275, 287, 290, 295, 305, 307, 310, 316, 320, 330, 331, 
335, 338, and 341 days), it can be derived that b= 11.192, θ= 
309.868, and the characteristic life is 309 days.

DETERMINATION OF THE 
LEVEL AND TIMING OF 
WHOLE SHIP REPAIRS

According to Table 5, the 
repair scope for a certain 
type of ship equipment can be 
obtained. There are 3 high-risk 
parts in the three systems: the 
fin stabilizer affects the hull 
and outfitting, the high elastic 
couplings of the high-risk part 
affect the electrical system, and 
the high-risk diesel generator 
sets affect the propulsion 
system. A logical decision 
analysis of the above scenario 
was carried out using the 
approach illustrated in Fig. 1, 
where the repair demand levels 
of all three key components 
are III, WW= ΣRNPK= 6.4 + 

6.2 + 5.0 +2.6 + 2.8 + 2.2 + 6.4 + 5.0 + 4.6 = 41.2, which easily 
yields a repair level for the ship, namely dock repair.

Once the need for dock repair has been identified, the logical 
decision diagram in Fig. 2 can be used to make deductive 
judgements. In the absence of special requirements to use 
a fixed repair interval, a preventive maintenance strategy is 
adopted, with each of the off-weight parts obeying Rule 1. 
By bringing the calculated characteristic life into Rule 1, the 
repair time of the faulty part can be determined according 
to the ship‘s service time and the current date. Finally, the 
timing of the whole ship repair is determined. The results 
are presented in Table 7.

Tab. 7. Determination of the timing and level of whole ship.

Name of equipment
Service 

start
time

Current date Repair 
interval

Characteristic 
life

Repair 
Demand Level

Equipment 
repair time

Production 
rule

Timing and 
level of the 
whole ship 

repair
Fin stabilizer 2021-7-1 2021-9-30 none 222 III 2022-2-7 Rule 1

2022-2-7
Dock repairHigh elastic coupling 2021-7-1 2021-9-30 none 682 II 2023-5-13 Rule 1

Diesel generator set 2021-7-1 2021-9-30 none 309 III 2022-5-5 Rule 1
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SYSTEM DEVELOPMENT

Based on the ship repair range generated using the technical 
state of the ship equipment and fault repair information, 
the repair level and repair timing decision process and ship 
equipment level repair decision system process are shown 
in Fig. 5.

Fault prediction 
based on Weibull 

distribution

maximum likelihood 
estimation

Rule1 Rule2

Logical decision 
diagrams

FMEA 
analysis

Fig. 5. Data fitting test process for Weibull distribution model

The business process of this system starts from analysing 
the factors that affect the ship-level repair and distinguishes 
the important parts and systems that affect the ship-level 
repair requirements. Then, the technical status information of 
key parts is collected, and the fault maintenance information 
and historical fault information of the equipment are screened 
out. By establishing the repair demand level evaluation 
criteria, the FMEA method is used to analyse the equipment 
fault maintenance information and determine the repair 
demand level and repair scope of the equipment. Finally, 
the repair level of the whole ship is determined by the logical 
decision method. Estimation of the shape parameter b and 
the scale parameter θ of the Weibull distribution is based on 
the historical failure time of the equipment using the greater 
likelihood estimation method to carry out the life prediction 
of the equipment and uses the calculated characteristic life 
as the result of the failure prediction. If there is no specified 
repair interval, the preventive maintenance strategy is 
adopted and the repair time of the equipment is determined by 
bringing the characteristic life into Rule 1 for rule inference; 
conversely, if the periodic maintenance strategy is adopted, 
the repair time of the equipment is determined by bringing 
the repair interval into Rule 2 for rule inference; finally, the 

repair time of the equipment is used to determine the repair 
timing of the whole ship and a report on the ship-level repair 
decisions is generated.

The system was developed in the Java programming 
language and MySQL was used to manage the database. 
The main technical frameworks used were SpringBoot, 

MyBatis-Plus, and VUE 
(all three are mainstream 
technical frameworks used 
to develop systems in the Java 
language). The system includes 
six functional modules: ship 
management, technical status 
information management, 
BOM repair management, 
repair level analysis, repair 
demand generation, and 
system management. Their 
pair level analysis interface is 
illustrated in Fig. 6.

The ship repair strategy was 
validated using a case study 
of the project management 
strategy of a ship-level 
maintenance project. Basic 
information about the ship, 
maintenance BOM structure, 
and technical status data and 
maintenance information 
of key parts were imported. 
According to the defined 
FMEA evaluation rules, 

the system automatically calculates the repair timing 
and repair level of the whole ship, and finally generates 
a report on the ship’s level repair requirements; finally, a 
ship-level maintenance needs report is generated. In this 
practical application, the system achieved the expected 
function and can provide powerful technical support for 
ship equipment level repair decisions and the management 
of ship maintenance projects.
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CONCLUSIONS

Based on existing research on repair levels and the 
characteristics of ship equipment maintenance, this paper 
proposed a new decision method for the analysis of the ship 
equipment repair level. The proposed ship equipment repair 
level decision process is based on preventive maintenance 
and can meet the actual repair and maintenance needs of 
ships better than traditional periodic maintenance strategies. 
In addition, the accuracy and feasibility of the model and 
algorithm were verified through case studies of rocker fins 
and highly flexible couplings, and the repair level and repair 
timing of the ship were derived.

However, there is still room for improvement in the 
proposed methods. For example, there are still some 
qualitative limitations in determining the level of equipment 
repair needed using FMEA. The next steps will be to continue 
exploring theoretical and practical methods for decision-
making on preventive maintenance that are suitable for 
ship-level repair. Preventive maintenance with condition 
monitoring and health management could be combined with 
artificial intelligence fault prediction algorithms to improve 
the real-time accuracy of ship equipment repair decisions.
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PREDICTION OF WELD DEFORMATIONS  
BY NUMERICAL METHODS - REVIEW

ABSTRACT

The welding process is the basic technique of joining in the shipbuilding industry. This method generates welding 
distortions that cause a lot of problems during the manufacturing process due to both the time and cost of straightening 
as well as their influence on later stages of production. Proper preparation of welding processes plays a growing role 
in the shipbuilding industry and the development of calculating tools is being observed. The paper presents a review 
and critical analysis of numerical methods for the assessment of welding distortion.

Keywords: welding distortion; shipbuilding welding; numerical simulation

INTRODUCTION

During the manufacturing of metal ship hulls, joints 
of structural elements are generally made using welding 
techniques. As a result of these processes, complex forms of 
deformations can occur. In most cases, it is an unexpected 
effect that strongly influences the quality of the product, 
as well as the next steps of assembly. Deformations which 
exceed allowable values may cause problems in assembling 
the hull’s sections or even make the operation completely 
unfeasible. Excessive deformations observed especially on 
thin parts of the ship like the sides of the superstructure 
or side shell plating, which exceed permissible limits, must 
be removed by straightening, or in extremely unfavourable 
cases a new structure has to be produced, which extends the 
manufacturing time and raises its cost. It is evident that the 
quality of the structural design may to a large extent depend 
on the susceptibility of the structure to deformation during 
the production processes. Therefore proper planning in the 
structural design stage, rational planning of the manufacturing 
process and then adequate prevention during the fabrication 
stage has to be undertaken in order to minimise the expected 
welding deformations. From this point of view, the use of 
every possible tool should be considered.

WELDING DEFORMATIONS

Welding deformations are defined as changes of the size and 
shape of structural components, as a result of the thermal cycle 
during the welding process [1] resulting from the synergy of 
two actions: solidification contraction of the liquid metal and 
the plastic deformations of the material close to the weld area 
during the heating process. The shrinkage forces depend on 
the type of weld, its size, edges preparation and the welding 
technique applied. Looking at forms of deformation, one can 
distinguish:

temperature, changing in both weld directions. This causes 
different shrinkage of both the weld and the heat-affected 
zone (HAZ). The removal of such deformations is practically 
impossible.

welding arc and inversely proportional to the transverse area 
of the welded components.

material of the weld. 

and HAZ.  
These basic forms can combine and finally result in 

shortening, bending, torsion or buckling of the structure.

* Corresponding author: kozak@pg.edu.pl (J.Kozak)
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Additionally, for thick welds, shrinkage in the thickness 
direction can occur [2], as shown in Fig. 1.

EMPIRICAL FORMULAE FOR PREDICTION 
OF POST-WELDING SHRINKAGE

The baseline for calculating the longitudinal deformation 
of the weld is the formula proposed by Okerblom in 1955, as 
follows [3]:

εL =  = 0,335      (1)

where:
δL
L
q α

coefficient of material [ ];
A mm2];
vw ];
ρc ].

The assumption for such formula is that the whole weld 
is made in one moment, so it is preferred for short joints, 
but based upon formula (1), some modifications have been 
proposed [4], [5], [6], [7], [8], [9], [10].

Another quick way of calculating deformations can be 
the use of monographs generated from experimental results 
data. An exemplary diagram for the assessment of the angular 
distortion of a butt weld joint depending on the geometry and 
weld parameters is presented in Fig. 2 [11], [12], [13].

NUMERICAL MODELLING

The rapid development of computers, with their increasing 
capacity and speed, has made it possible to use numerical 
tools for solving problems of welding deformations. However, 
precise analysis needs computers with substantial calculation 
capacity, so the search is on for methods and models that 
offer a compromise between high accuracy and a reasonable 
calculation time.

Among others, the Finite Elements Method (FEM) is one of 
the most popular tools for the numerical solution of engineering 
problems. Due to the already implemented formulae, such 
methods give the possibility of reliable modelling of complex 
processes.

Due to the abovementioned conjugation of changes in the 
material properties, proper numerical modelling of the welding 
process is a major challenge. Some general approaches are 
presented:

TRANSIENT ANALYSIS

The method based upon transient analysis is relatively 
the most sophisticated, taking into account such factors as 
temperature-related properties of the material, particular 
characteristics of the heat source, the size and shape of the 
welding pool or microstructural changes of the parent material. 
Due to the non-linear properties of some of the mentioned 
properties, such analysis is treated as non-linear, time-domain 
analysis. 

Possible strategies for modelling of the process are presented 
in Fig. 3 [14].

For the simplest level of calculations, it is assumed that 
the mechanical processes that occur during welding have 
a negligible influence on the thermal properties of the material, 
whereas the influence of thermal processes on the mechanical 
properties of the material is crucial. With this assumption, 
the calculation process can be divided into two steps: thermal 

Fig. 3. Strategies for modelling of welding process [14]

Fig. 1. Forms of post-welding deformations: a) transverse, 
b) shrinkage, c) twisting, d) angular, e) bending, f) buckling

Fig. 2. Diagram for assessment of angular distortion for butt weld 
joint depending on geometry and weld parameters [11]
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analysis and mechanical analysis, which allow a significant 
reduction of the calculation time. Thermal analysis in the 
time domain is performed as the first step of calculation and 
then the time history of the temperature in each of the nodes 
of the model is used as the load for structural analysis. This 
approach is presented in level C in Fig. 3.

Applying this strategy gives some opportunities to influence 
the model of the analysed geometry. The separation of the two 
mentioned scopes of calculation makes it possible to increase 
the density of the mesh by using a combination of two- and 
three-dimensional mesh elements, and depending on the 
applied load as either static, quasi-static or time-domain. Each 
approach has pros and cons in relation to the calculation time, 
accuracy and computing power required. The relationship 
between accuracy and the labour demand for the presented 
approach is shown in Fig. 4.

In the process of thermal analysis, independently of the 
algorithms applied, there are some fundamental problems like 
the mesh topology, modelling of the material’s properties or 
proper application of the heat source.

Discretisation – mesh topology
Proper design of the mesh is a crucial factor for both the 

accuracy of calculations and the computing time or computer 
power required. One should keep in mind that the searched 
values are calculated only for nodal points, whereas are 
interpolated on the whole area between nodes. From this 
point of view, the area close to the weld region has to be  
meshed in detail by dense elements due to the presence of 
high temperature gradients close to the welding pool. On 
the other hand, the number of degrees of freedom, which is 
related to the number of nodes, strongly influences the time 
and required power of the calculation. A number of papers 
present data on the relationship between accuracy and the 
level of density of the mesh [16] [17] [18]. 

Proper definition of the characteristics of the heat source 
as well as the way of applying it is crucial for the accuracy of 
modelling. Finally, boundary conditions like convection or 
thermal radiation have to be established. During such analysis, 
the technique of element birth/death is used to take proper 
account of the way of laying on additional material.

When the thermal loads for each nodal point are recorded 
for a given moment of time, mechanical modelling can be 
done as quasi-static or time-dependent. For these types of 
modelling, changes of the properties of the material in relation 

to the temperature are taken into account, including changes 
in the plasticity of the material. This type of analysis is named 
“thermo-elastic-plastic” (TEP) [19]. At this stage of calculation, 
the element birth/death technique is used. A scheme of the 
sequence for carrying out the TEP simulation is presented 
in Fig. 5.

Modelling of material properties during welding
The mechanical characteristics of steel strongly depend upon 

its grade [20], [21]. Particular data especially on the relationship 
of the mechanical properties and the temperature are rarely 
available. The most credible source of data are the laboratory 
test results carried out on specimens of the analysed material 
but it requires attempt to laboratory infrastructure; however,  
there are some data implemented in commercial  software like 
JMat Pro® [22], [23]. Due to difficulties in obtaining exact data 
on a particular material, a deviation of data in the range of 
±10% regarding the true value is considered, which does not 
influence the results of the modelling [16].

Among the mechanical properties for the modelling of 
mechanical processes are: yield point Re, ultimate strength 
Rm, Young’s modulus E and thermal expansion coefficient 
α, whereas the thermal properties include: specific heat C, 
heat conductivity k and coefficient of convection η. The main 
problem in applying these parameters for modelling is that 
all of them change in a non-linear way depending upon the 
temperature. As an example, the value of the thermal expansion 
coefficient for shipbuilding steel as a function of temperature 
is presented in Fig. 6 [15]. Besides the change in its value, the 
observed data differ between the heating and cooling action.

Fig. 4. General approaches for non-coupled calculation [15]

Fig. 6. Coefficient of thermal expansivity for shipbuilding  
structural steel DH36 [15]

Fig. 5. Sequence for carrying out TEP simulation [19]
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Looking at the changes of properties for another shipbuilding 
steel (Fig. 7), the same problems (variation with temperature, 
non-linearity) can be observed [24].

Taking into account the presented characteristics, one 
can assume that for modelling of the welding process it is 
necessary to approximate the material characteristics by line 
segments representing average values for a given interval [15].  
An example of such approach is presented in Fig. 8 [24].

Application of heat sources for modelling  
of welding processes

Welding needs heat energy for melting of the material to 
allow joining. An important factor in numerical modelling 
of the welding process is a proper representation of all the 
important features of the applied source of welding heat. Each 
welding method presents a specific density distribution of 
the heat energy. The laser or electron beam method presents 
narrow and deep penetration with a narrow HAZ, whereas 
the arc or plasma welding method shows rather a medium 
energy density as presented in Fig. 9.

This variety of shapes and parameters has a strong influence 
on the accuracy of modelling. Measurement or checking of 
the welding pool and its closest surroundings is difficult, so 
it is difficult to obtain such data with error less than 5% [26]. 
The variable characteristics of the wire material as well as 
the shielding gas also give rise to difficulties in modelling. 

Examples of the shape of the weld depending upon the shielding 
gas applied are presented in Fig. 10. Information on the shape 
of the weld can also play a role in the modelling process.

Fig. 9. Size of HAZ and depth of penetration for different 
welding methods [25]

Fig. 10. Shape of cross-section of weld depending 
upon shielding gas [25]

Fig. 7. Properties of shipbuilding structural steel AH32 for welding process temperature range [24] 

Fig. 8. Example of simplification of properties of material [24]
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The next important factor influencing  on the process of 
modelling is purpose of calculation: for assessing the hot 
cracking process, an exact model of the welding pool is 
necessary, whereas for modelling of the post-welding strain 
and stresses, a representation of the temperature field in the 
joint is sufficient [26].

There are some proposals for modelling of the heat source. 
One of these is the circle shaped surface stream of power, in 

which the power density is described by a Gaussian distribution: 

q(r) =q(0)e Cr2      (2)

where
q(r r [W/m2]; 
q  

[W/m2]; 
C m-2]; 
r m].

The influence of the C parameter on the distribution is 
illustrated in Fig. 11.

For a movable heat source, the presented model is expanded 
depending on the time and location domain:

q(x, y, t) =  e  e x+v(τ t)]2/c2   (3)

where:
x, y m]; 
t
Q W]; 
c m]; 
τ

This model is good for a small depth of penetration for 
a relatively low power heat source.

The next model, which takes into account a deep penetration, 
assumes an ellipsoidal power distribution, with the ellipsoid 
defined by half the length of the axis a, b, c in x, y , z direction 
respectively. This model, for a heat source moving in the x-axis 
direction, describes the locally located specific power density 
by formula (4):

q(x, y, t) =  e x+v(τ t)]2/a2 e y2/b2 e z2/c2 [W/m3]

 (4)

where the parameters are the same as for formula (3).
More precise than formula (4) is the model of a double 

ellipsoid proposed by Goldak [26], which reflects the changed 
energy distribution down to the welding track. For this reason, 
the ellipsoid is split into two regions, each separately modelling 
the power distribution for the front ff as well as rear part of the 
weld fr respectively. X- size for each part: af and ar is defined 
and the whole energy stream is divided for each part by the 
fractional coefficients ff and fr . The shape of the such defined 
heat source is presented in Fig. 12, where green colour depicts 
the front part and blue is the rear part of the ellipsoid. Red 
indicates the area common to both parts [15]. It is possible to 
increase the accuracy of this representation by dividing the 
ellipsoid into more parts.

This model gives a good representation of the MIG, MAG 
or TIG processes and has been verified for a number of cases. 
Rong et al. applied this model to simulate the joining of 10 
mm plates for a MAG process using TEP analysis [27]. The 
authors observed good agreement between the numerical and 
experimental test results. The temperature distribution was 
almost identical for both types of experiment. Long et al. used 
this approach for modelling the butt welding of 2.5 and 3 mm 
thick plates [28] to study the influence of the parameters in 
Goldak’s model on the volume of melted material and the 
size of the HAZ. They concluded that proper calibration of 
the parameters of the model is possible through feedback 
with the size of the weld and HAZ. The angular distortions 
calculated and measured empirically presented a similar form, 
but the numerical results were almost two times less than the 
experimental ones and this discrepancy increased with the 
increasing speed of welding (Fig. 13).

Fig. 11. Model of disc source of heat [26]

Fig. 12. Model of double ellipsoid [15]

Fig. 13. Angular distortion for different speed of welding [28]
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Another example of the utilisation of the double ellipsoid 
model was presented by Knoedel et al. [29] for the assessment of 
post-welding stresses. A huge part of their paper was focused on 
the way of selecting the model’s parameters and its influence on 
the time-related distribution of the temperature. These parameters 
were calibrated based upon the measured temperature during 
laboratory experiments, with satisfactory results.

Silva et al. [30] presented a methodology for determining the 
stream of heat for TIG butt welding of thin plates. They proposed 
a reversed approach based on experimental data supported by 
a three-dimensional model based on the coupling gradients 
method, calibrated by experimental data. The results of the 
elaborated model compared well with the experimental data.

Deng et al. [19] presented the application of a half-ellipsoidal 
model with constant heat distribution, where the heat source 
is defined as: 

q =         (5)

where:
U voltage of arc, I η efficiency of arc, a,b and c
geometrical parameters of the proposed model, calibrated to 
give the best representation of the melted area.

The influence of different characteristics of the heat source 
was presented by Heinze et al. in their study of the butt 
welding of 5 mm plate [31]. Two models of the welding arc 
were combined: to the face of the weld a Gaussian distributed 
model was applied, whereas for the welding toe the shallow 
model proposed by Goldak was used. The size and shape 
of the welding pool was analysed for four different sets of 
parameters. Visualisations of the welding pool obtained during 
numerical simulations were compared with the real measured 
case (Fig. 14), and the analytically obtained pictures for the 
two cases are presented in Fig. 15.

An important conclusion was that such a simulation is very 
sensitive to even small changes of parameters, such as the 
material’s conductivity coefficient, the energy introduced or the 
shape of isotherm at 1440oC, which represents the shape of the 
welding pool. Fig. 16 presents a comparison of the numerical 
versus experimental angular deformations.

In the case of processes using a high power density like laser 
welding, a suitable model of the power distribution can be 
a three-dimensional version of the surface stream of the heat 

and sometimes more accurate model of the heat source is in 
the form of a truncated cone [26], [32]:

qv(x, y, z) =  ∙  exp 

 (6)

where: r0(z) = re + e (z ze),

re
ri
(ze zi
ϕ, η

Fig. 15. Comparison of weld pool length at top and bottom of the plate due 
to the different thermal conductivity applied (in quasi-steady state) [31]

Fig. 16. Comparison of calculated and experimental transient 
displacement in y-direction [31]

Fig. 14. Experimental image of weld pool during welding, total weld pool length is approx. 38 mm, GMAW, net heat input = 1 kJ/mm [31]
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Fig. 17 presents a visualisation of the described model.
However, practical implementation of such a model shows 

that it is not adequate for every grade of steel. 
Akella et al. have studied models of heat sources fitted to 

the modelling of laser beam welding [33]. Different models 
were analysed based upon the horizontal distribution of the 
stream of heat and the sizes of HAZ generated. They modified 
the model of the heat source by combining a normal Gaussian 
with a truncated cone (frustrum) distribution. The latter 
represents the character of the process well, whereas the normal 
distribution makes it possible to control the efficiency of the 
process. Comparison of the characteristics of the new model 
in relation to its components is presented in Fig. 18.

Zhan et al. [34] also investigated the model of a heat source 
suitable for laser welding process modelling. They proposed 
an hourglass model of the heat source. Comparison of the 
numerical and experimental results of the laser welding of 
6 mm plates of 1060 steel shows good agreement (Fig. 19).

The methods presented above focused on the most reliable 
modelling of the welding heat source by searching for proper 
parameters for its description. In shipbuilding, the use of such 
accurate methods by engineers is very difficult for practical 
implementation due to the sizes of the analysed structures. 
Chiumenti et al. state that exact representation of the source of 
welding heat makes sense only for research itself [35]. For this 
reason, some proposals have been made for simplified modelling 
to reduce both the pre-processing and computing time.

Peric et al. carried out a simulation of a MAG fillet welding 
process for 10  mm plates using the Constant Heat Flux 
method (CHF), applied to elements representing additional 
material [36]. The weld was divided into blocks which were 
activated or deactivated at a given moment of time of the 
process. The quantum of heat for one such step of analysis is 
described as (7):

Q =          (7)

where: 
η
VH

Here the geometrical parameters of the welding pool are 
not taken into account. The calculation results were compared 
with the record of the thermo-vision camera and it was deduced 
that the thus defined heat source gives an underestimation 
of the results of the temperature profiles, but there was good 
agreement (experimental and numerical) on the angular 
deformation of the joint.

Barsoum et al. applied a modified CHF method to assess the 
residual stresses and fatigue life of welded structures [37]. It was 
proposed to split the total stream of heat into two components: 
surface and volume [22]: 

Qtotal = Qsurface + Qvolume     (8)

and the relation Qsurface/Qvolume can more precisely represent the 
of area of both the melted metal and the HAZ. Calibration 
of those relations can be performed in two ways: if the 
experimentally measured temperature distribution is available, 
the calibration process tends to reach of the similarity in 
modelling; if such data are not available, assessment is done 
based upon the analysis of the temperature in additional 
material (checking whether all the volume has been melted) 
as well as on checking of the HAZ size.

Chiumenti et al. related the stream of heat to the speed of 
delivery of the welding wire [35]:

Fig. 17. Truncated cone models with normal power distribution [32] 

Fig. 18. Effect of combination of two sources of heat for laser welding [33]

Fig. 19. Cross-section of weld for 1060 steel: experimental versus numerical [34]
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Q =         (9)

Vfeed = φ2
feed ∙ veed ∙ Δt     (10)

where:
Vfeed, φfeed and vfeed
welding wire, 
Δt

The calculated angular distortion was in good agreement 
with the real values.

Capriccioli et al. studied the influence of the method of 
application of heat on deformations during multi-run welding 
of thick plates [16]. Two methods: CHF with a constant power 
output [W] and CHF with a constant power density , were 
analysed. During the welding of the thick plates, a number of 
weld layers with different cross-sections occur (Fig. 20). This 
causes complications in the case of applying the first-mentioned 
method, with the possible influence of the size of the block 
on the temperature, as bigger blocks have a lower maximal 
temperature. Application of the second mentioned approach 
resulted in the reverse effect.

Another way of simplifying the TEP analysis was presented 
by Seles et al. [38]. The authors compared the efficiency of 
the CHF method with their own elaborated “Prescribed 
Weld Temperature Method” (PWT). Contrary to TEP, they 
proposed instead to apply evenly distributed heat power  
to the activated block, only activating blocks with a given 
temperature [ºC]. Two variants of mechanical analysis were 
performed: for one case (M1 in Fig. 21) the weld was divided 
into parts and the technique of activating/deactivating the 
element was used; for the second one (M2 in Fig. 21) the weld 
was modelled by the simultaneous weld deposition method 
(without the activating/deactivating technique). Analysis was 
performed for two types of joints: the butt joint of 6 mm plates 

the temperature distribution in the plates was similar for both 
approaches, but application of the PWT method resulted in 
a significant reduction of the computing time (Fig. 21). Fig. 22 
presents the angular distortions, which were almost the same 

for both variants of calculation. The PWT approach was tested 
also by Capriccioli [16].

METHODS FOR REDUCTION  
OF COMPUTING TIME

The complexity and non-linearity of the processes of 
simulating welding processes result in long calculation times, 
especially if full TEP analysis is carried out. For the reduction 
of such an obstacle, some proposals have made to mix both 
2D and 3D elements in one TEP model due to the fact that 
non-linear description of the behaviour of the material plays 
an important role only close to the weld. This approach 
significantly reduces the number of nodes [27]. Peric et al. 
applied such an approach and reached a time reduction of up 
to 42% [36], [39].

Another method for time reduction is pass-lumping, 
by joining some passes together to give the possibility of 
simultaneous laying. Such a method for butt welding of 
thick plate is presented in Fig. 23, where different levels of 
simplification are shown. Klassen et al. also tested this approach 
and concluded that the crucial factor for accuracy of the results 

Fig. 20. Differentiation of size for particular layers [16]

Fig. 23. Models for testing the method of joining of passes [40]

Fig. 21. Comparison of computing time for different methods [38] 

Fig. 22. Comparison of angular distortions of T-joint calculated 
for different methods [38]
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is the degree of simplification [40]. Model V1 has almost twice 
lower results compared to the non-simplified model V, whereas 
the results for model V2 were similar to those of model V. 

Yang et al. presented a  study for modelling welding 
deformations for shipyard processes, analysing thin walls with 
mock-up sizes of 5 x 2.5 m [41]. The pass-lumping approach 
made it possible to reduce the weld layers from over 300 to 86. 
The results were compared with the effect of simulation with 
a mobile heat source and laying each pass separately, as well 
as with measurement on a real mock-up structure. The results 
were compared for 13 points due to the complexity of the object. 
The results of the numerical analysis were comparable but not 
quite in agreement with the measurements. This approach was 
used also by other authors [22], [42].

Another proposed method for reducing the computing 
time is by subdivision of the analysed structure into low-level 
components (substructures). For this method, the region 
close to the weld is defined with a non-linear description 
of its properties, whereas regions modelling the rest of the 
structure are described in simplified way as behaving linearly. 
It is assumed that plastic deformations in the steel take place 
at temperatures above 125ºC, which can be one of the criteria 
for subdivision. For this reason, it is necessary to create two 
models of the material for each substructure.  Visualisation 
of the meshing is presented in Fig. 24.

Guiaro et al. developed an algorithm for performing 
a simulation based upon substructures [43]. Barsoum et al. 
presented the application of this method for massive beam 
geometry and found about a 20% reduction of computing 
time [44]. Zhu et al. showed an example of applying this 

methodology for small structures but did not observe 
a significant reduction of the calculation time for the analysed 
configuration [23]. Huang et al. proposed such an approach 

upon Murakawa et al.’s [46] works, they divided the analysed 
geometry into regions: with strong non-linearity (B) and less 
non-linear (A-B) (Fig. 25).

Contrary to the classical approach, here the boundary of 
the strongly non-linear area is fluent and changes during the 
calculation process based on the assessment of the size of the 
area with a high temperature gradient, which changes with 
movement of the welding pool. Calculations for both areas are 
conjugated. Region (B) is small so the results can be calculated 
in a relatively short time and compared with the results for the 
(A-B) area. If the results are not close, calculation of region (B) 
is the starting point for a new calculation process for the (A-B) 
area. This approach allows a reduction of the computing time 
by up to 75%, with accuracy practically at the same level as for 
the full calculation process by the TEP approach.

Similar research was carried out by Rong et al. [47] for 
modelling the welding process for big shipbuilding panels. To 
reduce the computing time, the parallel computing method 
(PCM) was applied, combining a CPU and GPU. This approach 
was also applied by Wang et al. for the assessment of a container 
ship structure [48]. An example of the application of the PCM 
approach can be found in [49].

SUMMARY

Methods for numerical modelling of welding processes are 
presented below.

process have been presented and discussed.

to the temperature of the welding process were described in 
the literature review.

were described. The pros and cons of the particular processes 
were discussed. 

discussed, focusing on the purpose of the calculation, 
required accuracy, available power of the computer system 
or expected computing time.

suitable for a small, less complicated geometry or when highly 
accurate calculation is required. This approach makes it 
possible to analyse the time history of the process and can 
be an introductory step for further analysis.

complicated geometry like panel sections or blocks in the 
shipbuilding industry. The use of such method is easy, pre-
processing is not too complicated, the computing time is 
relatively short and the accuracy of the results is acceptable 
for the purposes of engineering calculations, but it gives 
only “final” information without the history of evolution.

Fig. 24. Mechanical sub-structuring process [43]

Fig. 25. Concept of iterative substructure method (ISM) [45]
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within a reasonable pre- and processing time. 
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