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Editorial
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ABSTRACT

To realize “seamless” connection of ocean port container multimodal transport, efficiently carry out “door-to-door” transport 
of ocean port containers and overcome the shortcomings of existing highway and railway vehicles, this study takes the 
standard for heavy-duty container vehicles in TB1335-1996 Railway Vehicle Strength Design and Test Identification Code 
as the design basis and designs a new ocean port container transport vehicle in combination with automatic guidance 
technology. This study innovatively designs the automatic lifting system of the bogie and the docking part of the vehicle, 
introduces the automatic guidance technology and the remote-control technology to optimize the car body structure, 
and uses the SAP software to carry out the finite element analysis of the car body load capacity and Flexsim software 
to carry out the simulation analysis on the operation of vehicles. The designed transfer vehicle can improve the transfer 
efficiency of ocean port containers, reduce the transit time of field and station equipment and container transport links, 
and improve the level of multimodal transport and comprehensive economic benefits.

Keywords: Ocean port, Multimodal transport, highway and railway, unmanned automatic, seamless connection

INTRODUCTION

China is one of the major foreign traders, whose annual 
throughput of ocean port container has reached the top in the 
world in 2016. As an important transit point in multimodal 
transport, ocean ports often face problems such as the large-
scale container turnover and rapid conversion of different 
transportation modes. As the economy and science and 
technology progress, the transformation and upgrading from 
traditional manpower to automation will certainly become its 
future development trend. At present, there are three major 
factors restricting the multimodal transport efficiency of an 
ocean port container. Firstly, the residence time is caused by 
the technical limitations of field and station equipment when 
changing the transport vehicle; secondly, all the departments 
fail to establish mature supporting information sharing service 
platforms and mechanisms in processing container-related 
business documents, which causes residence time. Thirdly, 
there is no information sharing platform established between 
transportation enterprises, leading to scattered transportation 

strength, decentralized businesses, and limited transportation 
efficiency. Therefore, it is of great significance to the development 
of modern port logistics to study and design a highway and 
railway ocean port container automatic transfer vehicle with 
diversified functions, intelligent operations, and complete 
service platform in accordance with the development trend of 
the ocean port and future market demand.

STUDY ON AND DESIGN OF VEHICLES 

DESIGN IDEAS

This study introduces the automatic guidance technology 
into the design of the transfer vehicle, upgrades the automatic 
lifting system to replace the bogie of the existing highway and 
railway vehicle, and use automatic docking device to complete 
automatic docking between transfer vehicles, thus to design 
a new type of automatic transfer vehicle.
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After the empty vehicle in the railway mode arrives at the 
dock, it enters the unloading area, and retracts the railway wheels 
with the automatic lifting system in the vehicle, which means 
it has been converted to the highway mode. Then the vehicle 
automatically breaks into individual transfer vehicles, which 
enter the ocean port along a given route under the control of 
the automatic guidance system (Figure 1).

Each automatic transfer vehicle in the ocean port carries 
containers along the established route, passing through the 
yard and security gates to the railway freight station. There is 
a transfer vehicle waiting area near the railway freight station. 
With the remote operation of the central control system, all 
the vehicles line up in a row, with each two of them in a pair, 
the tail of the front one connecting with head of another in an 
integrated manner and go above the railway track (Figure 2).

The automatic lifting system puts down the bogie and lifts 
the vehicle up, thus the vehicle is converted to the railway mode. 
The connection device of the automatic docking system of the 
first vehicle head is automatically connected with the train to 
complete the transhipment of the ocean port container. In actual 
operation, the vehicle switching between the highway and railway 
modes is performed simultaneously in the unloading area and 
the waiting area (Figure 3).

STUDIES OF TECHNIQUES

This research mainly involves five parts, including vehicle 
body design, force analysis, finite element analysis, three-
dimensional model drawing of vehicle body, and model 
simulation [1]. The vehicle is designed to carry containers 
weighing 40ft, thus it belongs to heavy-duty vehicle. Technical 
parameters are designed according to TB1335-1996 Railway 
Vehicle Strength Design and Test Identification Code (Table 1) [2].

DESIGN OF VEHICLE BODY FUNCTION UNIT

The vehicle body design includes the wheel design, the 
design of the automatic lifting system, the design of the 
automatic docking system, and the composition and functional 
design of other vehicle systems under both the highway and 
railway modes [3].

(1) Wheel design
According to the vehicle load, 8 highway wheels and 8 railway 

wheels are designed. Each highway wheel has a diameter of 
1.1m, a width of 0.184m and a mass of 0.2t. Each railway wheel 
has a diameter of 840mm and mass of 0.9t.

(2) Design of automatic lifting system
The automatic lifting system consists of an automatic lifting 

device, a hydraulic lifter, a sleeve device and a railway wheel 
set. Different from conventional highway and railway bogie, 
the bogie is designed to be operated separately in a block 
with highway [4]. The discrete operation mode of bogie and 
highway blocks makes the lifting device with automatic control, 
easy operation, and the central control system of the vehicle 
responsible for the operation [5].

1)  Driving device, whose function is to drive the hydraulic 
pump to discharge the hydraulic oil out of the hydraulic 
lift under the control of the central control system when 
the vehicle is switched from the railway mode to the 
highway mode;

2)  Hydraulic cylinder whose function is to store hydraulic 
oil;

3)  Hydraulic pump, whose function is to discharge the 
hydraulic oil from the hydraulic lift when the vehicle is 
switched from the railway mode to the highway mode;

Tab. 1. Main technical parameters of automatic transfer vehicle

Items Parameters

Vehicle weight (t) 18.2

Types of containers (m) 6.1 and12.2

Maximum payload (t) 60

Speed on highway (km/h) 10.8~21.6

Outline dimension (m) 15×3×1.5

Fig. 1. Operation effect of highway mode

Fig. 2. Switching process between highway and railway modes

Fig. 3. Operation effect of railway mode
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4)  Hydraulic lift, whose function is to withdraw bogie with 
the discharge of hydraulic oil;

5)  Lifting device and mounting frame connecting part 
(locking and retaining ring devices)

6)  Shock absorber, with a sleeve structure and hinged 
connections with retaining ring and the vehicle body. 
The shock absorber is inwardly contracted, which is not 
subject to lateral forces but only serves to connect the 
vehicle body, lifting device and bogie.

1)  Locking device
2)  Retaining ring device
3)  According to the force analysis, a single hydraulic device 

should have a pushing weight of 10t, and a lifting height 
of 30cm. The lifting device in the automatic lifting system 
is connected with the bogie by a locking device and 
a retaining ring device, and the locking device can 
be automatically locked or unlocked. Its operation is 
controlled by the vehicle’s central control system. It 
can be rapidly transformed into the bogies for railroad 
tracks of other countries during cross-border railway 
transportation (Figure 7). 

(3) Design of automatic docking system
It is composed of induction unit, control unit and connection 

unit, which are distributed in the front and back of the unmanned 
transfer vehicle. The induction unit consists of a laser positioning 
device and a magnetic induction device, which is responsible 
for positioning calibration and docking before the vehicle is 

Fig. 4. Elevation of vehicle body under railway model

Fig. 5. Elevation of vehicle body under highway model

Fig. 7. Working process of lifting system

Fig. 6. Locking and retaining ring devices
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connected. Mainly composed of an autonomous processing 
decision system and a control system, the control unit has self-
processing and operating functions, which is responsible for 
receiving and processing signals from the sensing unit and 
controlling the docking unit to disconnect or link after receiving 
signals from the sensing unit. The automatic connection is 
performed when the vehicle is switched from the highway mode 
to the railway mode to form the container vehicle group [6].

(4) Design of security system
Composed of locomotive sensors, information processing 

system, display screen, speed measuring system, speed 
comparison system and brake control section, this system is 
mainly used to prevent speeding, collision and other dangerous 
conditions that may be caused when the train is running too 
fast. In addition to the speed limit effect, it is equipped with 
dirt-proof jacket and sealing device, which are distributed in 
the steering shaft of the steering mechanism;

An ABS (anti-lock braking system) is provided in the 
highway mode. In railway mode, the system transmits the 
highest safe speed limit signal to the train via the rails and 
continues to compare with the actual speed of the train, so as 
to avoid the danger caused by the train speeding. When the 
train is in braking, the system can automatically identify the 
vehicle’s safe braking distance and ensure vehicle braking [7].

(5) Design of bogie and wheel alignment system
The wheel alignment uses laser radar. The device is mainly 

composed of an emission system, a receiving system and 
information processing. The emission system is composed of 
various lasers, such as a carbon dioxide laser. The receiving 
system uses a combination of telescopes and various forms 
of photodetectors, such as photomultipliers, semiconductor 
photodiodes, and avalanche photodiodes, infrared and visible 
light multiple detectors. Through the automatic control system, 
the wheel and track can be accurately docked.

The train bogie is mainly composed of a frame, a vibration 
damping device, a motor drive device, a single stage suspension 
system, a secondary suspension device, a traction rod, a centre 
pin seat, a unit brake cylinder and a height adjustment valve, 
a speed sensor, and a grounding device. The design parameters 
meets the following requirements. The height of the vibration 
damper spring should be greater than the rise of the damper 
caused by the damper and friction plate. According to the axle 
weight, the allowable stress is 1050MPa. The height of the top 
surface of the side frame from the rail surface should be less 
than 775mm to ensure that it can pass the minimum curve. The 
position and size of the moving lever of the basic braking device 
shall be determined by the braking ratio and the position of the 
joint. It shall be ensured that the centre distance of the side frame 
is consistent with the center distance of the journal, and that the 
height of the side frame from the rail surface is less than 160mm.

(6) Design of vehicle power supply system
Double closed-loop control of voltage and current is adopted 

to realize constant current and constant voltage charging of 
storage battery. The soft switching technology is used to reduce 
the high frequency switching loss of IGBT with an efficiency 

of 92% [8]. Advanced amorphous cores are used to make 
transformers and reactors, and to reduce the size of the charger.

(7) Fixing device of container corner piece
The device is installed at each top corner of the container, 

whose function is to stabilize the container to ensure that 
the force on the container is even during the transportation 
process, so as to prevent the vehicle body from losing the 
balance because of the huge collision force, avoiding the 
damage to the container [9].

(8) Composition and function design of other systems
The vehicle is mainly composed of automatic docking 

system, lifting system, central processing system, automatic 
guidance system, security system, power system, highway 
wheel set, railway wheel set and braking device [10]. The overall 
system structure of the vehicle will be described below.

Where, 1) and 5) automatic docking system and other 
electrical equipment information transmission power supply 
device inside the vehicle; 2) automatic guidance system; 
3) automatic lifting system; 4) central processing system 
and power system; 6) security system; 7) highway wheel set 
and braking device; 8) railway wheel set and braking device; 
9) automatic guidance device; 10) bogie and wheel alignment 
system; 11)  highway traction device; 12)  corner device; 
13) breaking device. [11]

FORCE ANALYSIS OF VEHICLE 
LIFTING DEVICE

Fig. 8. Illustration of vehicle parts

Fig. 9. Illustration of vehicle parts

Fig. 10. Force analysis of vehicle lifting device
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CALCULATION OF LOCAL NORMAL STRESS  
OF LIFTING HYDRAULIC JACK

The calculation of normal stress includes the following 
situations: rail wheel lowers in railroad mode and rail wheel 
rises in highway mode [12]. The thrust on a single jack, the 
local compressive stress at the outer guide tube joint during 
the elongation of the jack, and the local pushing stress at the 
inner guide tube joint are analysed for the two cases [13]. It is 
assumed that the acceleration of gravity is 9.81m/s2.

When the rail wheel is lowered to contact with the rail, the 
container and the floor rise, then: 

Where, Ft – the pressure on the jack (N); m1 – container mass; 
m2 – body mass with removal of rail wheel mass; g – gravity 
acceleration; σup – local compressive stress at the outer guide 
tube joint during the hydraulic jack elongation process (MPa); 
σdown – local pushing stress at the joint of inner guide tube 
(MPa); Aouter – circular cross-sectional area of outer guide 
tube of the hydraulic jack; and Ainner – circular cross-sectional 
area of inner guide tube of the hydraulic jack [14].

When the rail wheel rises and retracts, the force is:

Where, F tʹ – pulling force of the jack (N); m3 – the mass of 
a single rail wheel; m4 – the mass of single side lower panel; 
σʹup – local tensile stress at the outer guide tube joint during the 
shortening process of the hydraulic jack (MPa); σ dʹown – local 
tensile stress at the inner guide tube joint (MPa).

CALCULATION OF LOCAL SHEAR STRESS  
OF LIFTING HYDRAULIC JACK

The calculation of the local shear stress includes the shear 
stress of the inner and outer guide tubes. When the container 
carrier is transported on the rails, the rolling friction force on 
the rail wheel is analysed, and then the force received by the 
single jack can be obtained by balancing the force and ignoring 
the force exerted on the side lower plate, thereby obtaining the 
shear stress on the outer guide tube and inner guide tube of 
the hydraulic jack [15].

Where, Ff – rolling friction forces on all rail wheels (N); 
μ – rolling friction coefficient between iron wheel and rail, 
0.05; Fτ – shear stress on a single jack (N); τouter – shear stress 
on the outer guide tube (MPa); and τinner – shear stress on the 
inner guide tube (MPa).

By substituting known data into the above formula, it 
is obtained that when the rail wheel set descends, the local 
compressive stress at the joint of the outer guide tube is 13.9MPa, 
and the local pushing stress at the joint of the inner guide tube 
is 55.5MPa; when the rail wheel set rises, the tensile stress at the 
joint of the outer guide tube is 1.8MPa, and the tensile stress at 
the joint of the inner guide tube is 7.1MPa; when the vehicle 
under load is in a railway mode, the shear stress of the outer 
guide tube of the hydraulic jack is 0.78MPa and the shear stress 
of the inner guide tube is 3.13MPa [16].

THE ANALYSIS OF THE OVERALL  
FORCE ON THE VEHICLE

The force on a single carriage is as shown below. The train is 
on the rails and during the start-up to transportation, there is: 

Where, Ftraction – traction force on the carriage; Fx – horizontal 
force of the rear compartment on the carriage; Ff – friction 
force on the carriage; m1 – container mass; m2 – mass of a single 
empty carriage; and a – train acceleration. When the total 
traction force of the train is Foverall and there are n carriages 
in the process of transportation:

It can be obtained from the symmetry of carriages and 
containers:

Where, Fy – the vertical force of the rear compartment on 
the carriage; F yʹ – the vertical force of the front compartment 
on the carriage; and FNi – vertical support forces provided by 
a single rail wheel.

The maximum friction force on the train is: 

21 mmaFFF fxtraction

n
F

FF overall
xtraciton

4321 NNNNyY FFFFFF '

(1)

(3)

(4)

(5)

(6)

(7)

(2)
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Where, μ – Friction coefficient of rail and train wheel.
Before acceleration, the frictional force experienced by the 

vehicle is static friction.

At the critical point when the train just gets acceleration, 
then the frictional force of the train changes from static friction 
to sliding friction (a = 0):

At this point, the moment of the o point is ΣMo = 0.

Where, a – vertical height of train bottom plate to lower 
plate; and l – overall train length. 

When the train obtains the maximum traction force, the 
maximum acceleration it obtains at this time is:

FINITE ELEMENT ANALYSIS

THE ESTABLISHMENT OF FINITE ELEMENT MODEL

THREE-DIMENSIONAL MODEL HYPOTHESIS

(1)  The vehicle is composed of three parts, namely, the 
loading board, the bearing and the tire.

(2)  The container acts on the vehicle with a uniform load.
(3)  The plate can be replaced by Q345 steel with the isotropic 

and homogeneous materials after conversion.
(4)  The bearing is replaced by Q420 after conversion.
(5)  The bearing is connected with the plate at the fixed end. 

The bearing can rotate but cannot move.

ESTABLISHMENT OF SAP FINITE ELEMENT MODEL

After simplification and substitution, the model in SAP is 
as shown in Figure 11.

DEFINITIONS OF MATERIAL AND CROSS  
SECTION ATTRIBUTE AND LOAD

FRAME SEGMENTATION

The tire model is processed by polyline. Divide the tire into 
50 equal parts, that is, the number of rods is 50.

DEFINITION OF MATERIAL ATTRIBUTES

In the material definition of the loading board, the same 
Q345 steel after conversion is used; in the definition of the 
bearing, Q420 is used to define the material; and finally, in 
the material definition of the tire, the related parameters of 
the giant tire 2700R49 are used, as shown in Table 2.

DEFINITION OF CROSS SECTION ATTRIBUTES

Q345 rectangular cross-section steel with equivalent weight 
of 3000×254 (mm) (width×height) is used according to the 
cross section attributes of the plate; the bearing is converted 
into Q420 (length×width) of 3000×600 (mm); and the tire is 
defined as a cylinder with an outer radius of 550 mm and an 
inner radius of 228 mm. With two tires in the same cross-
section, the relevant area, resistance moment and mass have 
to be doubled, as shown in Figure 12.

LOAD DEFINITION

According to the assumption, the weight of the container 
is a uniform load acting on the board, the maximum weight 
of the load on the board is 70 t, and the uniform distribution 
force is 528.23 N/cm. When setting load conditions, its own 
weight shall be considered, and it shall be noted that the tire 
mass shall be doubled.

l
aFFFFFF ftractionyxtractionf

gmmFFF fxtraction 21max

l
agmmFaFlF yfy 21

Fig. 11. SAP model of the vehicle

Fig. 12. Cross section model after definition

Tab. 2. Material attributes data settings

Material attributes Data settings

Weight density 10380(unit: N, cm, C)

Mass density 1058.4654(unit: N, cm, C)

Modulus of elasticity E 6.000E+9

Poisson ratio U 0.45

Coefficient of linear expansion A 6500E+06

Shear modulus G 2.069E+09

(8)

(10)

(9)

(11)
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OUTPUT AND ANALYSIS OF THE RESULT

The actual deformation of the model is shown in Figures 
13 and 14.

According to the output analysis, the axial stress of the 
bearing and the sheer force of the tire are the parts with the 
greatest stress. The maximum axial force of the bearing is 
14.8MPa, and the bearing stress is required to be at least 
15MPa upon consideration of the safety reserve. The tire design 
shall meet the above parameters.

SIMULATION ANALYSIS

The simulation model is established in Flexsim software 
and the input parameters are as shown in Table 3:

According to the analysis of the results, the number of 
standard containers in the model without the automatic transfer 
vehicle is 2,738, while that of the model with automatic transfer 
vehicle is 3,390. It can be seen that the container throughput of 
the automatic terminal has been increased by 23.813 % after 
the adoption of highway and railway ocean port containers.

CONCLUSIONS

The automatic transfer vehicle for highway and railway 
ocean port containers has the advantages of improving the 
efficiency of logistics transportation and reducing costs while 
solving “seamless connection” and market demand. In addition, 
the vehicle can be combined with the Internet platform to 
incorporate many services such as ocean port container 
insurance, finance, import and export business on the same 
platform, and integrate all business and transportation forces, 

thus to make trade activities more efficient and convenient. 
Finally, it will promote the transformation and upgrading of 
ocean port container service mode to the “Internet +” mode, 
which will play a positive role in developing modern port 
logistics and serving “Belt and Road” strategy and economic 
development of China.
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STUDY ON OPTIMIZATION SIMULATION OF SCR DENITRATION 
SYSTEM FOR MARINE DIESEL ENGINE
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ABSTRACT

With the rapid development of shipbuilding industry exhaust world is also very harmful one kind of environmental 
issues, and the ship marine diesel engine exhaust gas is mainly produced, so in recent years it has developed a diesel 
engine SCR system. SCR system can control emissions of nitrogen oxides in the exhaust of vessel, furthermore air 
pollution can be reduced. The main goal of article was using fluent software to correct SCR system selection and flue 
gas flow under different size best deflector arrangement is simulated. Next goal is further optimize the structure of 
the SCR system.

Keywords: marine diesel engine, SCR system, flue gas, flow deflector

INTRODUCTION

In order to control the pollution of marine diesel engine 
exhaust gas, in October 2008, the Marine Environment 
Protection Committee (IMO MEPC) of the International 
Maritime Organization (IMO) made a more stringent 
amendment to VI, a subsidiary of the MARPOL73/78 
Convention. For marine diesel engines built on or after 
January 1, 2016, NOx emission limits must be implemented 
in accordance with the third level Standard when navigating 
within the global emission limitation zones. At present, the 
proportion of NOx pollution is increasing. In particular, 
in some large ocean-going ports, heavily traded straits 
and shipping routes, the source of pollution in the region 
comes mainly from emissions from these diesel engines 
[1,2]. Therefore, the NOx emission control of marine diesel 
engine has become an unavoidable practical problem in air 
pollution control [3,4]. It is particularly important to develop 
a reasonable and feasible exhaust gas purification technology 
for marine diesel engine. In the experimental study of diesel 

engine NOx emission reduction, Koga, Raptotasios and so on 
have put forward the relevant solutions [5,6], such as Koga 
has given out the countermeasures that accord with the 
Nox emission regulation of marine diesel engine. Ma have 
carried out the experiment of reducing the NOx emission of 
diesel engine by the method of inlet water injection [7]. The 
results show that when the fuel consumption rate of the diesel 
engine is maintained at a specific value, the intake port water 
injection can greatly reduce the emission of NOx.

Magnusson also pointed out in the study that the marine 
SCR system has reached a certain technical maturity, 
is an efficient NOx emission reduction technology, can 
meet the third layer and possibly more stringent nitrogen 
oxide regulations in the future [8]. Calvillo studied the 
characteristics of SCR at low temperature. The carbon 
materials with V catalyst were loaded on honeycomb support. 
The denitrification rate reached 59.8% -72.1% when the 
temperature was 150 oC[9]. Lv H treated the CeO2 with NH3, it 
was tested with BET, XRD, TPR and XPS . The results showed 
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that the NH3 treated CeO2 catalyst had excellent SCR activity 
and stability because of the decrease of crystallinity and the 
improvement of reductivity [10]. Daniel C Haworthsimulate 
the evaporation, pyrolysis and hydrolysis of urea solution in 
Urea-SCR system of diesel engine by using CFD software 
model [11]. The swirl and turbulence in SCR reactor are 
helpful to enhance the evaporation, decomposition and 
mixing of urea solution with diesel engine exhaust.With 
the development of SCR technology, this technology has been 
widely used in the field of nitrogen oxide emission control. 
In 1989, MAN B & W Company first installed the SCR rear 
processor on the ship’s two-stroke diesel engine [12], and 
controlled the NOx emissions from the exhaust gas to about 
2g/kW*h. At present, MAN B & W company diesel engine 
denitrification technology is mainly SCR technology, and the 
installation and layout of the SCR system, and the matching 
status of the engine and other aspects of a deeper study. The 
first installation of the SCR system on a ship by Vacelan 
Diesel Company of Finland in 1992 reduced NOx by 85%, 
CO and HC by 70%. After 2005, H + H Environment and 
Industry Co., Ltd. in the shipboard SCR system technology 
and market gradually matured, became the main supplier of 
Wachelan Company [13]. Mitsubishi Corporation of Japan 
successfully developed a honeycomb denitrification catalyst 
with Ti-V-W as the active material, and more than 70% of 
the power plants began to use this catalyst [14]. In order to 
improve the activity of the catalyst, control the arrangement 
of the atomic components of the catalyst and promote the 
mixture of NOx, reductant and catalyst to be more uniform, 
the catalyst for denitrification of SCR at low temperature was 
developed [15] . In 2011, on the basis of the working principle 
of reducing the NOX emission of vehicle diesel engine by SCR 
system, Siemens Company of Germany continued to develop 
a SCR system suitable for the rear exhaust control of marine 
diesel engine, making the denitrification rate more than 90%.

Among the various post-treatment methods of NOx 
emissions, SCR (Selective Catalytic Reduction) technology 
is the fastest developing, most widely used and most mature 

THE BASIC MODEL

SCR SYSTEM PRINCIPLE

Controlling nitrogen oxide emissions from ships exhaust 
gas, the diesel engine may be externally from exhaust or an 
internal combustion diesel engine control [17]. Diesel engine 
while the internal transformation process is very difficult, so 
that the external technique commonly used for processing 
a diesel engine exhaust gas (referred to as SCR technology) 
[18]. SCR technology is the use of a catalyst and ammonia 
as a reducing agent, the reaction after a certain nitrogen 
oxides in diesel exhaust gas is converted into water vapor 
and nitrogen gas, so that nitrogen oxides in the exhaust gas 
can be recycled, Greatly reduce the nitrogen oxide emissions 

of diesel engines, thereby capable of reducing diesel exhaust 
pollution of the environment [19].

SCR SYSTEM COMPOSITION

Marine diesel engine SCR system is mainly composed 
of a catalytic reactor, a urea storage and injection system, 
a mixer, blowing system, the detection and control system 
components. among them The catalytic reactor is the core 
of SCR technology, It is the main place catalytic reduction 
of NOx and a reducing agent [20]. Discharging the flue gas 
from the flue diesel engine, a reducing agent in a pipe system 
with injection ejected, entering the SCR catalyst chemical 
reaction. Throughout the process, control (e.g. reaction 
temperature, inlet and outlet NOx concentration, main power, 
etc.) according to various types of signal detection of the 
detection system to regulate the injection system, the injection 
amount of reducing agent and adjusting the injection angle 
of the entire system running in good condition. 

DESIGN OF SCR SYSTEM

To facilitate the simulation of the present Venter appropriately 

below:

Fig. 1. Simplified diagram SCR catalytic reaction system

FLUE STRUCTURE SIMULATION ANALYSIS

SLANT FLUE DESIGN

After injection of NH3 into the flue, the flue gas mixing 
with the SCR injection system, the structure of the turning 
of the flue at b at Fig [21]. 1 is designed to be oblique, using 
the inner chamfer (150mm × 45 °) design, the corresponding 
structural shape, dimensioned below Fig. 2, The unit mm.



POLISH MARITIME RESEARCH, No S3/2018 15

Fig. 2. Inclined type flue structure diagram (no guide plate)

Simulation results of the swash flue and analyzed as shown 
below.

Fig. 3. The velocity distirbution of the flue gas in the non-deflector plate

As can be seen from Fig. 3, the flue gas flow in the flow 
channel, the outer side of the swash plate and the rear left 
corner of the flue are a large number of low-speed region, 
the area of the 1/3 vertical regions. Internal corner vortex 
due to gas generation, high-speed vertical apparent area, 2/3 
vertical region, while a lot entrances significantly higher flow 
speed, and the formation of large vortices [22]. As can be seen 

from Fig. 4,You can look at the flow rate fluctuation range of 
import and export greatly, not only high-speed zone speed 
is too large, and the minimum value of zero speed appears. 
The pressure at the entrances to the value to calculate the 
pressure drop can be obtained as 64.44Pa.

ARC FLUE DESIGN

The flue design arc, the radius of curvature of 1150mm 
outer, inner curvature radius of 150mm, other sizes as shown 
in Fig. 5.

Fig. 5. Circular flue structure diagram (no guide plate)

Fig. 6. The velocity distirbution of the flue gas in the non-deflector plate

Fig. 7. A graph of the exit velocity of a flue without a deflector
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As can be seen from the Fig. 6,the flue gas flows in an 
arcuate flow path, the outer corner appears a low speed region, 
area accounted Shui Angle 1/3, In the left corner of the smoke 
.Also a large number of low-speed channel region, and the 
speed was significantly much lower than the outer corner 
region accounts for less than 1/3 of the vertical part of the 
flue area. Internal corner vortex due to gas generation, high-
speed region apparent, small footprint. From Fig. 7 in export 
to enlarge the flow rate fluctuation range, a large number of 
high-speed region, and the lowest velocity value of 0 m/s.
The outlet pressure value,Computing system pressure to give 
difference of 30Pa.

Original gas flow path flowing suddenly encountered 
corner, swirls, so that the flow rate increases,Large amount 
of gas toward the vertical wall, impact damage to the wall 
easily, reducing its service life. Comparative simulation results 
of both analyzes of the flue, in order to reduce the flow rate 
and pressure range, reduce the impact force of the gas to 
reduce the wall damage, to reduce the loss of the flue, the 
flow channel design is more reasonable arc corner.

SIMULATION ANALYSIS OF ADDING FLUE 
DEFLECTOR UNDER DIFFERENT FLUE GAS 

FLOW IN ARC FLUE
According to the size of the flue, the circular arc deflector 

is arranged in turn. In order to reduce the energy loss of the 
system, six design schemes and sizes of the guide plate are 
filled in the flue, as shown in Table .1 below.

Tab. 1. Setting of reducing agent inlet parameters

Six kinds Refinement parameters baffle
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(L,mm) 28
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The distance 
(D,mm) 25
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0

16
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0
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0
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0

33
0

In the flue gas flow rate 43490kg/h, 61570kg/ h,102733kg/h, 
Under the simulation, respectively, to obtain the optimal 
solution.

IN THE FLUE GAS FLOW 43490KG / H

After the addition of baffles, each of the arcuate baffle flue 
Six simulation arrangement shown in Fig. 8.
(a) Three baffles are arranged

(b) Arranged in a four baffles

(c) Four baffles arranged disaggregated

(d) Five baffles are arranged on  
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(e) Five points out baffle arrangement (after the first two three)

(f) Five points out baffle arrangement (two after the first three)

Fig. 8. The velocity field profile of the different deflector plates

The velocity curve at the exit is drawn according to the 
simulation process, as shown in Fig. 9.

Fig. 9. The velocity diagram of the exit velocity of different guide plate is given

The pressure loss can be obtained by simulation programs 
such as Fig.10.

Fig. 10. Different design scheme of smoke pressure loss

In summary, Simulation results of the six kinds of flue 
deflector according to the design, Binding design velocity 
field distribution within the flue six kinds of arcuate deflector, 
outlet cross-sectional flow graph, the pressure loss can be seen 
in FIG. Analysis: Accordingly, the simulation results can be 
seen in conjunction with the program: when flue gas flow rate 
43490kg/h, When four baffle a baffle disposed best results.

IN THE FLUE GAS FLOW 61570KG / H

(a) Three baffles are arranged

(b) Arranged in a four bafflesort

(c) Four baffles arranged disaggregated
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(d) Five baffles are arranged one

(e) Five points out baffle arrangement (after the first two three)

(f) Five points out baffle arrangement (two after the first three)

Fig. 11. The velocity field profile of the different deflector plates

The velocity curve at the exit is drawn according to the 
simulation process, as shown in Fig.12.

Fig. 12. The velocity diagram of the exit velocity of different guide plate is given

According to the simulation results, the pressure loss Fig.13 
of different schemes is drawn as follows: 

Fig. 13. Different design scheme of smoke pressure loss

In summary, Simulation results of the six kinds of flue 
deflector according to the design, Binding design velocity 
field distribution within the flue six kinds of arcuate deflector, 
outlet cross-sectional flow graph, the pressure loss can be seen 
in FIG. Analysis: Accordingly, the simulation results can be 
seen in conjunction with the program: when flue gas flow rate 
61570kg/h, When four baffle a baffle disposed best results.

IN THE FLUE GAS FLOW 102733KG / H

After the addition of baffles, each of the six kinds of flue 
arcuate deflector arrangement simulation, shown in Fig.14.
(a) Three baffles are arranged

(b) Arranged in a four baffles
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(c) Four baffles arranged disaggregated

(d) Five baffles are arranged one

(e) Five points out baffle arrangement (after the first two three)

(f) Five points out baffle arrangement (two after the first three)

Fig. 14. The velocity field profile of the different deflector plates

The velocity curve at the exit is drawn according to the 

According to the simulation results, the pressure loss 

in columns best.

CONCLUSIONS

1. SCR system to simplify the structure, Analysis of the 
results of comparison of the two simulated flue sloping 
and curved, in order to reduce the wall damage, 
problems such as flue losses, the flow channel design 
is more reasonable arc corner.

2. Flue corner Office Developing the design arrangement 
of the baffles, the baffles simulate drainage effect in 
terms of velocity, pressure loss, etc., with a view to 
determine a flue Different flue gas flow Best baffle 
arrangement.

3. When flue gas flow rate 43490 kg/h Time, Program 
guide arc length becomes four baffles and arranged in 
an arc to reduce the pressure loss of the flue best; when 
flue gas flow rate 61570 kg/h Time, The arc length of 
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the arc flue four variant embodiment is preferably a 
baffle arrangement; when flue gas flow rate 102733  g/h 
Time, The arc length of the arc becomes five flue baffle 
disposed a best solution.
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ABSTRACT

To solve the problem of offshore oilfield development, based on the newly introduced pulsed neutron oxygen 
activation logging instrument, the application research of test design and interpretation method was carried out 
and applied to actual production. The structure, technical indicators and logging principles of pulsed neutron 
oxygen activation logging tools were introduced. The test design under different well conditions was studied, 
including general positive and negative injection, oil sleeve injection, single oil pipe configuration and multi-
tubing configuration. A large amount of field test data was collected and analysed technically. A set of effective 
interpretation models was proposed. The corresponding interpretation software was developed. A set of test design 
methods and operating specifications for different well conditions were developed. Based on the conventional 
interpretation method, the peak selection, the double-tuber peak identification and the carbon dioxide f looding 
interpretation method were added. The results show that the test design and interpretation methods were applied 
well through a large number of field tests and production applications. Therefore, pulsed neutron oxygen activated 
injection profile logging technology is successfully applied in offshore oil fields.

Keywords: oil logging instrument, pulsed neutron oxygen activation, injection profile logging, application

INTRODUCTION

Oil logging can provide an effective basis for the exploration 
and development of petroleum resources, which runs through 
the whole process of oil well drilling to oil well production. 
Therefore, the application of logging tools directly affects 
oil exploration and development. To improve the level of oil 
logging and ensure the efficient development of petroleum 
resources, advanced technology should be applied in the 
logging process.

In the process of oil and gas field exploration and development, 
the continuous development of logging technology has become 
an important “helper” for the petroleum industry personnel to 
qualitatively and quantitatively evaluate oil and gas reservoirs. 
According to various logging principles, successful oil logging tools 
can be used to better understand the formation. Electromagnetic 

flowmeters and ultrasonic flow have been used in other industries 
for many years, and the logging industry has been introduced 
for several years, but the application effect has not been very 
satisfactory. For example, the electromagnetic flowmeter can 
only measure the liquid flow rate of the conductive medium and 
cannot measure the flow rate of the non-conductive medium, and 
the sensor material problem of the ultrasonic flow meter. Those 
factors hinder its development. In addition, although turbine 
flow, ultrasonic flow, and electromagnetic flow logging techniques 
are relatively advanced, they are all contact flow logging devices 
that require downhole contact with the test fluid. Therefore, the 
loop and the flow outside the tube cannot be measured. The 
oilfield injection well has the characteristics of long section, 
large number of layers and small injection volume. Most of the 
logs are layered or multi-tube dispensing structures. Contact 
measurement method cannot play a full role in complicated 



POLISH MARITIME RESEARCH, No S3/2018 23

wells such as stratified water injection and multi-string water 
injection. Logging techniques such as well temperature and noise 
cannot quantitatively determine the flow rate, and the injection 
flow logging cannot be completed separately.

The pulsed neutron oxygen activation logging method is 
a nuclear logging method. The water flow is activated by a pulsed 
neutron tube, and the water flow velocity is determined by 
measuring the time that the activated water flow flows through 
the respective detectors to determine the injection amount. The 
logging method uses any radiotracer. There are no problems 
such as contamination, sedimentation and pollution. The 
measurement results are not affected by lithology and pore 
permeability parameters and the size of the perforation diameter. 
It is not only suitable for the measurement of polymer injection, 
ternary composite solution wells, but also for the measurement 
of general positive injection wells, general reverse injection 
wells, oil casing injection wells and layered injection wells. The 
method can determine the flow of fluid in the tube, outside the 
tube and in the annulus without direct contact with the fluid 
and can simultaneously measure the upper and lower streams. 
The field is quickly and intuitively explained, and the flow rate 
of the measuring point can be quickly obtained. Therefore, the 
oil field injection profile test is widely used.

STATE OF THE ART

At present, there are two types of non-renewable energy that 
people use most in their daily lives. One is natural gas and the 
other is oil. Over time, energy is being mined frequently, which 
has led to a decline in global oil and gas resources reserves. 
However, the demand for natural gas and oil is rising. For these 
reasons, scientists around the world are constantly exploring 
new oil and gas fields, and also increasing the exploration of 
high-tech exploration in oil and gas fields.

The distinctive feature of the product in 2004 is that on 
the basis of the four-shot and double-receiving symmetric 
distribution products, a set of emission spacing is added to 
form a  six-shot double of T5---T3--T1-RR-T2--T4---T6. 
A symmetrically distributed antenna array is received. The 
operating frequency is still dual frequency: 400kHz and 2MHz. 
An apparent resistivity curve of 12 different depths of detection 
is obtained, which provides a wealth of formation information. 
Based on a study, a typical representative of this generation of 
products is Weatherford’s MFR [1].

In 2005, a scholar introduced a new logging while drilling 
tool, that is, a directional electromagnetic logging tool. This 
generation of instruments mainly focuses on the depth and 
orientation of the instrument and optimizes the application 
effect in geo steering. The new directional electromagnetic 
wave LWD instrument uses tilt and lateral antennas with 
multiple source distances and frequencies to collect data as 
much as possible. The symmetry of the measurement makes 
the response sensitive to the distance to the interface and the 
resistivity contrast. It is not affected by resistivity anisotropy 
and relative tilt. In order to facilitate real-time decision making, 
real-time inversion software was developed [2].

In 2011, the SWFL-A pulse neutron oxygen activated water 
flow logging tool has been greatly upgraded and improved in 
technical design and performance indicators. The utility model 
has the advantages of various functions, simple and compact 
structure, various combination modes, large source distance 
and measurement range, higher precision, wider temperature 
range, reliability and convenience. The SWFL-B neutron oxygen 
activated water flow logging tool fully possesses the neutron 
lifetime logging function in the measurement function. In 
the neutron lifetime logging mode, the method of measuring 
the variable period neutron decay time spectrum of the equal 
width gate is adopted, and the equal-width neutron decay time 
spectrum is used [3].

In 2007, a scholar proposed a continuous measurement 
velocity model and a pulse measurement velocity model. 
During the measurement process, the pulsed neutron tube 
continuously emits a high-energy fast neutron pulse to activate 
the oxygen element in the fluid. The flow rate of the fluid 
can be determined based on the count rate measured by the 
instrument and the characteristic exponential decay rate [4].

PULSED NEUTRON OXYGEN 
ACTIVATION LOGGING

Oxygen activated water f low logging methods were 
proposed from the 1960s and 1970s. Until recently, a method 
for measuring the amount of water absorbed by each layer in 
a water injection well or an injection well was applied. This 
method is a non-contact measurement method that utilizes 
the activation reaction of fast neutrons to the surrounding 
medium. The principle is as follows: the neutron generator 
emits a fast neutron of 14 MeV, radiates the material around 
the wellbore and in the formation, and generates a radiation 
reaction, which can activate elements such as O, Si, and Al 
to generate a radioactive element with a half-life of seconds 
to a grade. After the reaction, 16O was converted to 16N (half-
life 7.13S), 28Si was converted to 28Al (half-life 2.24min), and 
27Al was converted to 27Mg (half-life 9.46min). All three 
radioactive elements emit high-energy β and γ rays. The β 
ray is easily absorbed by the formation rock, the surrounding 
medium and the logging steel shell, while the γ ray can be 
detected by the γ detector [5]. According to research, the 
oxygen nucleus produces a nitrogen isotope at 10 MeV of 
fast neutron activation, and the radioactive nitrogen isotope 
undergoes β decay with a half-life of 7.13S [6]. High energy 
γ rays are emitted after β decay. The energy is 6.13 MeV of 
radiation. The threshold energy of the 16O reaction was 10.2 
MeV. Therefore, the 14MeV neutron generator is suitable. Due 
to the high energy, 6.13 MeV γ rays can penetrate wellbore 
materials of several tens of centimetres, such as well fluids, 
tubing, casing, cement, etc. The Monte Carlo method can be 
used to calculate the activation profile of oxygen activation 
and the response function of the detector, so it is possible 
to predict the change in the detector count rate caused by 
water flow [7]. Study showed the reaction process of oxygen 
activation is as follows [8].
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 (1)

Pulsed oxygen activated water flow logging was proposed 
by Schlumberger in the United States in 1991 to detect vertical 
water flow and provide quantitative measurements of water 
flow velocity and flow, known as WFL logging methods.

When logging, the generator hits the neutron for a few 
seconds. The surrounding water is activated. Then, after a few 
seconds of rest, several detectors simultaneously record the 
time spectrum of the γ signal. If the water is flowing, after 
a period, the water reaches the detectors in turn, and a peak 
appears in the time spectrum of each detector. According to 
the position of the peak on the time spectrum, the time T 
of the water flow reaching each detector is known, and the 
distance travelled by the water during this time is the source 
distance L of each detector, and the speed of the water is V=L/T. 
Since the borehole and the tubing diameter D are known, the 
cross-sectional area S of the water can be calculated, and the 
flow rate Q = VS [9].

If the neutron pulse time width is Ta, the time that the 
activated water flows from the neutron source to the detector 
can be obtained by the following equation [10]:

 (2)

INTERPRETATION AND APPLICATION OF 
PULSED NEUTRON OXYGEN ACTIVATION 

LOGGING

FEATURE ANALYSIS OF SPECTRAL  
PEAK RECOGNITION

The time peaks recorded by the pulsed neutron oxygen 
activation log show different forms with the flow velocity of the 
measured fluid. The spectral peak characteristics are generally 
described in terms of the amplitude, width and symmetry of 
the peak [11].

A single peak characteristic is produced when there is 
only one column space fluid flow at the measurement site. 
A single peak characteristic is also produced when the fluid 
flow direction and flow rate in the two column spaces are 
exactly the same, which is a special case. In actual production, 
it rarely happens.

The bimodal and the two peaks appear as a superposition of 
two single peaks on the time spectrum. According to the degree 
of overlap, it can be divided into non-overlapping, partial 
overlap and severe overlap. This situation is the performance 
of two kinds of column space fluid flow at the measuring 
point [12]. For example, the tubing and the loop space have 
fluids that flow simultaneously downward [13].

First, the non-overlapping bimodal. There is a significant 
bimodal on the time spectrum, and the points between the 
two peaks are more open. There is no overlap.

Second, partially overlapping bimodal. The time spectrum 
is shown as two peaks, and the lower half of the single peak 
overlaps.

Third, the serious overlap of the bimodal. The two peaks 
overlap completely and only one peak can be seen on the time 
spectrum.

Fig. 1. Theoretical graph of non-overlapping bimodal

Fig. 2. Theoretical graph of partially overlapping bimodal
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BASIC FUNCTIONS OF THE SOFTWARE

The pulse neutron oxygen activation logging interpretation 
software is divided into three parts, namely, point measurement 
calculation, comprehensive calculation and profile result 
table generation, and result image electronic picture output 
and printing. The point measurement calculation is used to 
perform peak identification and flow calculation for a single 
measurement point. The software can display the measurement 
data of seven probes at the same time and can filter each curve. 
The flow rate in the tubing, inside the casing and the oil collar 
annulus of each peak is calculated.

The flow value of the measurement point is imported into 
the comprehensive calculation section. Combined with the 
perforation horizon, water distributor, packer, bell mouth and 
other structural positions, the suction profile is calculated, 
and the results graph and the results table data are produced. 
It also includes a carbon dioxide flooding calculation module 
and a single point calculation module. The density and mass 
flow of carbon dioxide are calculated [14]. The single point 
calculation module enables the mutual conversion of time, 
flow rate and flow for a specific source distance, which is used 
as a reference in identifying peaks.

The software first judges whether the water injection is 
positive or negative injection, compounding, general injection 
or double pipe layering according to the perforation interval and 
column structure data (water distributor, packer, bell mouth). 
The point flow data is imported to calculate the amount of 
injection for each layer. Finally, the injection profile curve 
(tubing flow profile, casing flow profile, reverse injection 
annulus profile, up flow and downflow separation), outcome 
data, conclusion cards, perforation cards were calculated. The 
specific process is shown in Figure 4 [15].

The single point calculation module enables the conversion 
of time, flow rate and flow to a specific source distance. Based on 
the column data and fluid space type, combined with the source 
distance, the software converts the three parameters of time, 
flow rate and flow. In the peak identification process, the time 
in the graph is determined based on the estimated flow value. 
The flow rate is determined based on the estimated flow rate 
and time. During construction, the selection of measurement 
points and the verification of the validity of the measurement 
results are guided.

DOUBLE PIPE LAYERED WATER INJECTION

The double-pipe layered water injection method is complicated, 
which makes the underground water flow form more complicated. 
To make the interpretation more intuitive, the multi-section form 
is used to show the interpretation of the results. The flow profile 
for interpreting the results graph is three lanes. They represent 
the inner tubing water flow, the tubing annulus water flow and 
the oil jacket space water flow, respectively.

The peak is determined by the relationship between flow, flow 
rate and time, as shown in Figure 5. The flow rate is different in 
different column structures. It is converted to time based on 
the distance between the neutron tube and the detector (source 
distance) [16]. According to the relationship between flow 
and time, the peak is judged. This method is generally used to 
determine the peak position of the total injected amount. In 
the double-tube stratified injection well, the peak position of 
the total water flow in the oil pipe, the oil pipe annulus and the 
oil jacket annulus can be judged, which provides a reference for 
determining the flow peaks of each layer in the next step.
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Fig. 3. Theoretical graph of seriously overlapping bimodal

Fig. 4. Flowchart of integrated computation Fig. 5. he relationship between inner tubing, oil jacket 
annulus and double oil pipe annulus
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FIELD APPLICATION

The well depth is 1967.86m. The outer diameter of the casing 
is 139.7 mm and the outer diameter of the oil pipe is 73 mm. 
The target layer measurement section is 1630.0-1727.0m, and 
the daily water injection volume is 48.0 m3/d. The oil pressure is 
8.0 MPa and the casing pressure is 0.0 MPa. The single oil pipe 
is used for general water injection, and the bell mouth is located 
at 1719.6 m, which is injected into the water and returned to 
each suction layer. The amount of inhalation at each horizon 
was determined by pulsed neutron oxygen activation logging. 
The water absorption of each layer is shown in Table 1.

The well depth of the well is 2490.02 m. The outer diameter 
of the casing is 177.8 mm and the outer diameter of the 
oil pipe is 73 mm. The target layer measurement section is  
2020.0–2281.0 m, and the daily water injection volume is 
120.2m3/d. The oil pressure is 23.5 MPa and the casing pressure 
is 19.5 MPa. Water is injected by means of oil sleeve. The packer 
position is 2207.0 m and the bell mouth position is 2300.0 m. 
According to the pulsed neutron oxygen activation logging, 
the total injection of the oil jacket annulus is 102.8 m3/d, and 
the total injection volume of the oil pipeline is 41.0 m3/d. The 
amount of inhalation of each layer is determined. The water 
absorption of each layer is shown in Table 2.

Tab. 1. Log interpretation results

Tab. 2. Interpretation results of back injection logging

Tab. 3. Interpretation results of positive logging

Layer 
number

Perforating  
section (m)

Relative water  
absorption (%)

Absolute water absorp-
tion (m3/d)

Degree of water  
absorption (m3/d/m) Flow direction

12 1665.0-1669.9 6.68 3.21 0.68 Oil jacket up

13 1670.4-1678.9
14.16 6.81 1.49 Oil jacket up

17.09 8.21 2.17 Oil jacket up

15 1684.0-1694.9
13.12 6.31 1.27 Oil jacket up

16.05 7.69 1.34 Oil jacket up

16 1695.2-1701.7
6.45 3.09 1.12 Oil jacket up

10.01 4.81 1.34 Oil jacket up

18 1711.0-1715.9 11.66 5.61 1.18 Oil jacket up

19 1716.6-1723.5 4.79 2.29 0.69 Oil jacket up

Total 100.00 48.03

Layer 
number

Perforating  
section (m)

Relative water  
absorption (%)

Absolute water absorp-
tion (m3/d)

Degree of water  
absorption (m3/d/m) Flow direction

25 2140.0-2153.0 – Not absorbing – –

26 2180.0-2196.0
8.08 8.31 1.12 Oil jacket down

91.92 94.49 11.13 Oil jacket down

27 2224.0-2228.9 – Not absorbing – –

28 2228.9-2230.0 – Not absorbing – –

29 2236.0-2252.0 – Not absorbing – –

30 2258.0-2270.9 – Not absorbing – –

31 2270.9-2280.0 – Not absorbing – –

Layer 
number

Perforating  
section (m)

Relative water  
absorption (%)

Absolute water  
absorption (m3/d)

Degree of water  
absorption (m3/d/m) Flow direction

25 2140.0-2153.0 – Not absorbing – –

26 2180.0-2196.0 – Not absorbing – –

27 2224.0-2228.9
26.35 10.81 1.81 Oil jacket up

28 2228.9-2230.0

29 2236.0-2252.0
5.35 2.19 0.64 Oil jacket up

– Not absorbing – –

30 2258.0-2270.9

2.45 1.01 0.26 Oil jacket up

4.86 1.99 0.19 Oil jacket up

40.99 16.81 4.55 Oil jacket up

31 2270.9-2280.0
15.60 6.39 1.20 Oil jacket up

4.40 1.81 0.50 Oil jacket up



POLISH MARITIME RESEARCH, No S3/2018 27

CONCLUSION

Aiming at the actual logging data of offshore oilfields, the 
interpretation methods are studied, including spectral peak 
identification feature analysis methods and interpretation model 
establishment. In particular, the spectral peak identification 
method and carbon dioxide flooding interpretation method 
for double-tube layered water injection are proposed. Oxygen 
activation logging can be implemented in oil fields. This 
interpretation method basically meets the existing logging 
requirements.

For the test design and interpretation method of the 
research, the corresponding interpretation software is 
written. The software includes point measurement calculation, 
comprehensive calculation, profile result table generation 
and electronic picture output and printing. After a period 
of practical application, this method has undergone a series 
of improvements. At present, the actual interpretation needs 
have been met. As the application deepens and the scope of 
application expands, the software needs to be continuously 
improved and expanded.
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FOR PORT LOGISTICS PARK BASED  

ON PCA-SVM MODEL
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ABSTRACT

To predict the logistics needs of the port, an evaluation algorithm for the port logistics park based on the PCA-
SVM model was proposed. First, a quantitative indicator set for port logistics demand analysis was established. 
Then, based on the grey correlation analysis method, the specific indicator set of port logistics demand analysis 
was selected. The advantages of both principal component analysis and support vector machine algorithms 
were combined. The PCA-SVM model was constructed as a predictive model of the port logistics demand scale. 
The empirical analysis was conducted. Finally, from the perspective of the structure, demand, f low pattern and 
scale of port logistics demand, the future logistics demand of Shenzhen port was analysed. Through sensitivity 
analysis, the main inf luencing factors were found out, and the future development proposals of Shenzhen port 
were put forward. The results showed that the port throughput of Shenzhen City in 2016 was 21,328,200 tons. 
Compared with the previous year, it decreased by about 1.74 %. In summary, the PCA-SVM model accurately 
predicts the logistics needs of the port.

Keywords: port logistics demand, support vector machine, principal component analysis, economic hinterland

INTRODUCTION

With the integration of the world economy, logistics has 
been widely valued by various countries and has achieved rapid 
development. At present, the logistics industry has become an 
important pillar industry and a new economic growth point 
in China. It is a strong support for the tertiary industry. As an 
important branch of logistics, urban logistics guarantees the 
continuous operation of various functions of the city. This is 
a new impetus to promote the healthy and rapid development 
of the regional economy. With the continuous deepening of 
economic transformation and the optimization and upgrading 
of industrial structure, the specialization of logistics and the 
process of socialization have obviously accelerated. The level 
of urban logistics services has been further improved. With 
the supply-side structural reform entering the tough stage, 
logistics companies must upgrade their own strength to adapt 

to the development of the times. As of the end of 2015, the total 
cost of social logistics was approximately 11.1 trillion. It grew 
by 2.9 % compared to the previous year. Among them, the 
transportation cost is 6 trillion. Compared with the previous 
year, it increased by 3.3 %. The cost of storage is 3.7 trillion. 
Compared with the previous year, it increased by 1.3 %. The 
administrative fee is 1.4 trillion. Compared with the previous 
year, it increased by 5.6 %. This shows that the steady growth 
of the logistics industry is the fundamental guarantee for the 
sound development of the tertiary industry and social economy. 
In August 2015, policies such as “Multiple measures to promote 
the accelerated development of modern logistics” and “Notice 
on Accelerating the Implementation of Major Projects in 
Modern Logistics” were issued. The logistics industry has 
been promoted to an unprecedented height. A sound modern 
logistics service system can promote economic transformation 
and upgrading of industrial structure.
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home and abroad, the internal relationship between port 
logistics demand and port economic hinterland is analysed. 
According to the corresponding construction principles, a set 
of quantitative analysis indicators for port logistics demand was 
established. Domestic and international common port logistics 
demand analysis methods are compared. Combined with the 
characteristics of port logistics demand, the advantages of 
support vector machine and principal component analysis are 
combined and the PCA-SVM model is established. It provides 
a new method and idea for port logistics demand analysis.

STATE OF THE ART

Lin et al. analysed the freight negotiations in France and 
assessed the effectiveness of the urban freight policy. The 
combination of qualitative and quantitative methods was used 
to analyse the negotiation of the institutional framework of 
the French region at three levels. Specific consultations on 
freight cost issues need to be implemented, and important 
consultation results are translated into effective policies 
and behaviours [1]. Taking Poland as an example, Fresno 
et al. analysed the role of government in the development 
of urban logistics. A collaborative process model for urban 
logistics policy makers was constructed. Studies have shown 
that government departments not only lack a comprehensive 
and effective plan to develop urban logistics, but also lack 
cooperation with urban logistics practitioners [2]. Hope et 
al. analysed the relationship between the construction of 
transportation infrastructure and employment growth in 
the region. The regression model was used to analyse the 
employment data from 1992 to 2008. The study showed that 
the transportation infrastructure construction increased the 
employment rate [3]. Taking the export of the Spanish region 
as an example, Wu et al. studied the logistics infrastructure 
and trade import and export volume. Data from 19 Spanish 
regions to 64 destinations for the period 2003–2007 were 
analysed using a bilateral export model. The survey results 
show that the level and quality of logistics infrastructure have 
a positive impact on trade export flows [4]. Qi et al. studied 
the relationship between logistics development and economic 
development for a long time and established an econometric 
model. WGDP represents economic growth. Transportation 
turnover and inventory represent logistics development. 
Tests prove that economic growth is positively related to 
logistics development [5]. Li et al. studied the relationship 
between traffic flow and economic growth in Indonesia from 
1988 to 2010 to analyse the relationship between logistics 
and economic development. Shipping, air and rail freight 
volumes are used as logistics indices, and GDP is used as an 
economic index to build a series of models. Experiments show 
that logistics plays a supporting role in maintaining economic 
growth. Logistics infrastructure construction is one of the 
means to ensure sustainable economic development [6]. To 
reduce the inventory cost brought by the bullwhip effect, Feng 

et al. used the DWT-ANN model to predict regional logistics 
demand. In contrast to the ARIM method, data from three 
different manufacturing companies were collected for analysis. 
Experiments show that the DWT-ANN model has higher 
precision [7]. Foraker et al. pointed out that the evaluation 
method of the effectiveness of logistics measures is crucial. The 
O-D matrix is established from three aspects of transportation 
service type, delivery time and vehicle type. The collected 
data was used for simulation and satisfactory results were 
obtained [8]. A scholar used the Delphi method to predict 
the gross domestic product of the road freight traffic from 
Finland and concluded that different economic developments 
would produce different transportation needs [9].

In general, developed countries such as Europe and the 
United States attach great importance to the forecasting of 
logistics demand, and the research time is much earlier than 
China. Foreign studies have achieved theoretical success. 
Relevant laws and regulations guarantee the healthy and 
sustainable development of the logistics industry [10].

PORT LOGISTICS DEMAND FORECASTING 
MODEL BASED ON PCA-SVM

The logic of the support vector machine learning process is 
expressed in mathematical formulas as follows:

If there is an unknown joint probability F(x, y) between 
the input variable x and the output variable y, according to 
several independent and identically distributed samples (x1, y1),  
(x2, y2), (x3, y3),…(xn, yn), an optimal f(xʹ, yʹ) is found in 
a set of functions to minimize the expected risk [11]:

 (1)

In the formula (1), L(y, f(xʹ, yʹ)) represents the loss function 
caused by the function performing regression prediction. In 
general, when the function is fitted, the calculation error of the 
least square difference is used to represent the loss function. 
Minimizing risk is the main purpose of machine learning. 
However, in many practical problems, the information available 
is very limited. It is difficult to calculate the expected risk. The 
principle of empirical risk minimization is as follows [12]:

 (2)

The principle of empirical risk minimization has been used 
to replace the principle of expected risk minimization, which 
has achieved good application in many fields [13]. It provides 
a new way of thinking and perspective for problem solving 
and has gradually become a common guideline.

The operation steps of the PCA-SVM prediction model are 
shown in Figure 1:
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In the PCA-SVM model, there is a problem of parameter 
optimization. The appropriateness of the parameter selection 
directly determines the prediction accuracy of the model. There 
are two parameters in the model that need to be optimized, 
namely the penalty parameter C and the kernel function 
selection parameter g. At present, the academic community 
generally uses the grid search method and the particle swarm 
algorithm to optimize the parameters.

EMPIRICAL ANALYSIS OF PORT 
LOGISTICS DEMAND

STRUCTURAL ANALYSIS  
OF PORT LOGISTICS DEMAND

Shenzhen port is the second largest port in China and 
the third largest container port in the world. It is a key 
location for China’s foreign trade. With the transformation of 
economic growth mode and the continuous development of 
Shenzhen’s economy, port logistics has become increasingly 
important in the logistics system of Shenzhen. In 2015, the 
container throughput of Shenzhen port increased by 0.7 % 
compared with the previous year, with a total of 24,240,600 
TEU [14]. Among them, the export container throughput 
decreased by 0.9 %. The total number of standard boxes is 
12.60 million. Compared to last year, it fell by 0.9 %. The 
cargo throughput of the port is 21,706,380 tons. Compared 
to last year, it fell by 2.8 %.

In recent years, the total volume of imports and exports in 
Shenzhen has shown a downward trend. Since 2000, the total 
annual import volume of Shenzhen has been greater than the 
total export value. However, the growth rate of the import 
and export gap has continued to slow down. This shows that 
Shenzhen is in the transitional stage of “bringing in” and “going 
out”. At present, Shenzhen’s foreign trade is still dominated by 
imports. Port logistics demand will also be based on import 
logistics demand.

Hong Kong, the United States, and Taiwan account for the 
largest share of Shenzhen’s imports, followed by South Korea 
and Japan. The main trading partners are concentrated in the 
Pacific Rim. With the continuous development of the global 
economy, the cooperation between Shenzhen and the major 
trading partners in the Pacific Rim continues to strengthen, 
which will inevitably strengthen the logistics needs of Shenzhen’s 
foreign trade. Moreover, Shenzhen, as the largest port in South 
China, is the logistics point of import and export trade. With 
the continuous improvement of the transportation system, the 
connection between Shenzhen and the economic hinterland 
has been continuously strengthened. The development of the 
hinterland will inevitably provide a huge source of transit 
for Shenzhen. Such a  large potential market will provide 
opportunities for the development of modern logistics in 
Shenzhen. It has obvious rules of logistics flow.

FORECAST OF LOGISTICS DEMAND  
OF BASIC PCA-GA-SVM

First, the gray correlation method is adopted. The following 
eight indicators were selected as input indicators for the forecast 
of Shenzhen port logistics demand. They are the gross domestic 
product of the hinterland, the gross agricultural production in 
the hinterland, the gross industrial production in the hinterland, 
the freight turnover in the hinterland, the transportation in 
Shenzhen, the fixed investment in warehousing and postal 
services, the gross domestic product of Shenzhen, total import 
and export volume and social freight volume in Shenzhen. 
Through the relevant literature research and the actual situation, 
the port throughput is selected as the output index to carry 

Fig. 1. Operation steps of the PCA-SVM model

Fig. 2. Curve of port cargo throughput in Shenzhen from 2006 to 2015
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out the target prediction. As can be seen from Table 1, the 
correlation of the sample data is generally above 0.8, which 
means that the sample data is highly correlated. It can be seen 
from Table 2 that the significance is 0, which is less than 0.05, 
indicating that it is less than the significance level. Therefore, 
the null hypothesis was rejected. It is significantly different from 
the identity matrix. The KMO index is 0.761. Therefore, the data 
can be analysed by principal component analysis.

Principal component analysis was performed using SPSS 
22.0 software. The cumulative contribution rate is selected 
to be greater than 99 % as the main component. Since the 
cumulative contribution rate of the first, second and third 
principal components reached 99.369 %, the information of 
the original eight indicators was well retained. Three integrated 
variables were used to replace the eight variables in the original 
data. The coefficient matrix of each principal component can 
be calculated according to the factor score coefficient.

The 2-RBF function is selected. At this time, the penalty 
parameter C and the kernel function parameter g are 
determined. The choice of parameters C and g determines the 
performance of the SVR. Appropriate parameters allow the 
model to achieve more accurate predictions. After multiple 
experiments, grid search was used for parameter optimization. 
K-fold cross-validation was used to evaluate model performance 
to avoid overfitting.

There are two steps to improving the grid optimization 
method. First, the parameters are roughly selected, and the 
approximate range of the optimal parameters is selected 
using 0.5 steps to narrow the search range. Second, within 
the range of the optimal parameters determined by the rough 
selection of the parameters, the search is performed using 
a smaller step size. In this paper, 0.05 steps are used to find 
the final parameters. If multiple sets of parameters appear in 
the search results as the optimal result, the group with the 
smallest penalty parameter C is selected, because this can 
achieve a stronger generalization ability of the model. If the 
penalty parameter C is the same, the parameter that was first 
searched is taken as the optimal parameter.

The logistics demand structure of Shenzhen port and the 
main body of demand were analysed. With the continuous 
upgrading of the industrial structure, the proportion of high 
value-added and high-tech goods will increase in the logistics 
demand of Shenzhen ports. The logistics demand structure 
of Shenzhen port will be changed. In the case of slower port 
growth, the development of Shenzhen port has shifted from 
port throughput growth and traditional port industry layout 
to industrial chain and value chain. The port logistics service 
system is the main efficient industrial development model and 
establishes a new port and urban development relationship.

ANALYSIS OF FORECAST RESULTS  
AND FUTURE PREDICTIONS

The PCA-GA-SVM model is compared with four models 
to evaluate the prediction accuracy of the model. The PCA-
PSO-SVM model is compared to the PCA-SVM model. The 
characterization of the training set is shown in Figures 3 and 4:

The linear regression and BP neural network are used as 
the comparison model. The fitting of the training set is shown 
in Figures 5 and 6. The prediction results of the prediction set 
are shown in Table 2.

2006 2008 2010 2012 2014
2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Po
rt 

fre
ig

ht
 vo

lu
m

e(
Te

n t
ho

us
an

d t
on

s)

Years

 Actual value
 PCA-PSO-SVM

Fig. 3. The fitting of PCA-PSO-SVM model to the training set

Fig. 4. The fitting of PCA-SVM model to the training set

Tab. 1. Comparison of individual models

Years Actual 
value

Predictive value

PCA-PSO-SVM Error rate PCA-SVM Error rate PCA-GA-SVM Error rate

2014 24222 24261 0.1338 24231 0.000373 24311 0.00368

2015 24520 24517 0.1273 24517 0.000123 24520 0
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It can be seen from Table 2 that the error rate of the PCA-
GA-SVM prediction model is the smallest, which is mainly 
controlled within 0.5 %. Its prediction accuracy is good. 
According to the results of the BP neural network model, the 
error rate is about 5 %. The degree of prediction is worse in 
the prediction model. The prediction accuracy of the PCA-
GA-SVM model is good, which shows that this method has 
certain promotion value.

The PCA-GA-SVM model is used to forecast the port cargo 
volume of Shenzhen in the next three years. When making 
predictions, the value of the independent variables of the 
logistics demand in the next three years should be obtained 
first. By using the GM model, the influencing factors of the 
port freight volume demand for 2019–2011 are predicted. The 
PCA-GA-SVM model is used to predict the freight volume 
of Shenzhen port. The logistics demand in Shenzhen in 
2019–2011 is:

As can be seen from Table 3, the port cargo volume of 
Shenzhen in 2019–2011 is increasing year by year. To meet 
the growing demand for logistics, logistics supply capacity 
must be accelerated, and the transportation system improved. 
Logistics resources are rationally allocated, and the logistics 
economy is coordinated.

CONCLUSION

Based on the basic theory of port logistics demand, the 
relationship between port logistics demand and economic 
hinterland is analysed. Combined with relevant literature research 
and data review, the quantitative analysis index system of port 
logistics demand was established. Based on the comparative 
study of port logistics demand analysis methods, a combination 
of qualitative and quantitative analysis methods was established. 
A predictive analysis model combining support vector machine 
and principal component analysis is proposed. The intrinsic drive 
between the development of port logistics and the hinterland 
economy was analysed. The factors of port logistics demand were 
analysed. According to the principle of effectiveness, relative 
independence, operability and strong correlation, the index set 
of port logistics demand analysis is established. Through the 
grey correlation analysis method, a specific index set suitable for 
Shenzhen port logistics demand analysis is selected. Analytical 
methods at home and abroad are studied and compared. Based 
on the advantages of principal component analysis and support 
vector machine (SVM), the PCA-SVM model is constructed as 
the forecast model of the port logistics demand scale, and an 
empirical analysis is carried out.

Changes in port logistics demand are closely related to the 
development of the economic hinterland. When conducting 
research and analysis, in addition to relying on historical data on 
port logistics demand, the link between the economic hinterland 
and the port should be combined to establish a scientific and 
rational quantitative indicator set. According to the characteristics 
of port logistics demand, the forecasting method is selected.

Fig. 5. The fitting of BP-Neural network model to the training set Fig. 6. The fitting of linear regression model to training set

Tab. 3. Logistics demand in Shenzhen from 2019 to 2011

Tab. 2. Comparison of individual models

2019 2010 2011

34857 41648 45149

Years Actual 
value

Predictive value

Regression 
sequence Error rate BP model Error rate PCA-GA-SVM Error rate

2014 24222 23996.94 0.00925 22791.85 0.06558 24311 0.00368

2015 24520 24520 0.85*10-5 24272.98 0.01098 24520 0
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ABSTRACT

In order to discuss the simulation model of the ship transmission line and the state of the transmission line, an early 
fault model is built according to the evolution principle of the short circuit fault of the transmission line and combining 
with the fault characteristics of the early fault. A small distributed ship transmission line system is built in MATLAB/
Simulink. Then, combined with the constructed fault module, the original short circuit module, and the load module, 
the various states (normal state, early fault state, severe early fault state, short circuit state) of the ship transmission 
line are stimulated, and the features of voltage signal in each state is analysed. It is concluded that, due to the normal 
operation of the ship transmission line system, the variation characteristics of the flow signal and voltage signal caused 
by the sudden load mutation, that is, the sudden load and the sudden increase load, are very similar to the changes 
caused by the early fault. Therefore, in order to find a more accurate early fault detection method, the state is divided 
into normal state, sudden load state, sudden increase and sudden decrease load state.

Keywords: ship power, transmission line, simulation model, insulation deterioration

INTRODUCTION

Based on a study, early failure of ship transmission line 
is an early manifestation of deterioration of insulation layer 
[1]. Because the line has an unavoidable defect in its own 
material, manufacturing technology, and laying process, 
it is affected by the environmental factors such as power 
supply pressure, oil mist, water vapour and temperature on 
the line insulation layer or line junction, resulting in the 
gradual aging of the insulating layer and the appearance 
of the local arc. As the environment of the ship is relatively 
humid and there is more oil pollution, it is easier to generate 

the eliminating arc, causing current leakage, partial discharge 
and other phenomena [2]. According to research, early failures 
usually occur near the peak of the voltage waveform and stop 
at the first zero crossing point of the current waveform [3]. 
And after the first early failure, this early fault event will occur 
repeatedly. With the further deterioration of the insulation 
layer of the transmission line, the early fault will gradually 
deteriorate to the serious early fault, and the serious early 
fault will appear repeatedly. Then the insulation fails, and the 
short-circuit fault is easily generated. According to a scholar, 
early fault is the early embodiment of short circuit fault, and 
early fault identification to early fault monitoring data is 
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important information for the realization of the short circuit 
prediction of the ship transmission line [4].

The early fault of the ship transmission line is very 
similar to the intermittent arc fault. Its early fault resistance 
is a nonlinear time-varying resistance. The nonlinear and 
time-varying characteristics of the intermittent arc can 
well simulate its early fault. Shariatzadeh built an arc model 
through the study of the principle of the energy balance of 
the arc column. The model is used to simulate the early fault 
of the transmission line [5], and the simulation signal fits the 
actual situation. This model constructed is applied to simulate 
the early fault of the ship transmission line.

STATE OF THE ART

Compared with the early fault detection methods on the 
shore transmission lines, the main related research at home 
and abroad is focused on the diagnosis, identification and 
positioning after the line fault, among which the detection 
of the early fault of the ship transmission line is less. In the 
study of early fault in China, the usual method is the analysis 
based on waveform rather than vector, and the detection 
of the voltage and current characteristics in time domain 
and voltage and current characteristics in frequency domain. 
For the early fault detection, a scholar monitored the early 
faults of the long time series from two aspects of time domain 
and frequency and analysed the content of the harmonic 
in the frequency range. In the time domain, the amplitude 
transformation of the voltage and current and the duration 
of each barrier were detected mainly [6].

In the field of early fault detection, the characteristics 
of signal time and frequency, neutral point current signal 
and its change characteristics are studied and analysed, and 
the characteristics of transient overcurrent are detected. 
Some methods have been applied to relay, and the protection 
of feeder is improved. A scholar took the two-level distribution 
network as the test object, used the wavelet transform 
to analyse the time frequency state of the voltage and current 
in the time domain and frequency domain, and analysed the 
feasibility of the detection of the arc fault in the underground 
line [7]. A previous scholar proposed to use the consistency 
of superposition current and the neutral point current before 
and after using the monitoring fault. In this way, the initial 
phase and duration of the fault can be detected, and the 
warning or trip signal can be set accordingly [8]. Using the 
detection method based on neutral line current and neutral 
line current change rate, the transient fault and the judgment 
fault of the line with self-recovery are detected. As a result, it 
can distinguish normal system conversion or other system 
faults, such as fast fuse operation. Other scholar also put 
forward a detection method for the fault of the line joint. By 
detecting the transient overcurrent, recording the times and 
frequency of the fault, the alarm or the trip is carried out [9].

Model-based fault prediction techniques normally require 
that special analytical mathematical models for describing 
systems (or devices) and their physical models of faults are 

known. And this kind of technology is used for grasping 
the evolutionary process of the state model of the predicted 
system (or equipment and components), predicting system 
(or equipment and components) failure state or evaluating 
residual life and damage degree of equipment and components. 
The grey model includes GM (1, 1) model, grey Verhulst model 
and MGM (1, m) model, among which the most commonly 
used models in power system fault prediction are GM (1, 1) 
model. A scholar used comprehensive probability theory, grey 
system theory and fuzzy mathematics to apply the component 
life samples or test data of known probability distribution 
law. In order to predict the reliability series with unknown 
distribution rules, the development of the small sample system 
with unknown rules was completed [10]. Grey prediction 
has the advantages of small sample and few data modelling, 
which is suitable for fault prediction of power system or 
electric power equipment with few historical data and lack 
of information. Study showed an improved non-equal interval 
grey prediction method for transformer in view of non-equal 
interval characteristics in test transformer time. The main 
idea is to improve the original model by using the Lagrange 
interpolation method to reconstruct the background value 
to construct the equal-interval series. The accumulative 
generating series of grey model was assumed, and the 
reduction method of GM (1, 1) model was modified, and 
achieved good results [11]. A scholar, from the actual situation 
of electrical insulation, put forward constructing a new 
sequence by the original data sequence according to its own 
law, and then replaced by GM (1, 1) model. The experiment 
proved that this could effectively improve the prediction 
precision [12]. In practical application, the application of GM 
(1, 1) model only considers the characteristic behaviour or 
makes characteristic behaviour independent of each other, 
but it lacks the comprehensive consideration of characteristic 
behaviour [13]. Therefore, in order to realize the tracking 
of multiple characteristic parameters of the system, the 
precision that is difficult to be realized by using multiple 
GM (1, 1) models is achieved. A multivariable grey prediction 
model MGM (1, m) model is needed [14].

To sum up, the above research work is mainly focused 
on the early fault diagnosis technology of the power 
system and the model-based fault prediction technology. 
However, there are few researches on the simulation model 
of the ship transmission line and the analysis of the status 
of the  transmission line [15]. Therefore, based on the 
above research status, an early fault model is built based 
on the evolution principle of the short-circuit fault of the 
transmission line and combined with the fault characteristics 
of the early fault [16]. In addition, the various states of the 
ship transmission line are simulated and analysed combined 
with the early fault module, the original short circuit module 
and the load module [17, 18].
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METHODOLOGY

EVOLUTION MECHANISM OF SHORT CIRCUIT FAULT 
OF SHIP TRANSMISSION LINE

The short-circuit fault of ship transmission line is mainly 
caused by the deterioration of insulation layer. The insulating 
layer of a ship transmission line is usually made of rubber type 
materials. Because the physical and mechanical properties 
of the vulcanized rubber will change with the oxidative 
decomposition of the rubber, it becomes harder and more 
brittle. In this way, many cracks will occur on the rubber, 
and the entry of air and water will make the deterioration 
of insulation layer faster. Due to the decrease of insulation 
capacity, the partial discharge arc and flashover arc will 
cause the insulation layer deteriorating further, resulting 
in insulation breakdown and entering short circuit fault 
prone period. According to the different deterioration of 
the ship transmission line and better analysis of the evolution 
process of the short circuit fault, the operating status of ship 
transmission line can be divided into four periods: the safety 
period, the partial discharge prone period, the early fault 
prone period, and the short circuit fault prone period. Among 
them, the early fault is the early embodiment of the short 
circuit fault, and it is due to the deterioration of the insulating 
layer to a certain extent.

From Figure 1, it can be seen that the resistance value of the 
insulation will slow down with the increase of the use time of 
the line. At this time, the condition of the insulating layer is 
further deteriorated, and the running state of the line changes 
from the safe state to the sub-health state. At this time, it is 
prone to have the condition of the partial discharge. With 
the occurrence of local discharge, the insulation layer will 
continue to deteriorate, resulting in early failure. When the 
value of insulation resistance is decreasing, the early failure 
will continue to occur. Eventually, it will enter short circuit 
fault prone period.
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Fig. 1. Sketch map of the evolution of the short circuit fault of the ship 
transmission line

OCCURRENCE AND CHARACTERISTICS OF THE 
EARLY FAULT OF THE SHIP TRANSMISSION LINE

There are unavoidable defects in the material, manufacturing 
technology and laying process of the ship transmission 
line. It is influenced by external environmental factors in 
the line insulating layer or line junction, such as power 
supply pressure, oil mist, water vapour, and temperature. As 
a result, it is extremely easy to have water branches or partial 
discharge, and this situation will be further developed. Thus, 
the electrical branches are eventually generated, resulting in 
insulation breakdown and short circuit faults. According to 
the above analysis, the relationship between deterioration 
factors and deterioration modes of transmission lines is shown 
in Figure 2.

Air gap

Partial discharge

Impurity in air gap

Electric field

Heat

Mechanical force

Environmental Science

partial discharge

Electrical branch 
deterioration

Water branch 
deterioration

Insulation 

Fig. 2. The relationship between deterioration factors and deterioration modes 
of transmission lines

The early fault of the ship transmission line is an early 
manifestation of the insulation deterioration process, which 
usually accompanied by the generation of the arc. Due to 
the change of the fault resistance, the magnitude of the 
instantaneous current becomes a variable in a period of time, 
and the continuous process of the occurrence of the early 
fault is random. As a result, it may occur several times in 
a few seconds, or it may not happen again for a long time and 
maintains at normal level. If the traditional current protection 
device is used to detect the change of the early fault current, 
even if the threshold is set low enough, it is still unable to 
carry out effective detection. The main reason is that the 
state of the current mutation is various, the randomness is 
too strong, and the duration of the single early barrier is very 
short. Therefore, this failure may not be solved for a long 
time. Transmission lines will be "ill" (sub-health) running 
for several days, months or even years, eventually causing 
a short circuit fault.

In the early fault of the transmission line, the early fault 
of single-phase grounding is the most frequent, and most 
of the early fault of the interphase grounding is caused by the 
early fault of the single-phase grounding. Therefore, the early 
fault of the single-phase grounding is studied. According to 
the difference of the number of cycles, typical early failures 
can be divided into two types: one is the half cycle wave early 
fault, and the other is the multi periodic wave early fault. The 
arc is produced during the early fault of the transmission line, 
in which the arc of the half cycle fault is usually produced 
at the peak of the voltage. At the beginning of the fault, 
the phase current of the fault phase rises instantaneously. 
On the contrary, the phase voltage of the fault phase drops 
instantaneously, and the duration is 1/4 of the period. When 
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the current passes through the zero point, the early fault ends, 
the arc will also disappear automatically, and the current and 
voltage will return to normal.

ANALYSIS OF ARC MATHEMATICAL MODEL

Intermittent arc fault model is an essential condition for 
effective early failure analysis of ship transmission lines. 
Moravej discussed a series of arc models. Through theoretical 
analysis and practical verification, it is widely recognized that 
the arc has the nonlinear and time-varying characteristics, 
and it has high frequency components, and the arc voltage 
waveform is similar to a square wave. The realization of the 
arc model built in Cano is simple and capable of showing 
the nonlinear and time-varying characteristics of the arc 
very well, and it is applied to the arc fault analysis. Therefore, 
this model is used for subsequent analysis. The arc model is 
built based on the energy balance principle of arc column, 
and Formula (1) is the conductance differential expression.

)(1 gG
dt
dg

��
�

(1)

G 
Formula (1) is a generalized arc equation, which is suitable 

for representing arcs between terminals of a circuit. In the 
resonant grounding system, the variation of the parameters 
of the small current arc depends on the arc length, that is, 
the arc elongation. The definition of arc extension is shown 
as follows:

2.02.0
7

max

0

�
��

th

arc l
dt
dlelongspd

�
�

(2)

In Formula (2), vth refers to transient initial voltage transient 
value; vmax is the maximum of normal voltage; I0 indicates the 
initial length of the arc, which can be obtained by measuring.

The arc length is defined as a time function before 
simulation. The arc time constant is defined as:

aarc

I
)I

0
0�� � (3)

In Formula (3), τ0 suggests the initial time constant; 
I0 denotes the arc initial length; a indicates the negative 
coefficient, which generally takes -4.

RESULTS AND DISCUSSION

ESTABLISHMENT AND SIMULATION OF EARLY 
FAULT RESISTANCE MODULE

Because the early fault of the transmission line is usually 
accompanied by the appearance of the arc, the fault resistance 
size has the nonlinear time-varying characteristics. In 
the single-phase early failure, the core conductor of the 
transmission line is constructed by a time-varying resistance 
and a fixed resistance grounding. As shown in Figure 1, the arc 
resistance rarc in the module is jointly determined by the initial 
arc length l0, the arc stretching rate elongspd, and the time 
constant τ0 three parameters. It is combined with a fixed 
resistor r to form an early fault resistance. The effect of initial 
time constantτ0, initial arc length l0, arc extension elongspd 
and fixed resistance r value change on early fault module is 
simulated and analysed for the simple power system model 
based on early access fault module. According to Formula 
(2), the arc extension rate elongspd is jointly determined by 
the ratio of the transient initial voltage instantaneous value 
to the normal voltage peak value and the initial arc length 
l0. The simulation results can be obtained by setting the fault 
phase as A phase and altering the value of τ0, l0, cosβ, and 
series connected fixed resistance r.

When the initial time constant τ0 is changed, r=0.1 is taken. 
When the parameters are set l0=0.1m, and cosβ=1, that is, 
when elongspd=1.75m/ms, τ0 changes between 0.01ms-1ms, 
and 10 sets of sample data are obtained. The fault phase current 
transient peak Imax and its increment ΔImax are compared. It is 
seen from Table 1 that, with the increase of τ0, the peak Imax 
of fault current and its increment ΔImax gradually decrease, 
but the decline rate of the peak value of fault current is 13.1% 
and the decrease rate of its increment ΔImax is 32.9%, which 
shows that the impact of the peak current peak and its increase 
is small.
Tab. 1. Sample parameters changed by the initial time constant τ0

Parameter 1 2 3 4 5 6 7 8 9 10
τ0 0.01 0.02 0.05 0.1 0.2 0.4 0.6 0.8 0.9 1.0

Imax 47.98 47.95 47.75 47.55 46.68 45.99 44.56 42.89 42.11 41.74

ΔImax 19.09 19.05 18.85 18.65 17.78 17.10 15.66 13.21 13.21 12.84

When the initial length l0 of the arc is changed, r=0.1 is 
taken. When the parameters are set τ0=0.1ms, cosβ=1, l0 
is changed between 0.01ms-1ms. Formula (2) shows that 
elongspd is changed between 0.175/ms-17.5m/ms, and 10 sets 
of sample data are obtained. The fault current transient peak 
Imax and its increment ΔImax are compared. From Table 2, it is 
seen that, with the increase of l0, the peak value of the fault 
current and its increment gradually decrease, and the rate 
of change decreases with the increase of l0. The peak decrease 
rate of the fault current is Imax 45.6% and the decrease rate 
of its increment ΔImax is 99.5%. It can be seen that the initial 
arc length has a great influence on the fault current peak and 
its increase, which has a decisive effect on it.
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Tab. 2. Sample parameters changed by initial arc length l0

Parameter 1 2 3 4 5 6 7 8 9 10
l0 0.01 0.02 0.05 0.1 0.2 0.3 0.4 0.6 0.8 1.0

Imax 56.47 55.49 52.33 47.55 41.38 38.02 35.98 33.39 31.22 29.05

ΔImax 27.55 26.59 23.43 18.65 12.48 9.11 7.11 4.49 2.32 0.15

When the arc extension rate elongspd is changed, r=0.1 is 
taken and when the parameters are set τ0=0.1ms, l0=0.1m, cosβ 
is changed between 0.01-1. Formula (2) shows that elongspd is 
changed between 3.465/ms-1.75m/ms, and 10 sets of sample 
data are obtained. The fault current transient peak Imax and its 
increment ΔImax are compared. From Table 3, it is seen that, 
with the increase of elongspd, the peak value of fault current 
and its increment gradually increase. The peak decrease rate 
of the fault current is Imax 3.56% and the decrease rate of its 
increment ΔImax is 8.85%. The influence of the arc extension 
on the fault current peak and its increase is small.
Tab. 3. Sample parameters changed by arc extension rate elongspd

Parameter 1 2 3 4 5 6 7 8 9 10
cosβ 0.01 0.02 0.05 0.1 0.2 0.3 0.4 0.6 0.8 1.0

elongspd 3.455 3.432 3.332 3.183 2.912 2.693 2.498 2.189 1.945 1.652

Imax 46.49 46.49 46.59 46.92 46.92 47.17 47.36 47.73 47.99 48.09

ΔImax 17.59 17.58 17.69 18.03 18.02 18.27 18.27 18.83 19.08 19.21

When the fixed resistance r in the early fault module is 
changed, when the parameters are set τ0=0.1ms, l0=0.1m, 
cosβ=1, and elongspd=1.750m/ms, r is changed between 0.01-
500, and 10 sets of sample data are obtained. The fault current 
transient peak Imax and its increment ΔImax are compared. 
Table 4 shows that with the increase of l0, the peak value of 
fault current and its increase gradually decrease, and the rate 
of change gradually decreases. The change rate of r is larger 
between 0.01-50, and the change rate is almost zero when 
r>100. The peak decrease rate of the fault current is Imax 39.4% 
and the decrease rate of its increment ΔImax is 99.9%. It can be 
seen that the fixed resistance in the early fault module has a 
great influence on the peak value of the fault current and the 
increment of the fault current, and it has a decisive effect on it.
Tab. 4. Sample parameters changed by the fixed resistor r in the early fault module

Parameter 1 2 3 4 5 6 7 8 9 10
r 0.01 0.1 0.5 1 5 10 20 50 100 200

Imax 47.78 47.55 46.75 45.85 41.08 38.08 35.11 31.78 30.32 29.30

ΔImax 8.84 8.55 17.23 16.88 12.18 9.24 6.21 2.98 1.43 0.48

SIMULATION MODEL OF SHIP TRANSMISSION LINE 
STATE

At present, the dry-feed hybrid transmission network 
is basically used in ship power system. This power supply 
mode is a combination of trunk and feeder. The power grid is 
equipped with a number of pivot longitudinal connections to 
supply power to some sections of distribution boards or sub 
boards, and then the power distribution boards are supplied 
to the load. Therefore, MATLAB/Simulink is used to build 

a simulation model of the state of a ship transmission line 
based on the hybrid transmission network structure, as shown 
in Figure 3, which consists of the power supply system, the 
transmission system, and the load. The transmission system 
includes dry-feed distribution board, current and voltage data 
monitoring, load mutation module, early fault module, and 
short circuit fault module.

Power supply system Dry feed 
distributor

Current and 
voltage data 
monitoring

Transmission system

Early fault 
module

Short circuit 
fault module

Load 
mutation 
module

Load

Fig. 3. Simulation model of ship power system

ANALYSIS OF THE STATE OF THE SHIP TRANSMISSION 
LINE

In the simulation experiment, the state of the transmission 
line system includes normal state, normal suddenly added 
load state, normal sudden increase and sudden decrease load 
state, mild early failure state, severe early fault state, and 
short circuit fault state. In the ship transmission system, the 
single-phase early fault and the single-phase short circuit fault 
are most common, and the phase-phase early fault is also 
derived from the single-phase early fault. Then, the single-
phase state of the system is analysed one by one (in Figure 
4~ Figure 6, the transverse coordinate is time, the ordinate 
is the amplitude, and the starting point of the state mutation 
is 0.065 seconds):

Normal state: the normal operation state of the system 
without normal sudden increase load or normal sudden 
decrease load, and no sudden change of voltage waveform.

Normal sudden increase load: the state of the sudden 
increase load in the normal operation of the system. 
The voltage waveform is the dotted line as shown in Figure 4. 
The voltage decreases quickly at the sudden increase load and 
then quickly recovers to the original state.

Normal sudden increase and decrease load state: the 
state of a sudden increase and decrease load in the normal 
operation of the system. The voltage waveform is the solid 
line shown in Figure 4. The voltage decreases quickly at the 
sudden increase load and then quickly recovers to the original 
state. The load is withdrawn immediately after the 1/4 cycle, 
the voltage slightly and slowly increases and then decreases, 
and returns to normal after about 1/2 cycle.
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Fig. 4. Normal sudden increase and normal sudden increase and decrease load 
state diagram

Mild early fault state and severe early fault state: the 
operation state of the early fault of the system. According to 
the deterioration of the insulation layer, the size of the arc 
current is differentiated, which is realized by changing the 
early fault module. The comparison of the state waveform 
is shown in Figure 5. In the initial stage of the half-period 
wave early fault, the voltage drops rapidly. With the gradual 
decrease of the arc current, the voltage is slowly restored, and 
maintained at the 1/4 cycle. The normal state value will be 
restored at the zero point of the voltage wave. The difference 
between mild early fault state and severe early fault state is 
that the sudden decrease of severe early fault state is greater 
than that of mild early fault state.

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
-400
-300
-200
-100

0
100
200
300
400

 Mild
 Severe

Fig. 5. Voltage comparison diagram for mild early failure and severe early 
failure

Short circuit fault state: the operating state of a system 
with short circuit faults. The contrast diagram of the state 
waveform of the severe early and short circuit faults is shown 
in Figure 6. The voltage mutation is zero after the short circuit 
fault occurs.
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-400
-300
-200
-100

0
100
200
300
400

 Severe
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Fig. 6. Comparison of severe early fault and short-circuit fault state waveform

CONCLUSION

Based on the early fault mechanism of the ship transmission 
line and its mathematical model, the early fault module 
of the line is built, and the characteristics of the electric arc 
resistance module are simulated and analyzed. The influence 
of the change of the different initial parameters on the early 
fault is studied, and then a simple dry-feed distribution 
system of the ship transmission line is built. Moreover, the 
system, early fault module, and short circuit fault module 
are used to simulate the operation states of the transmission 
line. Finally, the states are compared and analyzed, and the 
characteristics of each operation and the differences between 
them are summarized.
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ABSTRACT

To study the force and deformation characteristics of subsea mudmat-pile hybrid foundations under different combined 
loads, a project at a water depth of 200 m in the South China Sea was studied. A numerical model of a subsea mudmat-
pile hybrid foundation is developed using the numerical simulation software FLAC3D. The settlement of the seabed 
soil, the bending moments of the mudmat, and the displacements and bending moments along the pile shaft under 
different load combinations, including vertical load and horizontal load, vertical load and bending moment, and 
horizontal load and bending moment load, are analyzed. The results indicate that settlement of the seabed soil is 
reduced by the presence of piles. The settlement of the mudmat is reduced by the presence of piles. Different degrees of 
inclination occur along the pile shaft. The angle of inclination of pile No. 1 is greater than that of pile No. 2. The dip 
directions of piles No. 1 and No. 2 are identical under the vertical load and bending moment and are opposite to those 
under the other combined loads. The piles that are located at the junctions between the mudmat and the tops of the 
piles are easily destroyed.

Keywords: Subsea Mudmat-pile Hybrid Foundations, force characteristics, deformation characteristics, combined loads

INTRODUCTION

In recent years, traditional fossil energy sources have 
been increasingly exhausted, and the environment has 
been deteriorating. Marine resources have made significant 
progress as a renewable energy source, and the technology for 
developing marine resources has matured [1-2]. Deepwater 
resources have been discovered, and offshore oil and gas 
engineering equipment has progressed from the shallow sea to 
the deep ocean. The deep ocean has gradually become the main 
area for the development of global marine resources [3-4]. 
As a common component in the development of deepwater 
oil and gas resources, subsea anti-sinking plate foundations 

are used as the supporting structures for wellheads, pipe 
sink nodes, umbilical cord cables and other components 
of underwater production systems. These foundations bear 
the load of each block of the underwater production system 
and transfer it to the foundation. They form the foundation 
of each block in the underwater production system, and 
they are rarely subjected to a single load during operations 
[5-8]. Due to the complex environmental conditions of the 
seabed, these foundations are usually subjected to two or 
more loads simultaneously. Because of the limitations of the 
anti-horizontal load and anti-overturning capabilities of 
anti-sinking plates, their bearing capacity is low. To overcome 
the limitations in the application of anti-sinking plates, piles 
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are added under them to form composite foundations, which 
bear part of the horizontal load and overturning bending 
moment to reduce the size of the anti-sinking plate. 

Foreign scholars have conducted numerous studies on anti-
sinking panels, and several results have been achieved. Yun 
simplified the seabed as a homogeneous soil and analyzed the 
bearing capacity envelope lines of three types of anti-sinking 
plate foundations in the V-H-T load space using a numerical 
method [9]. Bransby studied the bearing characteristics of 
a skirt plate of an anti-sinking plate foundation in the V-H-M 
composite load space by means of numerical calculations 
[10-11]. However, few domestic studies have focused on 
subsea anti-sinking plates; in particular, mudmat-pile hybrid 
foundations have rarely been studied. Based on practical 
engineering, provide examples of using industry standards 
to design anti-sinking plate foundations [12-14].

Using the FLAC3D finite difference software, numerical 
models of subsea mudmat-pile hybrid foundations can be 
eveloped to study their force and deformation characteristics 
under different load combinations. By applying combined 
loads to the model, such as a vertical load and a horizontal 
load, a vertical load and a bending moment, and a horizontal 
load and a bending moment, analyses of the seabed soil 
settlement, the bending moments of the anti-sinking plate, 
and the displacements and bending moments along the pile shaft 
can be performed, which have theoretical significance.

DEVELOPMENT OF THE NUMERICAL 
MODEL

Taking a 200 m water depth project in the South China 
Sea as an example, a separation-type mudmat-pile hybrid 
foundation is simplified as an anti-sinking plate and angle 
piles. A numerical simulation model of the subsea mudmat-
pile is developed using the FLAC3D numerical simulation 
software, which is also used to determine the constitutive 
model of the seabed soil, the unit types of the anti-sinking 
plate model and the pile model, and their various physical 
and mechanical parameters.

The FLAC3D finite difference equation is as follows:

d dS Ai
i

f
x

 (1)

In Eq (1):
S – The integral around the boundary of the closed surface;
i – The unit normal vector of s;

f – A scalar, vector, or tensor;
ix – The coordinate vector; ds  is the incremental arc length;
A – The integral of the surface area A.

CONSTRUCTION OF THE SOIL BODY MODEL

The soil body model is built as a six-sided block body 
with a built-in grid. The model is 50 m long, 25 m wide and 
20 m deep. The lower left corner of the model is taken as the 
coordinate origin. Considering the accuracy of the numerical 
calculations and the size requirements of the grid, the elements 
of the soil body model are all constructed with 1 m×1 m×1 m 
positive-cube cells, and the entire model includes 25,000 zones 
and 27,846 grid points. The three-dimensional numerical 
calculation model is shown in Fig. 1.

Fig. 1. Model of the seabed soil

Based on the actual conditions of the South China Sea, 
the seabed soil body is modeled as saturated soft clay. To 
utilize few parameters and simplify the measurements, the 
Mohr-Coulomb model is adopted for the seabed soil body 
model, and the material parameters are listed in Tab. 1. In the 
model, the boundary parallel to the x axis limits the velocity 
in the x direction, the boundary parallel to the y axis limits 
the velocity in the y direction, the bottom boundary limits 
the velocity in the z direction, and the top boundary is free.
Tab. 1. Material parameters of the seabed soil

bulk 
modulus 

/Pa

shear 
modulus 

/Pa

cohesion 
/Pa

internal 
friction 

angle /(°)

saturatd 
density 
/kg·m-3

4.2×107 1.83×107 12×103 23 2000

DEVELOPMENT OF THE MODEL OF THE MUDMAT-
PILE STRUCTURE SYSTEM

In the numerical model, structural units were used to build 
the mudmat-pile structure model, lining structures were used 
to build the anti-sinking plate model, pile structures were 
used to build the pile models, and point to point connections 
were established between the anti-sinking plate and the piles. 
The model, size of the anti-sinking plate and pile layout are 
shown in Fig. 2

Fig. 2. Model of the mudmat-pile structure
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The lining structural unit is shown in Fig. 3. It consists 
of a flat shell unit with three joints and can resist surface 
loads and bending loads. Thin plate theory is adopted in the 
analysis, and the deformation caused by transverse shear is 
ignored. The mechanical properties of the lining unit can 
be divided into the response of the lining material itself to 
the structure and the interaction between the lining and the 
mesh. The lining unit can consider tangential friction and 
normal compressive (tensile) action with the rock and soil 
body, and it can be detached (or embedded) from the rock 
and soil body. The lining structure unit is mainly used to 
simulate the structure with normal and tangential forces on 
the rock and soil body, which can withstand tension in the 
normal direction and simulate separation between the anti-
sinking plate and the seabed soil body. Frictional slip between 
the anti-sinking plate and the seabed soil in the tangential 
direction can be simulated [15].

Fig. 3. Diagram of the liner structural element

The apparent stiffness of the unit in the normal direction 
to the lining surface is:

min

4
3max

K G

Z
 (2)

In Eq (2):
K  and G – The volume modulus and bulk modulus, 

respectively;
minZ – The minimum size of the adjacent unit normal 

to the lining.

As shown in Fig. 4, the pile unit is a two-node slender unit 
with 6 degrees of freedom at each node and anti-bending 
and axial anti-tensile (anti-pressure) characteristics. It is 
composed of a combination of a beam element and a bar 
element. The interaction between the pile element and the soil 
grid is realized by nonlinear, sliding tangential and normal 
coupling springs. The tangential spring can simulate the 
tangential action of the grouting anchor rod, the normal 
spring can simulate the extrusion between the pile and the 
soil, and the force and displacement can be transmitted 
between the pile and the foundation soil by unit nodes.

Fig. 4. Diagram of the pile element

The shear characteristics of the model pile and the mesh 
contact surface are mainly its natural cohesive force and 
friction force. The characteristics of the tangential coupling 
spring include the stiffness ks, cohesion Cs, internal friction 
angle s, and radius of the pile’s external boundary. As shown 
in Fig. 5, the action of the tangential spring around the pile 
body is reflected by these parameters and the effective stress 
around the pile body.

Fig. 5. Shear material behavior of piles

The shear force of a unit length pile [16] is:

sF
L

 (3)

In Eq (3):
s – The shear stiffness of the connecting spring;
p

– The axial displacement of the pile;
– The axial displacement at the interface between the 

rock and soil.

The maximum shear force per unit length is:

max ' tans
s c s

F
c l

L
 (4)

In Eq (4):
sc – The bonding strength of the shear coupling spring;
'c – The average effective lateral stress perpendicular to 

the pile unit;
s – The friction angle of the shear coupling spring;

l – The exposed perimeter of the unit.
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The average effective lateral limit stress perpendicular to 
the unit is:

'
2c p  (5)

In Eq (5):
2 2

1 2 1 22v v v v ;
iv – is the unit vector;

– is the stress outside the plane;
p – is the pore pressure.

As shown in Fig. 6, the characteristic parameters of the 
normal coupled spring include the stiffness kn, cohesion Cn, 
internal friction angle n, gap and effective stress. These 
parameters reflect the normal mechanical action of the pile-
soil interface when the pile and soil move in the normal 
direction. When piles are subjected to horizontal loads, cracks 
will form between the pile and soil [17]. If the reverse load is 
applied, the gap must close first before the soil can withstand 
the force in the opposite direction. If the gap parameter is 
set to be on, the influence of the gap on the lateral load pile 
can be considered.

 Fig. 6. Normal-direction material behavior of piles

In the model, the anti-sinking plate is 10 m long, 5 m wide 
and 0.2 m thick. It is simulated by lining structural units, 
is located in the middle of the soil body model and is in 
contact with its upper surface. The piles are 4 m long and 
0.6 m in diameter [18]. They are simulated by pile units and are 
located at the four corners of the anti-sinking plate. Each pile 
foundation consists of 7 pile members. The top nodes of the 
pile and the mudmat are set as point-to-point connections. 
The bottom node limits the translational freedom in the 
three directions, and the pile has rotational freedom [19]. 
The mudmat-pile model includes 228 structural elements 
and 48 points, and the structural elements are listed in Tab. 2.
Tab. 2. Parameters of the structural elements

name pile mudmat
elastic modulus/GPa 206 206
Poisson’s ratio 0.3 0.3
density/kg·m-3 7850 7850
tangential coupling spring stiffness/GPa 13.9 0.8
normal coupling spring stiffness/GPa 1.39 0.8
tangential coupling spring bond strength/kPa 67.4 4000
normal coupling spring bond strength/kPa 67.4 —
tangential coupling spring friction angle/(°) 17.6 20
normal coupling spring friction angle/(°) 0 —

ANALYSIS OF THE NUMERICAL 
CALCULATION RESULTS

Using the FLAC3D numerical simulation software, 
a rectangular anti-sinking plate foundation is used to 
investigate the force and deformation characteristics of the 
seabed soil, the anti-sinking plate and the pile under three 
load combinations (vertical load and horizontal load, vertical 
load and bending moment, and horizontal load and bending 
moment load). The load conditions are listed in Tab. 3.
Tab. 3. Load conditions of mudmat-piles hybrid foundations
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numerical value 470 175 345 201 305

CHARACTERISTIC ANALYSIS 
OF THE COMPOSITE FOUNDATION 

UNDER A VERTICAL LOAD 
AND HORIZONTAL LOAD

SETTLEMENT ANALYSIS OF THE SEABED SOIL

The settlement characteristics of the seabed soil are shown 
in Fig. 7. The normal surface is the section at the corner pile, 
and the amount of settlement of the soil decreases radially 
with distance from the anti-sinking plate. The maximum 
settlement of the soil body is 0.772 mm, and it occurs in 
the middle of the bottom of the anti-sinking plate [20]. The 
maximum positive vertical displacement of the soil body is 
0.0235 mm, and it occurs at the edge of the long side of the 
model of the seabed soil body, which indicates that the soil 
far from the anti-sinking plate is slightly uplifted. As a result 
of the action of the angular piles, the settlement of the soil 
body near the piles is significantly less than that far from 
the piles at the same depth [21]. With increasing distance 
from the angular piles, their effect decreases gradually, and 
the settlement of the soil body caused by the piles essentially 
disappears at a depth of approximately 7 m. The results show 
that the angular pile influences the settlement of the seabed 
soil in a region approximately twice the length of the piles.

Fig. 7. Settlement of the seabed soil (units: m)
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ANALYSIS OF THE BENDING MOMENTS OF THE 
ANTI-SINKING PLATE

The bending moment of the anti-sinking plate is shown in 
Fig. 8. The bending moment diagram of the anti-sinking plate 
is also symmetric about the y axis because of the structural 
symmetry and because the load is applied on the y axis. Due to 
the simple structure and load, the bending moment diagram 
of the anti-sinking plate has a clear pattern.

As shown in Fig. 8(a), the maximum positive bending 
moment of the anti-sinking plate in the x direction is 
4.437 kN·m, and it is located in the middle of the long edge 
of the anti-sinking plate and has a semicircular distribution. 
The maximum negative bending moment is 19.401 kN·m 
and is located at the positions of the corner piles. The 
maximum bending moment occurs at the locations of the 
corner piles, which indicates that it is easy to cause damage 
at these locations; that is, damage to the anti-sinking plate 
can easily occur at the junctions between the piles and the 
anti-sinking plate [22]. As shown in Fig. 8(b), the maximum 
positive bending moment of the anti-sinking plate in the y 
direction is 1.151 kN·m, and it is located on the long edge of 
the anti-sinking plate and has an elongated distribution. The 
maximum negative bending moment is 15.376 kN·m, and it 
occurs at the positions of piles No. 1 and No. 2. The maximum 
bending moment of the anti-sinking plate is a negative 
bending moment that occurs at the junctions between piles 
No. 1 and No. 2 and the anti-sinking plate. The bending 
moments at piles No. 3 and No. 4 are negative and are much 
greater than the maximum positive bending moment, which 
indicates that damage to the anti-sinking plate can easily 
occur at the junctions between the anti-sinking plate and 
the piles; this is consistent with the pattern in the x direction 
bending moment diagram.

Fig. 8. Bending moments of the mudmat (unit: N∙m)

ANALYSIS OF THE DISPLACEMENTS ALONG THE 
PILE SHAFTS

Four piles are set up in the mudmat-pile hybrid foundation 
model, which are symmetrical to the xoz surface and 
the yoz plane. Piles No. 1 and No. 2 are investigated. Eight 

displacement monitoring positions were set from the tops 
of the piles to the bottoms, and 7 shear force, axial force 
and bending moment monitoring positions were analyzed.

The horizontal displacements of piles No. 1 and No. 2 are 
shown in Fig. 9. Under the combined action of the vertical 
and horizontal loads, pile No. 1 moves negatively along the 
x axis, and pile No. 2 moves forward along the x axis. The top 
of pile No. 1 moves 0.61×10-6m in the positive direction 
along the x axis, and the bottom moves 13.11×10-6m in the 
negative direction. The top of pile No. 2 moves 1.07×10-6m 
in the negative direction along the x axis, and the bottom 
moves 9.914×10-6m in the positive direction. The maximum 
displacement of pile No. 1 is 19.03×10-6 m, and that of pile 
No. 2 is 16.15×10-6 m, both of which occur in the middle of the 
piles. This may be because the pile is held fixed by the anti-
sinking plate and the soil at the bottom of the pile, and the soil 
pressure between the corner piles under the anti-sinking plate 
is greater than that outside the corner piles. The horizontal 
displacement lines of piles No. 1 and No. 2 are smooth curves, 
which indicates that the pile bodies buckle. Piles No. 1 and 
No. 2 move in the negative horizontal direction. Pile No. 1 
leans in the negative direction along the x axis, and pile No. 2 
leans in the positive direction. The differences in displacement 
between the tops and bottoms of the piles are 12.5×10-6 m and 
8.841×10-6 m, respectively, and the inclination angle of pile 
No. 1 is greater than that of pile No. 2.

Fig. 9. Horizontal displacements along the pile shafts

The vertical displacements of piles No. 1 and No. 2 are 
shown in Fig. 10. The pile foundations move downward 
as a whole due to the combined action of the vertical and 
horizontal loads. The vertical displacement of the top of pile 
No. 2 is greater than that of pile No. 1, which indicates that the 
composite foundation is inclined. The vertical displacement at 
the top of pile No. 1 is 0.6758×10-3 m, and that at the bottom 
is 0.6768×10-3 m. The vertical displacement at the top of pile 
No. 2 is 0.6872×10-3 m, and that at the bottom is 0.6881×10-3 m. 
The vertical displacements of the pile bodies are greater in 
the middle of the piles, which is mainly caused by the stress 
on the bottom of the piles caused by the soil, which generates 
axial compression on the piles.
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Fig. 10. Vertical displacements along the pile shafts

ANALYSIS OF THE BENDING MOMENTS ALONG THE 
PILE SHAFTS

The bending moments along the bodies of piles No. 1 
and No. 2 are shown in Fig. 11 and Fig. 12. The bending 
moments of the pile bodies in the x direction are 0, so they 
are not analyzed. Due to the symmetry of the structure 
and the applied load, the bending moments of the two piles 
in the y direction are symmetric, and the bending moments 
in the z direction vary little.

The bending moments of the pile bodies in the y direction 
are shown in Fig. 11. Pile No. 1 has a negative bending moment 
of 19.58 kN·m at the junction between the pile top and the 
anti-sinking plate, and the bottom of pile No. 1 has a positive 
bending moment of 0.232 kN·m. Pile No. 2 has a positive 
bending moment at the junction between the pile top and 
the anti-sinking plate of 18.19 kN·m, the bottom of pile No. 
2 has a positive bending moment of 0.185 kN·m. The bending 
moments of the two piles at a depth of 2.8 m are 0. The positive 
and negative signs of the bending moments at the pile tops 
are the same as those in the horizontal displacement diagram 
of the piles.

Fig. 11. Bending moments along the pile shafts in the y direction

The bending moments of the pile bodies in the z direction 
are shown in Fig. 12. The maximum negative moments of piles 
No. 1 and No. 2 are located at the tops of the piles and are 
8644 N∙m and 6406 N∙m, respectively. The bending moments 
of pile No. 1 are greater than those of pile No. 2. The maximum 
positive bending moments of the two piles are located at 
a depth of 2.3 m and are 3260 N∙m and 3302 N∙m, respectively. 
The maximum positive bending moments of the two piles 
are relatively similar. The maximum bending moments are 

located at the tops of the piles, and the bending moments 
at the bottoms of the piles are approximately zero, which 
indicates that the confining effect of the soil at the bottoms 
of the piles is much less than the effect of the anti-sinking 
plate on the stabilization of the piles.

Fig. 12. Bending moments along the pile shafts in the z direction

CHARACTERISTIC ANALYSIS 
OF THE COMPOSITE FOUNDATION 

UNDER A VERTICAL LOAD 
AND BENDING MOMENT

SETTLEMENT ANALYSIS OF THE SEABED SOIL

The settlement characteristics of the seabed soil are shown 
in Fig. 13. In the figure, the normal surface is the section at the 
corner pile, and the settlement of the soil decreases radially 
with distance from the anti-sinking plate. The maximum soil 
settlement is 0.85 mm, and it occurs at the locations of piles 
No. 2 and No. 4. The vertical displacement of the seabed soil at 
the edge in the x axis direction is 0.027 mm, which indicates 
that the soil far from the mudmat-pile hybrid foundation is 
uplifted. The displacements at piles No. 2 and No. 4 pile are 
greater than those at piles No. 1 and No. 3, which indicates 
that the mudmat-pile hybrid foundation is inclined. As a result 
of the action of the angular pile, the soil settlement around 
the piles is significantly less than that far from the piles at the 
same depth. The effect of the angular piles decreases gradually 
with increasing distance from the piles, and the difference in 
the soil settlement caused by the pile essentially disappears 
at a depth of approximately 8 m. The results show that the 
presence of corner piles significantly reduces the settlement 
of the seabed soil body.

Fig. 13. Settlement of the seabed soil (unit: m)
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ANALYSIS OF THE BENDING MOMENTS OF THE 
ANTI-SINKING PLATE

The bending moment of the anti-sinking plate due to the 
combined action of the vertical load and bending moment 
is shown in Fig. 14. Although the structure and the applied 
load are symmetrical, the bending moment diagram of the 
anti-sinking plate is not symmetric, and the bending moment 
distribution is complex.

As shown in Fig. 14(a), the maximum negative bending 
moment of the anti-sinking plate in the x direction is 
21.282 kN·m, and it is located at the junction between pile 
No. 3 and the anti-sinking plate. The maximum positive 
bending moment is 6.75 kN·m and occurs in the middle 
of the long side of the anti-sinking plate. The area of the 
maximum positive bending moment is small and has little 
influence, whereas the area of the second highest positive 
bending moment is large and is located in the middle of the 
anti-sinking plate. The bending moments at the junctions 
between the four angle piles and the anti-sinking plate are 
between 15 kN·m and 21.282 kN·m, which are significantly 
greater than those at the other locations; this indicates that 
damage to the anti-sinking plate will occur at the junctions 
between the anti-sinking plate and the piles. As shown in 
Fig. 14(b), the maximum negative bending moment of the 
anti-sinking plate in the y direction is 14.444 kN·m, and 
it occurs at the connections between piles No. 3 and No. 4 
and the anti-sinking plate. The maximum positive bending 
moment is 5.23 kN·m and is located along the long side of 
the anti-sinking plate. The bending moments of the anti-
sinking plate are concentrated between 2 kN·m and 6 kN·m; 
only small areas of the edges and the junction between the 
corner piles and the anti-sinking plate are outside this range. 
The bending moments at the junctions between the corner 
piles and the anti-sinking plate are significantly greater than 
those at other locations, which indicates that damage to the 
anti-sinking plate can easily occur at the junction between 
the anti-sinking plate and the corner piles, which is the same 
as in the x direction bending moment diagram.

Fig. 14. Bending moments of the mudmat (unit: N∙m)

ANALYSIS OF DISPLACEMENTS ALONG THE PILE 
SHAFTS

The horizontal displacements of piles No. 1 and No. 2 are 
shown in Fig. 15. Due to the combined action of the vertical 
load and bending moment, piles No. 1 and No. 2 move in 
the negative direction along the x axis at the bottom and 
forward along the x axis at the top. The top of pile No. 1 moves 
5.143×10-6 m in the positive direction along the x axis, and the 
bottom moves 58.77×10-6 m in the negative direction. The top 
of pile No. 2 pile moves 3.97×10-6 m in the positive direction, 
and the bottom moves 16.88×10-6 m in the negative direction. 
The horizontal displacement lines of both piles are smooth 
curves, which indicates that the pile bodies are buckling. Piles 
No. 1 and No. 2 move in the same direction horizontally and 
tilt toward the x axis. The difference in displacement between 
the top and bottom of pile No. 1 is 63.91×10-6 m, and that 
of No. 2 pile is 20.85×10-6 m. The inclination angle of pile 
No. 1 is greater than that of pile No. 2.

Fig. 15. Horizontal displacements along the pile shafts

The vertical displacements of pile No. 1 and No. 2 are 
shown in Fig. 16. The pile foundations move downward as 
a whole under the combined action of the vertical load and 
bending moment. The vertical displacements of the two piles 
form straight lines; the vertical displacement at the top of 
pile No. 1 is 0.7×10-3 m, and that at the top of pile No. 2 
is 0.85×10-3 m. The displacements of the two pile tops are 
different, which indicates that the composite foundation is 
inclined.

Fig. 16. Vertical displacements along the pile shafts
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ANALYSIS OF THE BENDING MOMENTS ALONG THE 
PILE SHAFTS

The bending moments of the bodies of piles No. 1 and No. 2 
are shown in Fig. 17 and Fig. 18. The bending moments of the 
pile bodies in the x direction are 0, so they are not analyzed. 
The bending moments of the pile bodies in the y direction are 
shown in Fig. 17. The maximum bending moments are located 
at the junctions between the pile tops and the anti-sinking 
plate, and the minimum bending moments are located at the 
bottoms of the piles, which indicates that pile damage can 
easily occur at the junctions between the pile tops and the 
anti-sinking plate. The bending moment at the top of pile 
No. 1 is 27.67 kN∙m, and that at the bottom is 90.18 N∙m. 
The bending moment at the top of pile No. 2 is 12.16 kN∙m, 
and that at the bottom is 91.39 N∙m. The bending moments 
of both piles decrease gradually from the top to the bottom 
and have opposite signs. The bending moments of pile No. 1 
are greater than those of No. 2.

Fig. 17. Bending moments along the pile shafts in the y direction

The bending moment of the pile bodies in the z direction 
are shown in Fig. 18. The bending moment at the top of pile 
No. 1 is 11.26 kN∙m, and that at the bottom of the pile is 0.72 
N∙m. The bending moment at the top of pile No. 2 is 6.67 
kN∙m, and that at the bottom of the pile is 42.79 N∙m. The 
bending moment are largest at the tops of both piles, those 
at the bottoms are the smallest, and the signs are the same. 
The bending moment of pile No. 1 are greater than those of 
pile No. 2.

Fig. 18. Bending moments along the pile shafts in the z direction

CHARACTERISTIC ANALYSIS 
OF THE COMPOSITE FOUNDATION 

UNDER A HORIZONTAL LOAD 
AND BENDING MOMENT

SETTLEMENT ANALYSIS OF THE SEABED SOIL

The settlement characteristics of the seabed soil are shown 
in Fig. 19. In the figure, the normal surface is the section at the 
corner pile, and the amount of settlement decreases radially 
with distance from the composite foundation. The maximum 
settlement is 2.36 mm, and it occurs in the middle of the 
bottom of the anti-sinking plate. As a result of the action of 
the angular piles, the settlement of the soil around the piles is 
significantly less than that far from the pile at the same depth. 
With increasing distance from the angular piles, the effect of 
the piles decreases gradually, and the horizontal difference in 
the soil settlement caused by the piles essentially disappears 
at a depth of approximately 8 m. The angular piles influence 
the settlement of the seabed soil over a certain area, which 
is approximately twice the length of the piles.

Fig. 19. Settlement of the seabed soil (unit: m)

ANALYSIS OF THE BENDING MOMENTS OF THE 
ANTI-SINKING PLATE

The bending moments of the anti-sinking plate due to the 
combined action of a horizontal load and bending moment 
are shown in Fig. 20. In general, the bending moments of the 
anti-sinking plate are not symmetrical, and the distribution 
pattern is not obvious.

Fig. 20. Bending moments of the mudmat (unit: N∙m)
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As shown in Fig. 20(a), the maximum negative bending 
moment of the anti-sinking plate in the x direction is 
19.838 kN·m, and it is located near piles No. 1 and No. 3. The 
maximum positive bending moment is 7.0265 kN·m, and it 
occurs at the corner of the anti-sinking plate along the x axis. 
The area of the maximum positive bending moment is small 
and has little influence. The bending moments of the anti-
sinking plate are mainly between 10 kN·m and 12.5 kN·m, 
and they are located in the middle of the anti-sinking plate. 
The bending moments at the junctions between the piles and 
the anti-sinking plate are large. As shown in Fig. 20(b), the 
maximum negative bending moment of the anti-sinking plate 
in the y direction is 14.73 kN·m, and it is located between piles 
No. 1 and No. 3. The maximum positive bending moment is 
5.4445 kN·m, and it occurs at the corner of the anti-sinking 
plate along the x axis. The area of the maximum positive 
bending moment is small, and its influence is not significant. 
The bending moments of the anti-sinking plate are mainly 
between 10 kN·m and 12.5 kN·m; they are located in the 
middle of the anti-sinking plate and are distributed in long 
strips in the x direction.

ANALYSIS OF DISPLACEMENTS ALONG THE PILE 
SHAFTS

The horizontal displacements along piles No. 1 and No. 2 
are shown in Fig. 21. Due to the combined effects of a vertical 
load and horizontal load, pile No. 1 moves in the negative 
direction along the x axis, and pile No. 2 moves forward 
along the x axis. The top of pile No. 1 moves 4.139×10-6 m in 
the positive direction along the x axis, and the bottom moves 
171.5×10-6 m in the negative direction. The top of pile No. 2 
moves 0.2374×10-6 m in the negative direction, and the bottom 
moves 120×10-6 m in the positive direction. The horizontal 
displacements of piles No. 1 and No. 2 form smooth curves, 
which indicates that the pile bodies are buckling. Piles No. 
1 and No. 2 move backward horizontally, the body of pile 
No. 1 pile leans in the negative direction along the x axis, 
and the body of pile No. 2 leans forward along the x axis. 
The difference in displacement between the top and bottom 
of pile No. 1 is 175.639×10-6 m, and that between the top and 
bottom of pile No. 2 is 120.24×10-6 m. The inclination angle 
of pile No. 1 is greater than that of pile No. 2.

Fig. 21. Horizontal displacements along the pile shafts

The vertical displacements of piles No. 1 and No. 2 are 
shown in Fig. 22. The pile foundations move downward as 
a whole under the combined effects of the vertical load and 
horizontal load. The vertical displacement at the top of pile 
No. 1 is 2.037×10-3 m, and that at the top of pile No. 2 is 
2.112×10-3 m. The vertical displacements at the tops of the 
two piles are different, which indicates that the composite 
foundation is inclined. The vertical displacements at the 
bottoms of the two piles are 2.032×10-3 m and 2.107×10-3 m, 
respectively. The vertical displacements of the pile bodies 
decrease, which indicates that the pile body is inclined; this 
is consistent with the results of the horizontal displacement 
analysis. The vertical displacements of the two piles form 
inclined nearly linear curves, which is mainly because the 
soil under the pile imparts a stress at the bottom of the pile, 
so the pile body experiences axial compression.

Fig. 22. Vertical displacements along the pile shafts

ANALYSIS OF THE BENDING MOMENTS ALONG THE 
PILE SHAFTS

The bending moments on the bodies of piles No. 1 and 
No. 2 are shown in Fig. 23 and Fig. 24. The bending moments 
of the pile bodies in the x direction are 0, so they are not 
analyzed.

The bending moments of the pile bodies in the y direction 
are shown in Fig. 23. The maximum bending moment of pile 
No. 1 is 49.11 kN∙m, and it is located at the junction between 
the pile top and the anti-sinking plate. The minimum bending 
moment of pile No. 1 is 25.31 N∙m, and it occurs at the bottom 
of the pile. The maximum bending moment of pile No. 2 pile 
is 28.49 kN∙m, and it is located at the junction between the top 
of the pile and the anti-sinking plate. The minimum bending 
moment of pile No. 2 is 36.72 N∙m, and it occurs at the bottom 
of the pile. The bending moments of pile No. 1 are greater 
than those of No. 2 pile body. The positive and negative signs 
of the bending moments at the bottom of the pile are the 
same as those shown in the horizontal displacement diagram 
of the piles; the results are the same as those of the horizontal 
displacement.
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Fig. 23. Bending moments along the pile shafts in the y direction

Fig. 24 shows the bending moment of pile body in the 
z direction. The maximum bending moment of pile No. 1 
is 26.54 kN∙m, and it is located at the junction between the 
pile top and the anti-sinking plate. The minimum bending 
moment of pile No. 1 is 13.91 N∙m, and it occurs at the bottom 
of the pile. The maximum bending moment of pile No. 2 is 
22 kN∙m, and it is located at the junction between the top of 
the pile and the anti-sinking plate. The minimum bending 
moment of pile No. 2 is 30.66 N∙m, and it occurs at the bottom 
of the pile. The bending moments of pile No. 1 are greater 
than those of No. 2. Both piles have positive and negative 
bending moments in the vertical direction, and the positive 
bending moments are located in the lower half of the pile. The 
point of 0 bending moment on pile No. 1 is located at a depth 
of 1.7 m, and that on pile No. 2 is located at a depth of 1.5 m.

Fig. 24. Bending moments along the pile shafts in the z direction

CONCLUSION

A numerical model of a subsea mudmat-pile hybrid 
foundation is developed using the numerical simulation 
software FLAC3D, and the force and deformation 
characteristics of the model under different load combinations, 
including a vertical load and horizontal load, a vertical load 
and bending moment, and a horizontal load and bending 
moment, were analyzed. The main conclusions are as follows:
1. Due to the effect of the combined load, the seabed soil 

near the mudmat-pile hybrid foundation experiences 
settlement, whereas the soil far from the foundation is 
slightly uplifted. The presence of the pile foundation affects 

the settlement of the seabed soil, and the range of influence 
is approximately 2 times the length of the pile body.

2. Due to the effect of the combined load, the bending moment 
distribution of the anti-sinking plate is complex, and there 
are patterns under a vertical load and horizontal load but 
no clear patters under the other load combinations. The 
maximum bending moments of the anti-sinking plate 
occur at the junctions between the anti-sinking plate and 
the piles, which indicates that damage can occur easily in 
these locations.

3. Horizontal displacements along the pile shaft are produced 
by the combined loads. The horizontal displacement 
directions of piles No. 1 and No. 2 are opposite under 
a vertical load and horizontal load and under a horizontal 
load and bending moment load. The horizontal 
displacement directions of piles No. 1 and No. 2 under 
a vertical load and bending moment are the same. The pile 
bodies are inclined to varying degrees, and the tilt angle of 
pile No. 1 is greater than that of pile No. 2. The inclination 
directions of piles No. 1 and No. 2 are opposite under 
a vertical load and horizontal load and under a horizontal 
load and bending moment, whereas they are the same 
under a vertical load and bending moment.

4. The analysis of the bending moments along the pile shafts 
shows that the maximum bending moments occur at the 
junctions between the anti-sinking plate and the pile tops, 
which indicates that under a combined load, the piles are 
most vulnerable to damage at the junctions between the 
pile tops and the anti-sinking plate. Under a vertical load 
and horizontal load and a horizontal load and bending 
moment load, the pile bodies have points with a zero-
bending moment.
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ABSTRACT

Submerged f loating tunnel (SFT for short) is a special underwater traffic structure, and wave load is one of the 
main environmental loads of SFT structure. In this paper, the 1:60 physical model test of three kinds of SFT 
in a two-dimensional wave f lume is tested. The effects of random irregular waves on the SFT structure under 
different wave heights and periods are discussed. The study shows that: (1) Compared with circular and polygonal 
sections, there are multiple local peaks in the elliptical section during the period. with the increase of wave height, 
the number of local peaks also increases. It suggests that the rotational moment plays an important role in the 
elliptical section which has a relatively small depth-width ratio. (2) The position of the maximum and minimum 
pressure in the three kinds of SFT sections is consistent. Their vertical wave forces are all larger than their 
horizontal wave forces. The increase of vertical wave force relative to horizontal wave force in polygon section 
is larger than that in elliptical section, and the difference in the circular section is the smallest. (3) Under the 
same traffic condition, the wave force of the elliptical and polygon section is smaller, but they are more sensitive 
to the change of wave height, and the increase is obvious. The distribution of wave force in the circular section 
is more uniform.

Keywords: Submerged floating tunnel, section type, irregular waves, pressure characteristics, physical test

INTRODUCTION

Submerged floating tunnel (SFT for short) is the only way 
to maintain the dynamic balance of the water structure by the 
buoyancy and the cable tension. In some places where it is 
difficult to build a tunnel or bridge to cross. SFT can be used 
as a transportation scheme to solve narrow and deep Straits, 
lakes and rivers. So far, there is still no real SFT in the world.

Although scholars at home and abroad are almost sure that 
it must be buried under a certain depth of water, the effect of 
wave force on SFT is negligible. However, there is still a need to 
study the wave force of the SFT structure. From the project plan, 
the structure of pure SFT scheme has the water entry section, 
the transition section and the deep buried section. The first 
two sections of the SFT structure are affected by the wave force. 
If the combination of “shield method + submerged floating 

tunnel method” or “immersed tube method + submerged 
floating tunnel method” is adopted, the connection position 
will inevitably exist. The determination of the best connection 
position also needs to study the exact influence of the depth 
range on the wave force of the SFT structure. In addition, it is 
necessary to study the response of the deep fjord wave to the 
SFT structure, which had great damage and deep influence.

The study of the engineering scheme of the submerged 
floating tunnel is the first problem in front of the engineer, 
especially the problem of the type selection of the submerged 
floating tunnel. Around the form of a submerged floating 
tunnel section, many countries are aimed at different sea 
area characteristics and project conditions, a variety of cross 
section forms are put forward, it includes circular, ellipse and 
polygons [1]. In 1966, British engineer Mr. Grant proposed 
the basic idea of building a water submerged floating tunnel in 
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the water. He proposed a submerged floating tunnel structure 
with 3 circular concrete pipes with diamond shaped steel shells. 
In 1984, Italy Archimedes company designed a prestressed 
concrete pipe structure for the eight sides of Messina strait [2]. 
Then, a variety of structural schemes have been put forward, 
such as steel concrete steel sandwich tube section, outer steel 
tube + inner shell section and pipe joint structure of steel 
–concrete – steel circular structure section. In 1996, four 
Norway companies proposed four different submerged floating 
tunnels with different Anchorage and buoy structures. In 1996, 
Japan [3] proposed an up and down two highways and rail 
traffic submerged floating tunnel for the Funka Bay. At the 
same time, a submerged floating tunnel scheme is proposed 
for the traffic line of North Japan [4], with circular section of 
inner concrete and external elliptical shell structure. In 2009, 
a submerged floating tunnel with an oblique anchorage was put 
forward in the Sulafjord fjord. In 2016, Norway also designed 
a double cylindrical structure of submerged floating tunnel in 
the Sognefjord fjord. Therefore, we have designed three kinds 
of SFT sections, round, ellipse and polygon, as the alternative 
for the SFT physical model test.

In the physical model experiment of SFT, The SFT’s static 
water load test was first carried out by a scholar [5–7], he 
tested the spatial stress distribution of the tube section under 
the hydrostatic load. A previous researcher [8, 9] carried out 
the SFT structure section model test and studied the spatial 
stress and the distribution of the axial force of the anchor 
cable in the SFT structure under pure flow, but the flow rate 
in the pool space is not easy to control. The SFT structure 
test under the uniform flow condition of Venkataramana [10] 
is more refined, and the random vibration of the SFT model 
is observed. Japan and South Korea are the long and multi 
island countries of the coastline. Scholars of the two countries 
are mainly devoted to the study of the motion characteristics 
of SFT under the action of waves in the fjord or shallow 
sea area. A Japanese scholar carried out a model test of 
a shallow water submerged floating tunnel [11, 12]. It is 
believed that the tension of the anchor cable increases with 
the increase of the regular wave period. South Korea’s S-H. 
a group of scholars [13, 14] also studied the hydrodynamic 
characteristics of SFT under the action of waves through 
a regular wave physical test in a wave flume. It is found that 
the anchorage system has an important influence on the 
movement displacement of the structure. The model test 
of SFT experienced the development of static water test to 
pure flow, regular wave and random irregular wave. The test 
conditions also advance to the single flow to wind and wave 
water flume, and the large wave water pool test in deep water. 
Because the regular wave has only one specific period, the test 
result is generally unstable. Sometimes the resonance result 
is large, sometimes the result is small, and the irregular wave 
period has certain distribution, the test result rule is usually 
relatively stable. Therefore, based on the above three types of 
SFT section, the structure response of SFT structure under 
random irregular waves is studied. It provides a reference 
for the optimization and development of new structural type 
SFT in the future.

PHYSICAL TEST

TEST EQUIPMENT AND MODEL STRUCTURE

Based on the consistent consideration of the traffic volume, 
three kinds of bi-directional six lane highway traffic SFT cross 
section prototype are selected. Figure 1 shows the design sketch 
of the SFT.SFT is fixed to the bottom of the seabed by the tension 
leg. The test wave flume is 60 m long, 1.9 m high, and 2 m wide.

In order to obtain reliable wave sequence, the wave elements 
were calibrated first. In the width of 2.0 m, the flume was divided 
into two 1.0 m wide flume. The test area was located in the 
lower half, and the upper half diffuses the reflected waves, as 
shown in figure 2. When the wave propagates to the test area, 
a part of the wave will be reflected back after the structure is 
encountered. A part of the reflected wave is diffused in the 
parallel flume in the upper half, and finally the energy of the 
reflected wave is dissipated by the gravel. And the other part 
is reflected back to the vicinity of the wave-maker. The wave 
height of the reflected wave is measured by the wave height 
instrument, and the wave elimination treatment is carried out 
on the wave guide plate controlled by the computer. Similarly, 
reflected wave which propagating through the test area are 
shattered and its energy dissipated by the gravel. Therefore, 
whether t the wave propagated through the test area or not, the 
waves are well treated with wave elimination, which will not 
cause the reflection and superposition of the waves.

Fig. 1. Experimental parameters and design sketch of the SFT

Fig. 2. Schematic diagram of experimental flume arrangement

Fig. 3. General situation of experimental device (circle as example)

(a) Top view (b) Elevation view
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Considering the dimension of the wave flume and the 
size effect of the hydraulic test, the model test scale is 1:60. 
The length of the single tube section of the prototype is 
determined to be 51 m, so the length of the SFT test tube 
section is determined to be 85 cm. In order to prevent water 
from entering the pipe section, the pipe joint is in a sealed state 
during the test. The section parameters of three structural 
types are given in Table 1. Figure 3 is the general situation of 
experimental device (circle as example) in the test flume. In 
order to test the pressure of the surface of the SFT structure 
under the random wave load, eight pressure sensors are evenly 
arranged in the circumference of each section. At the same 
time, in order to test the tension of the anchor cable, four total 
force sensors are arranged, and the transverse distance between 
the anchor cables is 70 cm, as shown in Figure 4. 

SIMILARITY CRITERION

Suspended pipe in water is mainly affected by wave force, 
ocean currents and earthquakes. The wave force calculated 
according to the Mirosion equation is mainly the inertial force 
and the damping force. To simulate the above two types of wave 
forces, similar designs for dynamic experiments should satisfy 
Froude similarity and Reynolds similarity. In fact, it is difficult 
to meet both of them at the same time. According to the ship 
hydrodynamics experiment and the traditional hydrodynamic 
experiment experience, the experimental pipe section and the 
anchor cable should meet the following condition:

PIPE SECTION SIMILARITY

The experimental section is geometrically similar to the 
prototype of SFT through the 1:60 scale. According to Ge Fei 
[15]ʹs study, there exist a suitable range of buoyancy-weight 
ratio (BWR) value which will lead to less dynamic response 
and more stability for the SFT, it’s called “synergetic range of 
BWR”. Meanwhile BWR determines the range of influence of 
inclined mooring angle (IMA). When IMA is 45°, BWR=1.3 is 
adopted to counterweight the structure so that the quality of the 

pipe section is similar. According to the ship fluid mechanics 
experiment and the traditional hydrodynamics experiment 
experience, the experimental material adopts plexiglass.

ANCHOR CABLE SIMULATION

The anchor cable belongs to the non-rigid structure and 
is simulated by deformation similarity and mass similarity.

The model of anchor rope should be similar to the tension-
elongation relationship of the prototype. According to “the 
wave model test procedure” (Chinese Standard JTJ/T234-
2001), the tension-elongation relation of the anchor cable is 
determined by the following formula (1):

2

3

( / )P pT
       (1)

Where Tm is model anchor cable tension(N), dp is diameter of 
prototype anchor cable(m), Cp is elastic coefficient of prototype 
anchor cable and usually takes a value of 26.97×104 MPa for the 
anchor cable; ΔS/S represents relative elongation of prototype 
anchor cable, S is Initial length of prototype anchor cable; n is 
the index, and the n value of the cable is recommended for 
n = 1.5; λ is the model scale, which is 60 in this experiment.

The model of anchor rope is simulated by the combination 
of steel wire ropes which is basically inelastic (this test range 
of force measurement) and multi-stage spring steel plates. 
By varying the length of the spring steel plates to simulate 
the different tensile – elongation curve, tensile-elongation 
similarity can be achieved. Meanwhile, the length of anchor 
cable, the position of the tension legs and anchor angle 
(45 degrees) of the anchor cable are similar to those of the 
prototypes. The initial tension of anchor cable is 30kN.

According to “wave model experiment regulations”, the 
quality of cables is similar to that calculated by the following 
formula (2):

2

2= p pW
         (2)

Where W is the mass per unit length of anchor cable (kg/m), 
dp is diameter of prototype anchor cable(m), λ is the model 
scale, which is 60 in this experiment. Cp is mass proportion 
coefficient of prototype anchor cable in air, and the Cp value 
of the cable is 3670[kg/(m2·m)].

Fig. 4. Measurement point arrangement of sectional pressure 
and notations of tension legs

Tab. 1. Dimensions of main sections of three structural types

Section type The primary parameter value 
of the prototype (m)

Prototype section 
area (m2)

The main parameter 
value of the model 

(cm)
Model section area 

(cm2) Traffic volume

Circular Diameter = 41.5 1355.0 69.2 3763.9 Bi-directional six lane

Ellipse Long axis * short axis  
= 45.0 x 19 671.5 75.0×31.7 1865.3 Bi-directional six lane

Polygon Height * width  
= 41.2×13.6 514.2 68.7×22.7 1428.3 Bi-directional six lane
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WAVE SIMULATION

The wave simulation satisfies the gravity similarity 
condition, and the irregular wave spectrum adopts JONSWAP 
spectrum. Thus s(f) is calculated by using formula (3):

2exp ( 1)/22 4 5 45( ) exp ( )
4

pT f
s p ps f H T f T f  

 (3)
Where Hs is significant wave height (m), Tp is the peak 

period of spectrum (s); γ is the spectral peak parameters, 
take γ = 3.3;

1

0.0624
0.230 0.0336 0.185(1.9 )

, 0.07
0.09

p

p

f f
f f

Before wave test, the characteristic wave elements are input 
into the computer to control the wave generator to produce the 
corresponding irregular wave sequence, so that wave elements 
meet requirements at the place of model placement.

The experiment adopts the intermittent wave generating 
method to eliminate the multiple reflections of the wave maker. 
In this test, each regular wave train has a wave number of about 
120, then stops. After the water surface is calm, the next test 
is carried on. Each trial was repeated 3 times to ensure the 
reliability of the experimental data.

TEST CONDITIONS AND METHODS

In order to test the effect of wave force on SFT, we assume 
that the SFT structure is at a shallow water level. We take the 
immersion depth of the prototype SFT is 6 m. Therefore, the 
pipe-top of the model is 10 cm from the surface of the water 
(Immersion depth 10 cm), and the rest of the test parameters 
is shown in Table 2. The experiment is carried out vertically to 
the SFT structure in the direction of wave motion, and the test 
wave is set as a series of irregular wave sequences with different 
wave heights and different period. The main test parameters 
of the pressure testing system and the tension test system are 
shown in Table 3.

TEST ANALYSIS

Under the same period and different wave heights, wave 
pressure at wave ward side – time diagram of the three SFT 
cross sections is shown in Figure 5. When the bi-directional 
six lanes are adopted, which means that the traffic volume is 
consistent, the three kinds of cross sections can be compared. 
Due to the difference of section area, the wave force time 
history curves of three kinds of cross section show significant 
difference. The circular section has the largest section area, 
and its peak pressure in the time history curve is also the 
largest. Compared to the circular and polygonal sections, the 
elliptical section has several obvious local peaks in the period. 
Moreover, with the increase of wave height, the number of local 
peaks also increases. It suggests that the rotational moment 
plays an important role in the elliptical section which has 
a relatively small depth-width ratio. Therefore, the rotation 
moment of the cross section should be paid more attention 
to in the structural design.

Tab. 2. Experimental conditions

Tab. 3. Main parameters of measurement system

Class parameter parameter value

Model

Immersion depth 0.1m

Length of pipe section 0.85m

Support mode Flexible anchor cable

Anchor cable type steel wire rope

Anchor cable

Diameter of wire rope 2.5mm

Inclined mooring angle 
(IMA), 45°

Wave period 1.5s~2.1s

Wave Wave height 2cm~6cm

type Sensor range Resolution 
accuracy

Frequency of 
sampling

Pressure 
measurement system 10–20/kPa 1% 0.008 seconds / 

times

Total force 
measurement system 2~30/kg 1% 0.03 seconds / 

times
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After changing the experimental period T of the wave, 
the pressure value will change. It suggests that the pressures 
still vary with the wave heights. Therefore, we take the period 
T = 1.5s as an example to illustrate. We select eight measuring 
points on each section, and then measure the peak value 
of the pressure at each measuring point. The measurement 
results are shown in Figure 6. Overall, the peak value of 
pressure of three SFT sections shows a positive correlation 
with wave height. Because the position of each sensor on the 
cross section is different, there is a significant difference the 
value of pressure. For the circular section, the maximum 
pressure appears at P2 on the wave front (clockwise 315 
degrees), and the minimum pressure appears at P5 (clockwise 
180 degrees). The maximum pressure at the elliptical and 
polygonal sections also occurs at P2, and the minimum 
pressure appears at P5.

Based on a study, the wave force was evaluated based on 
the diffraction theory by Boundary Element Method [15, 16]. 
We got inspiration from it and evaluated vertical and 
horizontal the wave force by the circumferential pressure 
obtained experimentally. Taking the period T = 1.5s as an 
example, the vertical and horizontal wave forces of three 
kinds of SFT cross sections are given in Figure 7. The 
vertical and horizontal wave force of three kinds of SFT 
cross sections are positively correlated with wave height. 
For circular section, vertical force is larger than horizontal 
force, 2%~12% [17]. For elliptical section, vertical force is 
larger than horizontal force, 52%~55%. For polygon section, 
the vertical force is larger than horizontal force,67~69%. It 
suggests that the vertical wave forces of the three kinds of 
cross sections are larger than the horizontal wave forces [18]. 
Thus, the vertical force should be paid more attention to in 
the structural design 19]. By comparing the increase values 
of vertical wave force relative to horizontal wave force on 
three kinds of cross sections, it is found that the increase of 
polygon cross section is greater than that of ellipse section 
while the increase of circular section is the smallest  20]. It 
is indicated that wave height is one of the important factors 
affecting wave force, and the sensitivity of elliptical and 
polygonal sections to wave height change is more obvious 
than that of circular section [21].
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In the analysis of wave forces, a scholar proposed the method 
of dimensionless wave force, that is, the wave force is divided 
by the water mass and half of the wave height. In Figure 8, the 
dimensionless results of vertical and horizontal wave forces 
of three kinds of cross sections are given respectively, and the 
transverse axis is wave height [22]. As shown in Figure 8, with 
the increase of wave height, the dimensionless wave force is 
not linearly increased. On the other hand, the increase of the 
dimensionless wave force decreases gradually when the wave 
height is equivalent increased, and the rate of the decrease 
of the vertical dimensionless wave force and the horizontal 
dimensionless wave force is almost the same.

CONCLUSIONS

This study carried out physical experiments to investigate the 
effects of random irregular waves on the SFT structure under 
different wave heights and periods. This creative result of physical 
experiment has been summed up as the following aspects.

The pressure of the three SFT sections all increases with the 
wave height, and the position of the maximum and minimum 
pressure in the three kinds of SFT sections is consistent. The 
maximum value appears at P2, the minimum value appears at 
P5. For elliptical section, there are multiple local peaks during 
the period. And with the increase of wave height, the number 
of local peaks also increases. It suggests that the rotational 
moment plays an important role in the elliptical section which 
has a relatively small depth-width ratio.

By evaluating the wave force, it is found that the wave forces 
of the three SFT sections also increases with the wave height. 

Their vertical wave forces are all larger than their horizontal 
wave forces. The increase of vertical wave force relative to 
horizontal wave force in polygon section is larger than that 
in elliptical section, and the difference in the circular section 
is the smallest.

Under the same traffic condition, the wave force of the 
elliptical and polygon section is smaller, but they are more 
sensitive to the change of wave height, and the increase is 
obvious. The distribution of wave force in the circular section 
is more uniform
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ABSTRACT

To give full play to the circulation function of the port container logistics park, it is urgent to study the development 
intensity of the land in the port container logistics park and to guide the scientific development of the port logistics 
park with reasonable development intensity control index. The current situation of land development intensity control 
index of container logistics park at home and abroad is analysed, the PENT (politics, economy, society and technology) 
analysis method is used to analyse the factors influencing the land development intensity control index of container 
logistics park, and the index system structure of influencing factors is constructed. Finally, index value is obtained 
quantitatively with the proposed calculation method of the land development intensity index of the port container 
logistics park. Its practicability is verified in case analysis.

Keywords: development intensity, logistics park, container; indicator, land, port

INTRODUCTION

The research and construction of logistics park in China 
started late, but the development is very rapid. Although 
the development and construction of China’s port container 
logistics park is commendable, there are also serious problems. 
First of all, in the case that the country’s available land resources 
are becoming scarcer, the explosive growth of the number 
of logistics parks and land scale inevitably raises concerns. 
Based on a study, due to its large size and low development 
intensity, port container logistics park has become a hot topic 
in the field of logistics and urban planning [1, 2]. Secondly, 
some port logistics park projects are rushed to start without 
detailed feasibility study, which makes the logistics demand, 

functional positioning and planning layout unclear. Finally, 
the construction of some port container logistics parks seeks 
to be large and complete, which is inconsistent with local 
economic conditions, resulting in a large number of idle lands 
in the logistics park, low development intensity and serious 
resource waste [3, 4]. Study showed to fully implement the 
scientific concept of development, realize the conservation 
of land resources, promote the optimized allocation and 
intensive use of industrial land, and improve the management 
level of construction land for logistics projects, it is urgent to 
scientifically and reasonably determine the land scale and land 
development intensity control indicators of the port logistics 
park to guide the development and construction of the port 
container logistics park [5].
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LITERATURE REVIEW

At present, domestic and foreign scholars don’t directly 
calculate and study the land development intensity control 
indicators of the port container logistics park, the research on 
the port container logistics park mainly focuses on the scale 
of the park, the layout of the internal facilities of the park and 
the prediction of the logistics quantity in the park. Foreign 
researches on the land scale of port container logistics park 
are mainly conducted quantitative analysis by building 
mathematical models, as well as qualitative analysis from 
the relevant factors affecting the scale of logistics parks. 
Some researchers proposed a mathematical model based 
on bi-level programming to quantitatively analyse the scale 
and location of logistics park; based on the analysis of port 
location factors and port operational quantities, some scholars 
proposed the model of optimal port size and site location with 
integer programming [6, 7]. There are many researches on the 
prediction of the logistics quantity, and many mathematical 
prediction models are proposed. In particular, there are 
many research achievements on the combined prediction. 
In addition, Multiple Probability Model (MNP) is also studied 
to solve the high spatiotemporal variability in the process 
of cargo demand, and Monte Carlo method is adopted to 
evaluate the accuracy of the prediction results [8].

There are many methods for predicting the logistics 
quantity of logistics parks. Domestically, it is mainly based on 
quantitative calculation, supplemented by qualitative analysis. 
The mathematical methods used include Grey Forecast Model, 
Multiple Linear Regression (MLR), Exponential Smoothing, 
Neural Network Forecasting Method and combination 
prediction. For example, grey system theory is used to 
study the logistics quantity of logistics park scale, and the 
quantity demand of logistics is determined by establishing 
Grey Forecast Model and the qualitative modification of 
predicted value [9]. The calculation of logistics land scale 
is mainly carried out from three aspects: one is to get the 

total scale of regional logistics land through the calculation 
of social logistics quantity, and then calculate the land scale 
of a certain direction or specific logistics park. Secondly, 
start with the functional layout inside the logistics park, 
measure and calculate the area of each functional land, 
and then summarize. The third is to conduct an analogy 
analysis of relevant regulations and other mature logistics 
parks. At present, there are many studies on the urban land 
development intensity in China, but there is little research 
on the land development intensity for logistics, especially for 
port logistics park [10].

METHODOLOGY

PENT ANALYSIS OF INFLUENCING FACTOR OF THE 
DEVELOPMENT INTENSITY CONTROL INDICATORS

Based on a study, the PENT analysis method is adopted 
to analyse the influencing factor of the land development 
intensity control indicators of port logistics park [11]. And 
the index system structure as shown in the following figure is 
constructed through the refinement of the indicators of policy 
and regulation, economic environment, natural environment 
and technical environment.

Policy and regulation factors: the continuous improvement 
and innovation of policies related to the logistics industry 
is the basic guarantee for the development and prosperity 
of the port logistics park, and the prosperity of the logistics 
park is also the prerequisite for the improvement of its land 
development intensity [12]. Under the new situation of logistics 
development, it is necessary to focus on the impact of land 
policy, tax revenue policy and expense of taxation policy 
on the land development intensity index of port container 
logistics park [13].
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Fig. 1. The structure of index system of PENT analysis method
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In terms of environmental factors, the improvement 
of economic development level of port hinterland will 
generate big logistics quantity and huge logistics demand, 
thus promoting the development intensity of port logistics 
park [14]. Therefore, the prosperity of hinterland economy in 
port area is an important factor to improve the development 
intensity of port logistics park. The investment intensity is 
widely applied to the land approval system, which reflects 
the scale operation and intensive utilization level of land. 
However, there is a lack of relevant regulations in China to 
adjust the investment intensity of logistics land. Since China’s 
fixed asset investment statistics include the relevant fees paid 
for land acquisition, the investment intensity included here 
includes land price and infrastructure investment [15].

Natural environmental factors: the infrastructure of the 
hinterland of the port logistics park will also have an extremely 
important impact on the development intensity of the port 
logistics park. As the geographical location of each industrial 
land is different, there are differences in infrastructure 
conditions, traffic conditions, resources and environmental 
conditions, resulting in land grade differences. Therefore, 
there are different levels of land rent, different industries 
have different requirements on the bearing capacity of land 
rent and specific location, and different types of industrial 
land have different location choice.

Technical environmental factors: whether the planning 
and design of the facilities in the port logistics park is 
reasonable will affect the operational efficiency and the 
development intensity of the park [16]. The management 
level of the logistics park is directly reflected in whether it can 
respond to the market quickly and efficiently, and whether 
it can complete various logistics operations in the shortest 
time. Therefore, the management level affects the operational 
efficiency of the park, and the operational efficiency under 
the market economy conditions often becomes a key factor 
for enterprises to win.

RELEVANT THEORETICAL METHODS AND MODELS 
FOR DETERMINING DEVELOPMENT INTENSITY 
CONTROL INDICATORS

Container throughput prediction method: assume that 
the time series observed value of a predicted object is xt, 
t=1, 2,…, N. There are m feasible single prediction methods, 
and xit is called the fitting value (predicted value) of the i-th 
prediction method at time t. Among them, i=1, 2, 3, …, m, 
t=1, 2, 3, …, N. Let L = (l1, l2, … lm) be the weighting coefficient 
of the m kinds of single-term predictions in the combined 
prediction, and 

1
1i

i
l , lm≥0, i=1, 2, …, m, Then, the IOWGA 

combined prediction value at the t-th moment generated by 
the prediction precision sequence p1t, p2t, …,pmt is:

1 , 1 2 , 2 , (it)
1

( , , , ) iL

i

IOWGA p x p x p x x (1)

Taking the square sum of logarithmic error as the criterion, 
the combined prediction model based on the Induced Ordered 

Weighted Geometric Averaging (IOWGA) operator can be 
expressed as the following model: 
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Calculation method of the total area of the park: at 
present, the typical research on the calculation method 
of the scale of logistics parks in China is the proportional 
summary method and the space-time consumption method. 
The model of the proportional summary method is shown 
in figure 2. As the logistics quantity (container throughput) 
of the port container logistics park is directly measured, 
the model formula of the proportion summary method can 
be simplified as:

1 2 1 2( / 365) ( / ) ( ) / 365 / 365j j j jS S Li i L L L i i qa (3)

Among them: q is the logistics quantity of port container 
logistics park, unit: t
α is the land parameter of unit production capacity, the unit 
is m2/t, and its value ranges from 30 to 50.
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Fig. 2. The collecting of proportion

The model of the improved space-time consumption 
method is shown in the following figure. As the main 
business of the port container logistics park is the storage 
and distribution of containers and cargo, the type of cargo in 
the park can be considered as a kind of container. Meanwhile, 
the revised parameters β and γ, as well as the modified 
mathematical model formula are introduced:

( / 365 ) /A VTQF S (4)
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Among them, β is the utilization factor of the warehouse 
area, and its value ranges from 1.7 to 2.0. And γ is the ratio 
of warehouse area to total park size, which ranges from 
0.3 to 0.4.
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Fig. 3. The structure of improving mathematical model

Calculation model of yard area of container: the actual 
area of container, the land area of the gantry crane operation 
and the area of corridor make up the yard area of container. 
Factors such as stacking height, average stacking period 
of container, and area of unit container determine the yard 
area of container. The calculation formula is as follows:

1
1 1 1 1 1/ ( )H  (5)

Among them:
S1  – The yard area required for the container, unit: m2

Q1 – Annual container throughput of container yards 
entering the logistics park, unit: TEU

D1 – Average storage period of container, unit: d
kt1 – Yard imbalance coefficient
T – Annual operating days of the yard, unit: d
H1 – Stacking layer of container
kH – The utilization factor of the height
S1 – Area required for unit plane box, unit: m2/TEU

Estimation model of the site area of the freight station: 
the site area of the freight station is determined by factors 
such as the amount of disassembly and assembly of container 
into and out of the site, the floor area of the unit cargo, the 
operating days and the average storage period of containers. 
The following calculation formula is adopted:

2
2 2 2 2 2 /  (6)

Among them:
S2 – The area required for the freight, unit: m2

Q2 – The annual total amount of containers entering 
the freight station, unit: TEU

D2 – Average stockpiling period of container, unit: d
kt2 – Stockpiling imbalance coefficient
T – Annual operating days of freight station, unit: d

f2 – The utilization coefficient of the site area
S2 – Area required for unit container cargo, unit: m2/TEU

Calculation model of the f loor area of circulating 
warehouse: generally, for 
a stable container logistics 
park, its warehouse area 
accounts for about 30–40% 
of the total park scale. The 
size of warehouse area is 
influenced by factors such as 
quantity of work, utilization 
rate of area and turnover 
cycle of the warehouse. 
The following calculation 
formula is adopted:

3
3 3 3 3 3 3/  (7)

Among them:
S3 – The floor area of the circulating warehouse, unit: m2

Q3 – The amount of cargo entering the circulating warehouse, 
unit: t

D3 – Average storage period of warehouse cargo, unit: d
kt3 – Unbalance coefficient of storage yard of warehouse
T – Annual operation days of logistics warehouse, unit: d
f3 – The area utilization coefficient of logistics warehouse 

site
S3 – Average stockpiling area per unit cargo, unit: m2/t
η3 – Influence coefficient of cargo operation

Calculation model of building area of the park: the size 
of the building area is directly related to the logistics quantity 
in the park. The more cargo, the larger the required building 
area. Just like the principle of the space-time consumption 
method established by Cheng Shidong, the following 
calculation formula is adopted:

1
365

Q TS
q a

 (8)

Among them:
S – Building area of the park, unit: m2

q – volume of unit cargo in storage, unit: t/m2

T – Cycle time of warehouse cargo, unit: d
α – Utilization coefficient of building area

RESULTS AND DISCUSSION

PREDICTION OF CONTAINER THROUGHPUT

The container throughput is used to replace the logistics 
quantity of the park. The investigation of the logistics quantity 
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of the Cuntan port logistics park from 2003 to 2011 is as 
follows:
Tab. 1. Logistics quantity from 2003 to 2011(TEU)

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011

Quantity 49321 79726 109901 150154 204171 241467 203048 250034 321000

According to the weighting idea of the IOWGA operator 
algorithm, calculate the combined predicted value based on 
the combined prediction model, and the above combined 
predicted value is substituted into the combined prediction 
model based on IOWGA operator according to the criterion 
of sum of squares of logarithm error, the optimal weight 
coefficients of the combined prediction model based on 
IOWGA operator calculated with the quadratic programming 
model are L1=0.8662771 and L2=1337229. By substituting L1 
and L2 into the combined prediction model, the combined 
predicted value from 2003 to 2011 is obtained, and the 
obtained mean mean square error is 2144.64.

MEASUREMENT AND CALCULATION OF THE TOTAL 
AREA OF THE PARK

According to the formula of proportional summary 
method and space-time consumption method, based on the 
predicted value of the combined forecast for the target year’s 
logistics quantity, the land scale of Cuntan port logistics 
park in different years is calculated. The scale measured by 
the space-time consumption method is the lower limit, and 
the scale measured by the proportional summary method is 
the upper limit. The total theoretical scale of the park takes 
the average of the upper and lower limits. The results are 
shown in the table below.
Tab. 2. Total scale of park land using of target year (square meter)

Measure 2015 2020 2030
Proportional summary 

method 879611.08 1580878.55 3946733.2

Space time consumption 
method 431052.52 774707.93 1934092.62

Total theoretical scale 655331.80 1177793.24 2940412.92

METHOD FOR CALCULATING THE AREA OF THE 
CORE FUNCTIONAL AREA

Based on the predicted value of the combined forecast for 
the target year’s logistics quantity, the relevant formula is used 
to calculate the yard area, the area of the container freight 
station, the area of the circulating warehouse of the Cuntan 
port logistics park and the total floor area of the park. The 
calculation results are shown in the following table.
Tab. 3. The prediction of scale of functional areas (square meter)

Year 2015 2020 2030
Yard area 157878.91 283747.43 708388.01

Cargo terminal area 19937.85 35833.25 89459.29
Warehouse 134580.50 241874.42 603850.18

Construction area 270250.88 485707.63 1212590.60

CA LCU L ATION OF I N DE X COR R EC TION 
COEFFICIENT

The container throughput obtained above only reflects 
the logistics demand volume factor which belongs to the 
economic influencing factors. To correct the development 
intensity index of park obtained by container throughput, 
firstly, the ranking weights that are relatively important to 
the target layer are used as the weights of the factors in the 
factor layer, and it is determined by the analytic hierarchy 
process, namely:

A= (0.0461, 0.0092, 0.4238, 0.1413, 0.1967, 0.0656, 0.0294, 0.0881)

On this basis, the evaluation on whether all the influencing 
factors are favourable for improving the land development 
intensity of Cuntan port logistics park is conducted, and the 
normalization is carried out to obtain the evaluation matrix R.

0.30  0.40  0.20  0.05  0.05
0.20  0.30  0.30  0.10  0.10
0.70  0.30  0.00  0.00  0.00
0.50  0.45  0.05  0.00  0.00
0.60  0.35  0.05  0.00  0.00
0.35  0.45  0.15  0.05  0.00
0.25  0.35  0.25  0.10  0.05
0.

R

40  0.45  0.10  0.05  0.00

 (9)

The most common matrix multiplication method is used 
for fuzzy operations:

B=A*R=(0.56655, 0.360225, 0.05488, 0.01385, 0.004695). 
According to the principle of maximum membership degree, 
the corresponding evaluation is very favourable, and the 
correction coefficient is 10%.

DETER MINATION A ND APPLICATION OF 
DEVELOPMENT INTENSITY INDEX

To calculate the development intensity index, firstly, the 
lower limit value of relevant indicators is determined based 
on the predicted total scale (parcel area) of theoretical land 
in the park in 2020; secondly, for the guiding and operational 
principles of the indicators, the upper limit of the development 
intensity index is calculated based on the relevant land data 
of Cuntan port logistics park in 2030; finally, the theoretical 
development intensity index obtained is revised, and 
a reasonable land development intensity control index of 
the Cuntan port logistics park is obtained to guide the future 
development and construction of the park.
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Tab. 4. The related land scale of port logistics park of Cuntan port  
(square meter)

Year 2015 2020 2030

Total theoretical scale 655331.80 1177793.24 2940412.92

Yard area 157878.91 283747.43 708388.01

Cargo terminal area 19937.85 35833.25 89459.29

Warehouse 134580.50 241874.42 603850.18

Construction area 270250.88 485707.63 1212590.60

According to the proportion of the land with various 
functions, the theoretical land development intensity 
control index of Cuntan port logistics park is calculated, 
and the obtained 10% of the correction coefficient of the 
land development intensity control index of the Cuntan 
port logistics park is adopted to calculate the revised land 
development intensity control index of the Cuntan port 
logistics park, as shown in table 5.
Tab. 5. The revised index of land development intensity of logistics park of 

Cuntan port

Average plot ratio of 
the park 0.45~1.13 Average building 

density (%) 32~60

Storage function area 
volume rate 0.45~2.20

Building density of 
warehouse function 

area (%)
52

Vegetation rate (%) 6~20 Construction 
coefficient (%) 65

The revised land development intensity control index is 
also valuable for the planning and construction of other 
port container logistics parks. Among them, the plot ratio 
and building density of the warehouse functional area can 
be directly applied to control the development intensity 
of  specific plot of land; the average plot ratio, building 
density and ratio of green space of the park can control 
the development intensity of the whole land; and the index 
of greening rate also applies to the control of specific plot 
of land.

CONCLUSION

On the basis of comparing the land development intensity 
index of port container logistics park at home and abroad, 
a three-level index system structure for the analysis of the 
influencing factors of the land development intensity index 
of port container logistics park is constructed, and the PENT 
analysis method is adopted to analyse the influencing factor 
of the land development intensity index in the park from 
four aspects: policy and regulation, economic environment, 
natural environment and technical environment. On this 
basis, the research method to measure the land development 
intensity control index of port container logistics park is 
proposed. By referring to and improving the relevant models, 
the land development intensity control index of the port 
container logistics park is finally calculated with an example. 

Although the feasibility of the method is verified by a special 
case, the method for calculating the development intensity 
control index and the results calculated therefrom have 
general applicability.
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ABSTRACT

In this study, a methodology was presented to predict density stratified flows in the near-field of submerged bodies. 
The energy equation in temperature form was solved coupled with momentum and mass conservation equations. 
Linear stratification was achieved by the definition of the density as a function of temperature. At first, verifications 
were performed for the stratified flows passing a submerged horizontal circular cylinder, showing excellent agreement 
with available experimental data. The ability of the method to cope with variable density was demonstrated. Different 
turbulence models were used for different Re numbers and flow states. Based on the numerical methods proposed in this 
paper, the stratified flow was studied for the real scale benchmark DAPRA Suboff submarine. The approach used the 
VOF method for tracing the free surface. Turbulence was implemented with a k − ω based Detached Eddy Simulation 
(DES) approach. The effects of submarine speed, depth and density gradient on the free surface wave pattern were 
quantitatively analyzed. It was shown that, with the increasing of the speed of the submarine, the wavelength and 
wave height of the free surface wave were gradually increasing. The wave height of the free surface wave was gradually 
reduced as the submarine’s depth increased. Relative to the speed and submarine depth, the changes of the gradient 
density gradient have negligible effects on the free surface wave field. 

Keywords: Stratified flow, circular cylinder, internal wave, Suboff, equation of state

INTRODUCTION

As is known to us all, the ocean is density stratified 
especially in the vertical direction. When a submerged 
body moves in the ocean, it can leaves a lot of wake features 
because of the stratification effect. It also can produce some 
singular flow phenomena which are different from those in 
the uniform flow environment. For instance, lee waves can 
be observed clearly in the wake of the submerged bodies 
when they are moving at low speeds. These characteristic 
wakes will cause some changes in the wind waves on the free 
surface. For example, the wave amplitude on the free surface 
may be converged and diverged for a long time [1-3]. Beside, 
a lot of researchers describe the formation of lee waves for 

the flows around cylinders with different Froude number(Fr) 
based on the methods of asymptotic analysis [4-6]. Many 
other researchers also study the linearized density stratified 
flow passing a circular cylinder by experimental methods 
[7-10]. Meunier showed experimentally and numerically that 
vortices can be emitted for strong stratifications at moderate 
Reynolds numbers [11].

There are fewer numerical works on the flow around 
a cylinder in a linear stratified fluid. Meunier described 
numerically how the three-dimensional instabilities 
of a cylinder wake are modified by the presence of a linear 
density stratification [12]. Boyer has founded a large number 
of regimes when the Fr varies from 0.02 to 13 and the Reynolds 
number (Re) varies from 5 to 4000. For the condition of being 
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strongly stratified, the study revealed the presence of internal 
waves, of an accelerated flow on the centerline. Winters 
and Armi studied the recirculation bubble upstream of the 
cylinder, which is known as the blocking effect [13]. The 
stratification seemed to prevent the appearance of vortices, 
due to the stabilization of the stratification. Stratified wakes of 
other real scaled submerged body have received less attention. 
Esmaeilpour has studied the stratified flow around naval 
vessels. It is shown that the generation of internal waves 
requires energy that results in an increase in resistance 
[14]. Chang presented the CFD computations for a vessel 
in a stratified fluid. They computed the internal and surface 
waves generated by the DARPA Suboff submarine advancing 
in a two-layer fluid, for different Froude numbers, and studied 
the wave pattern [15]. 

In this paper, the continuity equation and the momentum 
conservation equation were solved for the motion of the flow. 
The energy equation was used to introduce the temperature 
into the numerical method. The equations were closed by the 
1980 international standard seawater equation of state in order 
to realize the density stratification of the fluid. Numerical 
simulations of stratified flow passing a cylinder were 
conducted in order to verify the validity of the methods. The 
simulations cover from low Fr number to the high Fr number. 
The numerical results agree well with the experimental results 
of Boyer. Then, the established method was used to analyze the 
stratified flow past the real-scale Suboff submarine flow. The 
influences of speed, depth and stratification characteristics 
on the free surface wave of the submarine are analyzed.

NUMERICAL METHEOD

GOVERNING EQUATIONS

Since the speed of the submerged body is comparatively 
very low, the flow is still in the category of incompressible fluid. 
The continuity equation and the momentum conservation 
equation can be used to solve the fluid motion. The energy 
conservation equation in terms of temperature is used 
to introduce the density anomaly into the numerical method. 
Finally, the 1980 standard seawater equation of state is used 
to realize the closure of the equations. The basic governing 
equations for numerical solution are expressed as follows.

( ) 0v
t

 (1)

( ) ( ) ( )v vv p g
t

 (2)

( )
( ) ( )( )

T

t
T

c
 (3)

In the above formula, T is the temperature, and the unit is 
K. According to the 1980 standard seawater state equation, the 
water density can be expressed as a function of temperature 
and salinity. This study only discusses the effect of temperature 
on density. In the calculation process, only the linear part 
of the temperature in the equation of state was taken into 
account. The detailed functional relationship between 
temperature and density is:
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3 45.72466 10 1.0227 10 ( 273.15)B T  (6)

44.8314 10C  (7)

2
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In order to verify the accuracy of the numerical method 
in this paper, the flow characteristics around the cylinder 
in the stratified flow are first analyzed. The computational 
domain diagram and mesh of this study is shown on Figure 
1. Some dimensionless parameters used in this paper are:

Internal Froude number,

UFr  (9)

Reynolds number,

 
UDRe  (10)

Dimensionless time,

 
t U

t  (11)

e
e

t U
t  (12)

Where is the flow velocity, and is the diameter of 
the cylinder, t  is the flow time in numerical simulation 
and et is the flow time in the experimental conditions, t is 
the dimensionless time for numerical simulations, et  is the 
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dimensionless time for the experiments,  is the kinematics 
viscosity coefficient of water, is the buoyancy frequency:

0

g
H

 (13)

g is the acceleration of gravity, and other parameters for 
are shown in Figure 1(a). 

00

(a) Computational domain diagram

(b) Mesh around the cylinder

(c) O-block around the cylinder

Fig.1. Computational domain

Through the above process, the density of the fluids 
is linearly stratified. In order to be consistent with the 
experimental conditions of Boyer, the height of the fluid 
field is 0.2m, the cylinder diameter is 0.024m, and the inlet 
and outlet boundaries are far enough. The reference density 
is 3

0 , and density change is 3 , 
then the buoyancy frequency is 1.0 (1/s).

According to the theory research of Boyer, when the Fr
number is small, there are lee waves in the wake, and when 
the Fr number is large, the vortex structure in the wake plays 
a key role. Through the test of Boyer, when the Fr reaches 
to 0.4, the main features in the wake are already not the lee 
wave, and then the vortex structure in the wake is getting 
the upper hand. According to this conclusion, we define the 
Fr >0.4 is high, and the Fr <0.4 number is low. 

The main operating conditions and specific settings are 
shown in Table 1. The numerical results are compared with 
the experimental results of Boyer.
Tab. 1. Conditions of stratified flow around a cylinder

Index Fr Re
1

Low Fr 
0.018 12

2 0.08 1500
3

High Fr 0.88 480
4 1.77 960

NUMERICAL RESULTS 
OF THE STRATIFIED FLOW AROUND 

THE CYLINDER

THE NUMERICAL RESULTS FOR LOW FR

In this paper, the numerical simulation of the stratified 
flow around a circular cylinder at low Fr is performed. The 
streamline pattern of the numerical simulation and the 
experimental results are shown in Figure 2.

lee wave

(a) numerical result (b) experimental result of Boyer

Fig.2. Streamline for Fr=0.018, Re=12

It can be seen that the numerical results are consistent well 
with the experimental results. There are also some differences 
in the numerical results, and the lee wave wake pattern of the 
cylinder is symmetric due to the volume effect of the cylinder. 
Also, the lee wave peak line is asymmetric up and down. 
There is no new lee wave generation in the direction of flow. 
Figure 3 shows the velocity profile of the numerical results at 

7.5  when t =11, 22 and 54. Figure 3(a) is the velocity 
profile curve for the upstream and Figure 3(b) is the velocity 
profile curve for the downstream. The flow diagram shows 
that the velocity crest value of upstream velocity profile and 
the velocity trough value of the downstream velocity profile 
are all increasing with time. The flow formed in the stratified 
flow is a quasi steady state, and the velocity profile is slightly 
different at different time. 
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Fig. 3. Numerical results of velocity profiles upstream and downstream 

of cylinder at x 5.7 for Fr=0.018, Re=12, t =11,22,54.

Figure 4 is the velocity profile curve at et  =21, 42 and 
62, in which Figure 4(a) is the velocity profile curve for the 
upstream and Figure 4(b) is the velocity profile curve for 
the downstream. The study shows that the downstream 
speed profile curve is “two sections curve” with the relative 
speed less than 1.0 in the near of the axis. The velocity profile 
of the numerical results is qualitatively consistent with the 
experimental results.
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 Fig. 4. Experimental results of velocity profiles upstream and downstream 

of cylinder at for Fr=0.018, Re=12, et =21,42,62

The numerical time is not corresponding to the 
experimental time in the beginning. However, in a numerical 
moment, if the upstream velocity profile is corresponding 
to the test time, then the downstream velocity profile of the 
numerical results will bring into correspondence with the 
test results at the same time during the subsequence. Figure 5 
shows the numerical results of 7.5  at t =15 and t =67. 
The comparison of the numerical results to the experimental 
velocity profile at et =21 and et =62 can verify this rule. The 
extreme of the velocity profile represents the maximum or 
minimum value of the velocity somewhere. The relative error 
of the trough is less than 2%. This proves that the numerical 
results agree well with experimental results quantitatively. 
This proposed model is an effective method for the simulation 
of the internal wake at low Fr number.
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Fig. 5. Velocity profiles upstream and downstream of cylinder under numerical 
and experimental conditions. (a, c) upstream; (b, d) downstream

THE INFLUENCE OF TURBULENCE MODEL ON 
NUMERICAL RESULTS

Based on the previous work for low Fr, keeping the same 
Fr =0.08, we change the speed and the characteristic length 
of the cylinder in order to get different numerical simulation 
results for Reynolds number varying from 240 to 6000. It was 
found that the wake characteristics are similar below the Re
=98.7. It shows that the flow line is “calabash shape” near the 
axis and also the lee wave is generated behind the cylinder. 
The results for different turbulence models at Re =1500 are 
shown in Figure 6. 

We can find that the characteristics of the wake and the 
“calabash shape” streamline feature in the wake of the RSM 
model results are the closest to that in the laminar flow model. 
The SST  model is more similar to the laminar state [17]. 
The model results are relatively largely different with 
the laminar model. For the lee wave characteristics in the 
wake, the results under RSM model are in good agreement 
with the laminar model results. There is only one pair of lee 
wave in the results of  model. The lee wave of the SST 

 model decays very quickly, and there are only two 
pairs of lee waves. In fact, the turbulence model is based on 
the assumption of the eddy viscosity hypothesis and isotropic 
[18]. But in the density stratified fluids, the density is not 
isotropic, so it is more reasonable to use the RSM model 
which is not restricted by isotropy assumption. It is worth 
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mentioning that in the implementation of the RSM model, 
we use the wall function to deal with the near wall. If it uses 
the enhanced wall function and the result is similar to that 
of the SST  model under the same condition. When 
it comes to the model, there is no difference between 
the results of the SST  model using the wall function 
and the enhanced wall function. It has the same conclusion 
between the Re=6000 and the Re=1500 [19].

(a) laminar  (b) RSM

(c)  (d) SST 

 Fig. 6. The numerical results under different turbenlence models

THE NUMERICAL RESULTS FOR HIGH FR

This paper uses the  based DES model to study the 
wake of the cylinder at high Fr in the stratified flows. Figure 
7 shows the experimental results and numerical results of 
the flow around a circular cylinder under the condition of 
Fr=0.88 and Re=480. The two results are roughly the same 
for the wake streamline shape. Also, they both have a pair of 
vortices in the wake behind the cylinder [20]. The first wave 
packet generates at a distance of 6 times than the diameter 
of the cylinder center. The second wave packets generates at a 
distance of 16 times than the diameter of the cylinder center. 
The difference is that wave package amplitude of numerical 
results is smaller than the experimental results. In fact, in 
order to keep consistent with experiment, the distance from 
the center of the cylinder to the upper and lower bound is 
4.17d. Thus, there is a non-negligible effect for the boundary 
conditions during the numerical simulations [21]. Also, the 
experiment takes the manner of dragging a cylinder, so the 
boundary conditions of the physical tank are relatively small. 
Figure 8 shows the experimental results and numerical results 
of the flow around a circular cylinder under the condition of 
Fr=1.77and Re=960. The typical characteristics of the wake in 
this condition are that the wake presents fully turbulent wake 
state. There is a strong vortex structure near the cylinder wake. 
Obviously, the numerical method successfully simulates these 
features.

(a) Experiment result (Boyer,1989)

(b) Numerical result

Fig.7. Experimental and numerical results for Fr = 0.88, Re = 480

(a) Experiment result (Boyer,1989)

(b) Numerical result

Fig. 8. Experimental and numerical results for Fr = 1.77, Re = 960

NUMERICAL RESULTS 
OF THE STRATIFIED FLOW AROUND 

SUBOFF 
Based on the numerical method established above, 

the numerical simulations of the flow field of the moving 
submarine in the mixed stratified flow are carried out. The 
simulated submarine uses the well-known DARPA Suboff 
full-appended model, and the model is magnified 20 times 
to obtain a real-scale submarine. The main particulars of the 
Suboff model and the simulated real scale model are shown 
in Table 2. 
Tab. 2. Main particulars of the Suboff model

Suboff Model Simulation Model

OAL  (m) 4.356 87.12

BPL 4.261 85.22

maxD 0.508 10.16

S (m2) 5.989 2395.6

(m3) 0.699 5592
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In order to accurately capture the flow field details and 
flow in the turbulent state, this paper uses the turbulence 
model of based detached eddy simulation (DES) 
method to numerically simulate the stratified flow around 
the Suboff submarine. The convective item discrete format 
adopts the bounded center difference format. The diffusion 
item discrete format uses a central difference format, and 
the time item discrete format uses a second order up wind 
format [22]. At the same time, because the flow around the 
Suboff is a transient problem, the discrete equation is solved 
by PISO algorithm. The computational geometry models 
related to this paper have a variety of absolute dimensions. 
Each calculation case uses three sets of grids to perform 
the correlation verification process on grid independence, 
confirming the convergence of the grid. The geometric model 
and the 3-D view of the Suboff model with full appendages 
is shown in Figure 9.

Fig. 9. The 3-D view of the Suboff model

Since the calculations are implemented on the real scale 
submarine, the calculation domain needs to be large enough 
in order to fully capturing the hydrodynamic phenomenon 
in the wake field. Figure 10 is a schematic diagram of the 
calculation domain. The extension of the incoming flow 
direction is 200m, and the distance of the wake direction 
behind the Suboff is 1000m. The calculation domain lengths 
of the right and left side are 500m.

Fig.10. The stratification of the fluid

In the depth direction, the fluid of the upper layer 
is air, the second layer is warmer water, the middle layer 
is pycnocline, and the bottom layer is colder water. The 
thickness of each layer of water is shown in Table 3. 

Tab. 3. Thickness of the different layers

Thickness (m)
Air layer 20
Warmer water layer 20
Pycnocline layer 10
Colder water layer 40

The free surface between the air and water is located 
at z=25m. The vertical 3D geometry of the computational 
domain is shown in Figure 11. 

Fig.11. Calculation domain diagram of the Suboff

Tab. 4. Different cases of the simulations

Cases Speed(kn) Depth(m) Density 
gradient(kg·m-4)

1 10 25 0.5

2 20 25 0.5

3 30 25 0.5

4 20 15 0.5

5 20 35 0.5

6 20 25 0.1

7 20 25 1.0

In the simulations, the depths of the submarine are 15m, 
25m and 35m respectively. This can be satisfied that the 
submarine positions are located in the upper, middle and 
lower of the pycnocline layer. So that the influence of the 
position of the pycnocline layer relative to the submarine on 
the wake field can be studied. Therefore, the combinations of 
the speed, submarine depth and density gradient are shown 
in Table 4. The comparative analysis of working conditions 
1, 2 and 3 can be used to study the influence of submarine 
speed on the internal wave and free surface wave field. The 
comparison of working conditions 2, 4 and 5 can be used to 
analyze the influence of submarine depth on the wave field. 
The comparative analysis of working conditions 2, 6, and 7 
can study the influence of ocean environmental parameters, 
i.e., the strength of the pycnocline layer on the wake field.

The basic principle when meshing the computational 
domain is to meet the requirements of the wall y+ of the 
submarine. Then the grid is gradually transiting outwards. 
There are also separately refined at the appendage of the 
submarine. The free surface is refined with a custom 
anisotropic cutting body mesh to ensure at least 10 grids in 
the wave height direction. The wavelength can be estimated 
by the surface ship wave-making empirical formula in wave 
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analysis theory. It shows that when the speed of the submarine 
is 10, 20 and 30 knots, the wavelength is about 16.95m, 67.79m 
and 152.53m separately. The computational domain size is 
enough to capture several wave patterns. In addition, simple 
refines is performed near the pycnocline layer which has 
a height of 10 m in order to capture the internal wave field. 
The final grid number is about 10 million. Figure 11 is the 
schematic diagram of the meshes in the bow and stern of the 
Suboff submarine.

Fig. 12. Meshes around the bow and stern of the Suboff

INFLUENCE OF THE SUBMARINE SPEED ON THE 
FREE SURFACE 

Simulations are conducted for the conditions 1, 2, and 3 in 
Table 4. The submarine depth is 25m, the density gradient is 
about 0.5kg•m-4, and the speeds of the submarine are 10kn, 
20kn and 30kn respectively. The simulation results are 
compared with each other and the influence of the submarine 
speed on the free surface waves is analyzed. The free surface 
wave pattern at different speed is shown in the Figures 13.

In summary, when the submarine sails in the stratified 
flow, obviously waves are generated on the free surface. The 
shape of these waves is similar to the Kelvin wave of a ship. As 
the speed of the ship increases, the wavelength of the surface 
wave increases gradually, which can reach to 118.49m at 
a speed of 30kn. At the same time, the wave height is gradually 
increased. The height of the waves at the speed of 10kn is on 
the order of centimeters. At the speed of 20kn, the wave height 
can be the order of decimeter. When the speed is 30kn, the 
maximum height of the surface wave is 1.3m. The Kelvin angle 
gradually decreases with the increase of the speed. When the 
speed is 10kn, the lateral propagation range of the scattered 
wave reaches 350m. When the speed is 30kn, the longitudinal 
propagation range of the transverse wave reaches 473.97m. 
At the same time, the pycnocline at the stern of the Suboff will 
form a catastrophic region, the thickness becomes smaller, 
and the length is equivalent to the length of the submarine. 
As the speed increases, the catastrophic region will form 

faster and faster. When the speed is 10kn, it uses 20 seconds 
to form a complete mutation area. But at the speed of 20kn 
and 30kn, the time to form complete catastrophic region can 
be reduced to 10s and 5s respectively. As the speed of the 
Suboff increases, the divergence intensity of the free surface 
flow field also gradually increases, showing a similar shape 
to the surface wave, and the roughness changes of the free 
surface are different.

(a) Density gradient =0.5kg·m-4,v=10kn,t=40s

(b) Density gradient =0.5kg·m-4,v=20kn,t=40s

(c) Density gradient =0.5kg·m-4,v=30kn,t=40s

Fig.13. Wave pattern of the free surface at different speed
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INFLUENCE OF THE SUBMARINE DEPTH ON THE 
FREE SURFACE WAVES

In the cases of 2, 4 and 5 in Table 4, the speed of the Suboff 
submarine are all 20kn, the gradient density of the pycnocline 
is 0.5kg•m-4, and the depths of submarine are 25m 15m, and 
35m respectively. As a result, the impact of the submarine 
depth on the wake field is studied.

Fig. 14a is a wave pattern diagram of the free surface wave-
making with a depth of 15m and the time t=40s. At that time, 
about 5 complete waveforms are formed on the free surface. 
The longitudinal propagation distance reaches to 323.1m, and 
the lateral propagation distance reaches to 152.3m. In the 
case of 35m depth, there are about three complete waveforms 
on the free surface at t=40s, but compared to the depth of 
25m and the depth of 15m, since the submarine is located 
below the pycnocline, the free surface waveform is greatly 
affected by the internal wave. The wave pattern is domain by 
the scattered waves. The Kelvin angle is relatively large. The 
longitudinal propagation distance is about 276.8m, and the 
lateral propagation distance is about 370.6m. In summary, 
as the submarine depth increases, the wave height of the free 
surface wave is gradually reduced. When the depth is 15m, 
the maximum crest is 1.02m. When the submarine depth 
is increases to 25m, the maximum crest is 0.36m. When 
the depth of the submarine continues to increase to 35m, 
the maximum crest is reduced to 0.15m. At the same time, 
when the submarine is below the pycnocline, the free surface 
wave pattern is greatly affected by the internal wave, which is 
mainly the scattered wave. The propagation distance is large. 
In the scale which is equivalent to the length of the submarine, 
the pycnocline becomes thicker behind the submarine and 
forms a bulge downward. When the submarine is above 
the pycnocline, the free surface wave pattern is mainly 
determined by the surface wave mode. The Kelvin angle is 
relatively smaller. The longitudinal propagation distance is 
larger and the pycnocline behind the submarine will formed 
a uplift.

(a) Density gradient =0.5kg·m-4,h=15m,t=40s

(b) Density gradient =0.5kg·m-4,h=25kn,t=40s

(b) Density gradient =0.5kg·m-4,h=35m,t=40s

Fig. 14. Wave pattern of the free surface at different submarine depth

INFLUENCE OF THE GRADIENT DENSITY GRADIENT 
ON THE FREE SURFACE WAVE FIELD 

Comparison between the cases of 6, 2 and 7 in Table 4 
can examine the effect of different density gradients on 
surface wave pattern. The speed of the submarine is 20kn, 
the submarine depth is 25m, and the gradient density gradient 
are 0.1 kg•m-4 ,0.5 kg•m-4and 1.0 kg•m-4 respectively. 

Fig. 15(a) is a diagram showing the free surface wave 
pattern at t = 40 s in the case of a density gradient of 0.1 
kg•m-4. The figure shows that there are about four complete 
wave patterns appearing on the free surface. The longitudinal 
propagation distance is 307m, and the lateral propagation 
is about 257.6m. The distance between the second crest and 
the third crest is far. Fig. 15(c) is a wave pattern of the free 
surface at t = 40 s in the case of a density gradient of 1.0 kg•m-

4. When the time t=40s, about four wave patterns appear on 
the free surface. The longitudinal propagation distance is 
about 298m, and the lateral propagation distance is about 
261.3m. In summary, the change of the density gradient of the 
pycnocline has little effect on the free surface wave pattern and 
the dispersion intensity of the free surface. When the speed 
and the depth of the submarine are constant, the wave height 
and wavelength of the surface wave and the Kelvin angle 
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remain unchanged. Yet the effect of the change in density 
gradient is weak.

(a) Density gradient =0.1kg·m-4,v=20kn,t=40s

(b) Density gradient =0.5kg·m-4,v=20kn,t=40s

(c) Density gradient =1.0kg·m-4,v=20kn,t=40s

Fig.15. Wave pattern of the free surface at different pycnocline

CONCLUSIONS

This study has presented a methodology for the numerical 
simulation of the stratified flows. Then, using the established 
numerical simulation method, the stratified flows around 
a cylinder and the real-scale Suboff submarine are analyzed. 
The problem of free surface wave-making of the Suboff 

submarine moving in a stratified flow is investigated. The 
effects of speed, submarine depth and density gradient on 
the free surface wave are investigated.

1. At the condition of Fr=0.018 and Re=12, the wake 
streamlines of the numerical results for the cylinder are 
qualitatively consistent with the experimental results. The 
velocity profile of the upstream and the downstream with 
the time are the same between the numerical results and 
experimental results. The peaks and troughs of the velocity are 
similar for the tow results and the error ratio is less than 2%. 

2. When it comes to the turbulent model, it is most 
reasonable to simulate the stratified flow by using the RSM 
model which is not restricted by the isotropy assumption. The 
use of  based DES model to simulate the flow around 
the cylinder and under the condition of high Fr number can 
get results of good agreements with the experiments. This 
fully shows that the proposed model for stratified flow based 
on the DES model can well simulate the stratified wake at 
high Fr number.

3. When the Suboff submarine is proceeding in the density 
mixed stratified flow, the Kelvin ship wave is formed on the 
free surface. The crests and troughs gradually propagate to 
the far fields from the corresponding position above the 
submarine. Both transverse wave and scattered wave exist. The 
divergence intensity distribution of the free surface exhibits a 
shape similar to the wave pattern. The roughness at different 
positions is different. At the same time, due to the disturbance 
of the submarine, the thickness of the pycnocline near the 
submarine tail will change to a certain extent, forming a 
catastrophic area or a raised area corresponding to the length 
of the submarine. These changes can be propagated to the 
far wake field.

4. With the increase of the speed of the submarine, the 
wavelength and wave height of the free surface wave are 
gradually increasing. The Kelvin angle gradually decreases. 
With the increase of the submarine’s depth, the wave 
height of the free surface wave is gradually reduced, and 
the waves pattern also change greatly. Relative to the speed 
and submarine depth, the change of the gradient density 
gradient has little effect on the free surface wave field. The 
wavelength, wave height and shape of the Kelvin wave on the 
free surface remain basically the same, and the amplitude 
of the divergence intensity of the flow field is nearly the 
same. The variation characteristics of the pycnocline at the 
submarine tail are mainly determined by the relative positions 
of the submarine and the layer, which are also less affected 
by the density gradient.
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OF AUTONOMOUS MARINE RESOURCES BASED  

ON ADAPTIVE NEURAL NETWORK CONTROLLER
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ABSTRACT

To study the autonomous learning model of the learning robot for marine resource exploration, an adaptive 
neural network controller was applied. The motion characteristics of autonomous learning robots were identified. 
The mathematical model of the multilayer forward neural network and its improved learning algorithm were 
studied. The improved Elman regression neural network and the composite input dynamic regression neural 
network were further discussed. At the same time, the diagonal neural network was analysed from the structure 
and learning algorithms. The results showed that for the complex environment of the ocean, the structure of 
the composite input dynamic regression network was simple, and the convergence was fast. In summary, the 
identification method of underwater robot system based on neural network is effective.

Keywords: adaptive neural network, marine resources, learning robot

INTRODUCTION

Based on a study, the total area of the ocean accounts for 
70.8 % of the total area of the Earth, and it is an important part 
of the global life support system [1]. According to research, 
rich marine life resources, marine mineral resources, water 
resources and marine energy are contained, which is a valuable 
asset to help achieve sustainable development. Marine 
resources play a vital role in the sustainable development 
of mankind [2–3]. Marine development requires advanced 
technology and equipment. Underwater robots are currently 
the only equipment that can work in the deep sea, which has 
an irreplaceable role in deep sea development. Underwater 
robot technology is a high-tech that has been developed with 
the deepening of marine research and development. It is an 
important part of marine high technology.

The exploration and mining learning robot of marine 
resources is taken as the research object, and the neural 
network is used as a tool to systematically identify its motion 
characteristics. The forward and predictive models of the robot 
are established separately. Taking the neural network as the 

starting point, the nonlinear system identification method 
based on neural network and the network characteristics 
commonly used for identification are discussed. Study showed 
the neural network is optimized from two aspects of network 
topology and learning algorithm [4]. The neural network 
identification model of multi-layer forward neural network 
and dynamic regression neural network based on improved 
Elman algorithm is studied. Through comparison, an effective 
method to improve the identification effect is proposed.

STATE OF THE ART

The research of underwater robots has been more than 
20 years old. Many coastal countries, especially developed 
countries, are committed to underwater robot technology 
research and product development. Countries such as the 
United States, Canada, the United Kingdom, Japan, Russia, and 
China have established specialized institutions or established 
research laboratories in universities to study underwater robot 
technology, such as Centre for Autonomous Underwater 
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Vehicle Research, Marine Systems Engineering Laboratory 
at Maine State University, The Autonomous Undersea Systems 
Institute, British Maritime Technology Center, Underwater 
Robot Application Laboratory of the University of Tokyo, Japan, 
Shenyang Institute of Automation and Harbin Engineering 
University, National Key Laboratory of Underwater Robots [5]. 
Some professional associations established internationally, such 
as IEEE Marine Engineering Association, IEEE Robotics and 
Automation Association, Maritime Technology Association, 
etc. have contributed to the development of underwater robot 
technology [6].

The research of neural network can be divided into two 
aspects: theoretical research and applied research. Theoretical 
research can be divided into neurophysiological and cognitive 
science research human thinking and intelligent mechanism. 
The research results and mathematical methods of neural 
basic theory are more complete. The performance of the 
neural network model is superio [7]. Network algorithms 
and performance are studied in depth, such as stability, 
convergence, fault tolerance, and robustness. New network 
mathematical theory has been developed, such as neural 
network dynamics, nonlinear neural fields, and so on. 
Application research can be divided into the following 
two categories: software simulation of neural networks 
and hardware implementation research and application 
of neural networks in various fields. These areas include 
system identification, pattern recognition, signal processing, 
knowledge engineering, expert systems, optimization 
combinations, and robot control [8]. With the development of 
neural network theory itself and related theories and related 
technologies, the application of neural networks will be more 
in-depth and extensive.

METHODOLOGY

ONLINE IDENTIFICATION  
OF NONLINEAR SYSTEMS

Based on a study, the neural network is used to model the 
nonlinear dynamic system, which mainly reflects the nonlinear 
mapping ability of the neural network [9]. However, if the 
external environment of the system changes, the output of 
the system will also change, so that the dynamic response 
to the network has higher requirements. From the structure 
of the network, learning algorithms, identification structure 
and other aspects, the adverse effects are eliminated. In view 
of this, online recognition was introduced. The parameters of 
the online identification neural network model are determined 
by a certain online learning algorithm. Thus, a controlled 
object model that satisfies a certain precision needs to be 
established. The initial information of the network is obtained 
through offline learning. Then, by embedding the identification 
structure in series and parallel form into the system, the 

model can be modified in time by adjusting the weight and 
threshold of the neural network model online. The model has 
good robustness.

SBPTT (simplified backpropagation through time) is 
developed based on the BPTT algorithm combined with the 
requirements of online identification. The algorithm takes into 
account the online learning ability of the BPTT algorithm and 
the small amount of online learning. The learning of the model 
requires a condition that enables it to jump out. Because online 
learning has certain requirements for the learning time of the 
network, the logical or relationship of the precision and the 
number of learning is used as a condition. Once the accuracy 
meets the requirements or the number of learnings of the 
network reaches a predefined number of times, the network 
ends the current learning process.

A series-parallel identification structure is adopted between 
the controlled system and the identification network. The 
identification network uses a  modified Elman network. 
The learning algorithm uses a BPTT algorithm suitable for 
online identification. However, online identification has strict 
requirements on the amount of calculation, convergence speed 
and consumption time of the network. The online learning 
method uses the SBPTT algorithm. For the nonlinear system 
with multiple inputs and multiple outputs, on the one hand, 
the mapping capability of the system is higher; on the other 
hand, there are certain requirements for the coupling and 
decoupling of the identification system.

In many practical problems, the identification may not 
always be performed in an open loop state, such as learning 
the speed experiment of the robot. If the difference in motor 
performance of the learning robot is not very large, it can 
be done by direct open-loop experiment. However, if the 
experiment of the robot is carried out, it is almost impossible 
to learn the robot based on different control amounts and to 
obtain the desired angle of inclination. There are many reasons, 
such as robot inertia, hydrodynamics, and robot energy. In 
some cases, if the feedback channel is disconnected, the system 
will be unstable, and some systems or most systems will not 
allow or cannot disconnect the feedback channel [10].

ESTABLISHMENT OF NONLINEAR  
SYSTEM PREDICTION MODEL

The plane motion output information of the learning robot 
includes information such as longitudinal speed and slant angle. 
They are chronologically ordered and have some statistical 
relationship [11]. The information can be statistically described 
by a probability distribution function or a function group. The 
fitted mathematical model is used to predict future possible 
values, which is one of the main application purposes of the 
time series analysis method [12]. Thus, the output prediction 
of the learning robot can be performed using a time series 
analysis method.

The representation of the nonlinear system uses the 
following structure:

 (1)
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Neural network prediction of time series is usually based on 
existing sample data to train the network. If the past N (N ≥ 1) 
data is used to predict the value of the future M (M ≥ 1) 
moments, the M-step prediction is performed. The sequence 
of N adjacent samples is a sliding window and maps them to 
M values. These M values represent the predicted values of 
the samples at the M moments after the window. The training 
data is divided into data segments with K segments of length 
N+M, and the first N data of each segment is used as the input 
of the network, and the last M data is used as the output of the 
network [13].

The method of neural networks to describe nonlinear systems 
is maturing. Therefore, a method of constructing a multi-
step predictive model with a neural network has emerged. In 
summary, there are two options, one is the recursive multi-step 
prediction model, and the other is the non-recursive multi-step 
prediction model [14].

The recursive multi-step prediction model is used as a one-
step prediction model, which is obtained after offline or online 
training. According to the network structure, the input link 
can be increased or decreased. This requires relatively more 
system information when applying multiple layers of forward 
static networks [15]. When using dynamic regression network 
for modelling, the dynamic mapping of the network itself can 
be utilized to reduce the structure of the network. It facilitates 
the implementation of programs for online identification and 
generalized predictive control.

According to the longitudinal motion of the learning robot 
to simplify the model and the relationship between thrust and 
voltage, equation (2) is obtained:

 (2)

Nonlinear system identification requires a computer to 
process, while a computer can only process discrete time 
models. Therefore, it is necessary to digitally discretize the 
above formula. The parameters obtained by longitudinal 
identification and the control period and sampling period 
are both 0.1s. Equation (4) is obtained:

 (3)

According to the actual input and output of the learning 
robot, the input allowable range is -5V~5V. However, the model 
between the thrust and voltage of the propeller here is derived 
from the forward data. The relationship between the voltage 
and the thrust when learning the robot back is different from 
the parameter at the time of advancement [16]. Therefore, the 
amount of control should be in the range of 0 to 5V when 
performing longitudinal experiments.

EXPERIMENTAL DESIGN

A set of sinusoidal curves of amplitude-frequency variation 
distributed in the range of 0~5V is designed as an excitation 
signal for learning the robot model. However, due to the presence 
of the pull-wire sensor at the rear of the learning robot and the 
static resistance of the robot, there is a dead zone in the starting 
voltage. When the starting control voltage satisfies Vc>0.55V, 
the learning robot can generally generate the forward thrust.

This model is a nonlinear system with a certain time lag. 
The learning robot model is identified by using multi-layer 
forward neural network, improved Elman neural network 
and composite input dynamic regression neural network. 
The recognizer uses a series-parallel structure, that is, the 
output of the model is used as an input to identify it. The 
convergence speed of the nonlinear identification system is 
effectively improved.

RESULT AND DISCUSSION

IDENTIFICATION OF MULTI-LAYER  
FORWARD NEURAL NETWORKS

There are many learning algorithms for multi-layer 
forward networks. The earliest algorithm was the standard 
back propagation (BP). The input vector u of the network 
is n-dimensional, the output vector y is m-dimensional, 
and the input/output sample length is N. The BP learning 
algorithm consists of two phases: forward propagation 
and back propagation. In forward propagation, the input 
signal passes from the input layer through the hidden layer 
to the output layer. If the output layer gets the desired 
output, the learning algorithm ends; otherwise, it goes to 
backpropagation. Backpropagation is to calculate the error 
signal (the difference between the sample output and the 
network output) in the reverse direction of the original 
connection path. The gradient descent method adjusts the 
weight and threshold of each layer of neurons to reduce the 
error signal.

The neural network structure of N(2,6,1) is designed, 
and the serial-parallel identification structure is adopted. 
The input of the network is Vc(k) and v(k-1), and the output 
of the network is v(k). The network learning algorithm 
uses an improved BP learning algorithm with momentum 
terms. After the trained network, the square wave of the 
input variable amplitude frequency is obtained as shown 
in Figure 1.

, ,5.64 3.1c Q x x x L x x x xV D v v D v M v

2365.319
c x x x

x x
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IDENTIFICATION OF IMPROVED  
ELMAN NEURAL NETWORK

The nonlinear system has hysteresis, and the order of the 
nonlinear system is difficult to determine. Therefore, the Elman 
algorithm is improved. Based on the basic Elman structure, 
a self-feedback link is added to the structural elements of the 
network. The self-gain factor generally takes a fixed value a. 
The network can map higher order nonlinear systems. The 
structure is shown in Figure 2.

The weight learning algorithm of Elman network can be 
performed by standard BP learning algorithm. However, since 
Xc(k) is a dynamic recursive process, and the BP algorithm 
only uses a step, it will lead to poor stability of the structural 
unit connection weight. To ensure learning convergence, 
for high-order systems, the learning rate must be minimal, 
resulting in poor approximation accuracy. Therefore, the Elman 
network can only identify first-order linear dynamic systems. 
To overcome this shortcoming, a dynamic backpropagation 
learning algorithm was used to train the Elman network. The 

improved Elman neural network uses an N(1,3,1) structure. The 
initial value of the state layer of the network has a large impact 
on the convergence of the network. Therefore, the method of 
simulating data is used to obtain the initial value of the state 
layer, that is, the neural network is used to learn the state layer 
value of the offline learning to initialize the initial state layer 
of the recognizer.

The network learning algorithm uses a variable-step error 
feedback learning algorithm. In the improved Elman network, 
the learning method can identify higher-order nonlinear 
systems. Using the state layer of the Elman network, only three 
neurons are selected in the middle layer, and the learning 
memory parameter is 0.1. If the memory parameters are too 
large, the system learning is prone to oscillation. The step size 
from the input layer to the hidden layer and the step size from 
the hidden layer to the output layer are both 0.8, which can 
improve the learning adjustment speed of the state layer to the 
hidden layer unit. The historical information of the system can 
be easily input into the network. The output of the network 
approaches the output of the actual system. The identification 
effect of the network is shown in Figure 3.

Fig. 1. Identification results of multilayer feedforward networks

Fig. 2. Improved Elman neural network

Fig. 3. Identification results of improved Elinan neural network

Fig. 4. Characteristics of compound input dynamic neural network
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IDENTIFICATION OF COMPLEX INPUT DYNAMIC 
NEURAL NETWORKS

Compound input dynamical recurrent neural networks 
(CIDRNN) takes into account the more information of the 
input system of the BP network and the dynamic characteristics 
of the Elman network. The structure is shown in Figure 4.

Composite input neural networks can be trained using 
standard BP algorithms. Compared with the Elman network, 
CIDRNN’s generalization ability and convergence speed have 
been improved due to the use of more system resources, but 
this also brings the characteristics of large structure. The 
composite input neural network was developed based on 
Elman. It inputs certain historical information of the network 
into the network as an augmented input to the network. The 
inputs of the recognizer network include Vc(k), Vc(k-1), and 
v(k-1). Among them, Vc(k-1) and v(k-1) are the augmented 
inputs of the network. The output of the network is v(k). The 
weight of the network is adjusted by learning the output of the 
robot model as an error. The network adjustment algorithm 
uses an improved error back propagation learning algorithm.

ANALYSIS OF SIMULATION  
EXPERIMENT RESULTS

The training error curves of the three networks were 
analyzed. It can be seen that the improved Elman network is 
initially oscillating because the initial value of the state layer 
is not optimal.

The recognition effects of the learning robot models of the 
above three networks are compared. It can be found that the overall 
accuracy of the multilayer forward neural network is relatively 
high. The model system has no noise. From the perspective of 
static network mapping, the model can be well identified. An 
improved Elman neural network and a composite input dynamic 
regression neural network were compared. It can be seen that 
the turning point is mainly due to the memory function of the 
network, which is closely related to the characteristics of the input 
quantity. The data analysis is shown in Table 1.

CONCLUSION

The identification of nonlinear dynamic systems based on 
neural networks is introduced. The structure, algorithm, and 
convergence of neural network identification are analysed. At 
the same time, the differences between the identification of 
open-loop system and closed-loop system are analysed, and 
the methods commonly used to construct one-step prediction 
model and multi-step prediction model are discussed. In 
addition, combined with the learning robot model, the model 
identification experiment was designed by applying multi-
layer forward network and regression network respectively. 
By learning robot simulation experiments, the performance 
between different networks is compared. The composite input 
dynamic regression network has a simple structure and fast 
convergence.
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ABSTRACT

In order to effectively promote the construction of the Yangtze River economic belt, it has become China’s national 
strategy to vigorously develop the river-sea-going transportation. In the present paper, theoretical analysis, 
numerical simulation and model test are combined together to develop f lat-type river-sea-going ship which is 
characterized with larger loading capacity, lower fuel consumption, better performance on energy-saving and 
environmental-friendly, excellent economy and higher transportation efficiency. Key technologies on hydrodynamic 
performance, structural safety, energy-saving technology and green ship technology are investigated to develop 
the river-sea-going ship. The developed “4E” level ship has great significance to the implementation of national 
strategic deployment.

Keywords: Energy-saving, Environment-friendly, high performance ship, “4E” level ship, flat-type river-sea-going ship.

INTRODUCTION

The Yangtze River is a  natural channel connecting 
national strategies such as coastal opening in eastern China, 
rising of central China and developing of western China. 
It supports the logistics, comprehensive transportation 
system, economic and social development of the seven 
provinces and two cities within its valley. At present, the 
Chinese Government has established national development 
strategy for the golden waterway of Yangtze River. Relying 
on the golden waterway running through east and west, it 
will drive the development of the hinterland locating at the 
middle and upper reaches of Yangtze River and promote 
the orderly undertaking of the industrial transfer from the 
eastern coastal areas to the central and western regions so 
as to create a new economic belt for the Chinese economy. 
In the traditional transportation system, the cargoes are 
transported from deep-sea port such as Ningboor Zhoushan 
to Nanjing or Ma’anshan via sea-going vessels, and then 
transported to the middle and upper reaches such as 

Wuhan by inland ships. Such kind of transportation not 
only takes quite a long time and increases operating cost, 
but also leads to cargo damage and shortage. It is hard to 
improve the transportation efficiency which cannot satisfy 
the requirement of the economic and social development of 
the Yangtze River Valley. On the June 11, 2014, the Premier 
instructed to deploy comprehensive traffic corridor, create the 
Yangtze River economic belt, promote the standardization of 
inland vessels, research and popularize river-sea-going ships, 
and encourage developing energy-saving and environment-
friendly ships at the executive meetings of the State Council.

In 2016, the Yangtze River freight volumes exceeded 
2.3 billion tons which persists the first rank for 12 years in 
the world’s inland river [1]. Large-scale ships are required 
by the development of the present economy and society. 
Such ships have higher transportation efficiency, lower 
energy consumption and better economic so that they have 
competitive advantage in the harsh shipping market. However, 
as the Yangtze River is the natural navigable waterway, ship 
length and draft are limited, and depth is restricted by the 



POLISH MARITIME RESEARCH, No S3/2018 85

clearness height of bridge. The possible way to actualize large-
scale ships is to increase ship’s width hand develop flat-type 
ship which can adapt to natural condition of the Yangtze 
river [2] The rapidity, navigability and structural safety of 
flat-type vessel have always been the key technologies for the 
academia and industry.

Based on extensive shipping market investigation, the flat-
type river-sea-going ships which can adapt to the channel 
of Yangtze River and the corresponding port condition 
are developed through economic analysis and research 
on navigability and structural safety. Theoretical analysis, 
numerical simulation and model test are combined together 
to solve the key technologies on resistance performance of 
flat-type ship with shallow water, structural safety in the sea, 
energy-saving technology and green ship technology [3]. The 
developed ship having the characteristics of Energy-saving, 
Environment-friendly, Economy and Efficiency is considered 
as “4E” level river-sea-going ship.
1.  Energy-saving: It is the key technology for the developing 

ship. Fuel consumption is decreased effectively by applying 
advanced technology to improve the competitiveness of 
the production.

2.  Environment-friendly: It is the demand of social sustainable 
development.

3.  Economy: It is the foundation for survival and development. 
It helps to occupy the shipping marketing the present harsh 
situation.

4.  Efficiency: It is fundamental for efficient transportation to 
promote the implementation of national strategy.
The development of the “4E” level river-sea-going ship 

has great significance for the implementation of the national 
strategies such as the construction of the Yangtze River golden 
waterway, the strategy of rising of midland, the construction 
of Yangtze River shipping center and river-sea-going 
transportation service center.

THE DEVELOPMENT THOUGH OF “4E” 
LEVEL RIVER-SEA-GOING SHIP

CURRENT SITUATION OF RIVER-SEA-GOING SHIP

The current river-sea-going ships navigating in the Yangtze 
River are designed according to both the rules for sea-going 
vessels and the rules for inland ships which lead to the heavy 
structural weight. The hydrology and weather conditions of 
the river-sea-going navigating route are not comprehensively 
considered so that the ship has neither the advantage of sea-
going vessel, nor the inland ship. With the improvement of 
the channel condition of Yangtze River and the loading/
unloading capacity of the port, the requirement of large-scale 
river-sea-going ship is becoming more and more intense. The 
existing ships cannot satisfy it and be capable of supporting 
the construction of the “golden waterway”.

KEY TECHNOLOGIES OF RIVER-SEA-GOING SHIP

Based on extensive shipping market research, river-sea-going 
ships are designed through economic analysis, seaworthiness 
research and structural safety research. Larger loading capacity, 
lower fuel consumption, energy-saving and environment-
friendly, better economy and higher transportation efficiency 
are considered as objective. The developed ship has the 
characteristics of Energy-saving, Environment-friendly, 
Economy and Efficiency, regarding as “4E” level ship.

Comprehensive analysis system: The Yangtze River route 
is considered as the principal research objective. The freight 
distribution and the freight market are predicted and analyzed 
based on the status of the channel and the port condition. 
Key technology and economic model are researched so as 
to establish a  comprehensive evaluation system on ship 
performance, economy in all life cycle and environmental 
effect. The system is adopted to perform comprehensive 
analyses so that the main dimension of developing ship is 
determined [4].

Mold line optimization: Numerical simulation and model test 
are combined together to perform the research on low resistance 
stem and energy-saving stern. Hydrodynamic performance 
including rapidity, sea-keeping and maneuverability is 
comprehensively considered to optimize the mold line [5]. 
Thus, the green ship with the Energy-saving and Environment-
friendly can be designed.

Wake-adaption high efficient propeller design: For flat-
type river-sea-going ship, the wake is uneven in both axial 
direction and radial direction. Circulation theory is used to 
design the wake-adaption high efficient propeller considering 
the actual wake distribution. Key technologies such as highly 
skewed blade, unloading at the tip of blade and anti-cavitation 
section are considered when the propeller is designed. Rapidity 
prediction of the designed ship can be performed by model 
self-propulsion test [6].

Development of energy-saving appendage: The stern wake 
field of flat-type river-sea-going ship is comparatively complex. 
The energy-saving appendage is designed by considering pre-
rotation in front of the propeller and energy recovery behind 
the propeller. Theoretical analysis, numerical simulation and 
model test are combined together to research the energy-saving 
effect of pre-shrouded vanes, boss cap fins and thrust fin.

Application technology of LNG: Risk analysis on the 
processes of LNG storage, supplying and usage is performed and 
assessed. Key technology on LNG supplying system is carried 
out to obtain the technical design plan which makes it possible 
to use LNG safely and effectively. Furthermore, gas circuit is 
imported to collect the gas from spontaneous evaporation in the 
storage tanks well as the remaining gas in the pipeline during 
the fuel converting. The steady and dynamic characteristics 
analysis of LNG dual-fuel Main Engine system is conducted 
to ensure the stable power supplying.

Integration of energy-saving and environment-friendly 
technology: Integrated design model for energy-saving and 
environment-friendly is established taking comprehensive 
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energy management as the principal line and the minimization 
Energy Efficiency Design Index as the objective. The optimization 
of main propulsion system, the design of new non-pollution 
stern tube system and low noise shaft system reperformed 
to solve the key technologies such as Ship-Engine-Propeller 
matching, proper selection of Main Engine and generator and 
smart power station management system.

CHARACTERISTICS OF DEVELOPED  
RIVER-SEA-GOING SHIP

Large-scale ship satisfies the requirement of the present 
shipping market which has better economy and higher 
transportation efficiency. The ship length, depth and draft 
are constrained by the natural condition of the channel, port 
and clearness height. So, the developed river-sea-going ship 
is characterized with flat (lager ratio of breadth to depth), 
shallow draft and large block coefficient. In the present research, 
theoretical analysis, numerical simulation and model test are 
combined to solve the key technologies of flat-type ship form 
with large block coefficient, energy-saving and emission-
reduction. Thus, the flat-type river-sea-going ship with Energy-
saving, Environment-friendly, Economy and Efficiency ship is 
developed. The principal dimension of the developed ship is 
compared with that of existing ship in Table 1.

The numerical tank for rapidity is constructed through 
the secondary development of commercial CFD software. 
The parameters on bow type, longitudinal and transversal 
curvature of the bow, distance between tail fins and pre-
rotation angle of tail fin are discussed. Mold line optimization 
on more than 200 hull forms is carried out in the numerical 
tank to obtain the flat-type river-sea-going ship form [7]. The 
optimized mold line shows 8.0 % energy-saving efficiency 
comparing with the original one when the model test is carried 

out in the towing tank. Circulation theory is adopted to design 
wake-adaption high efficient propeller considering the actual 
wake distribution anti-cavitation and vibration performance. 
The developed wake-adaption propeller indicates 4.0 %energy-
saving improvement comparing with the traditional propeller 
obtained by propeller design charts through open-water test 
and self-propulsion test. Flow features of stern in typical 
loading condition are analyzed and the diversion fins system 
is installed in the propeller hub in order to improve the 
quality of incoming flow. Thus, the propeller efficiency can be 
improved. The optimization of section, angle and installation 
position of diversion fins are performed to develop the energy-
saving appendage in front of the propeller. The energy-saving 
appendage behind the propeller, for example boss cap fin, 
is designed to recover the energy loss in radial direction of 
the propeller. The results of towing tank test indicate that 
the energy-saving appendages can achieve 3.0 % effect. The 
compositive management on heat recovery device in Engine 
room, exhaust gas boiler, fuel conversion device and smart 
power station system is carried out by energy-saving and 
environment-friendly integrated management system. The 
waste heat, idle energy and the fuel with low carbon conversion 
coefficient are fully utilized to minimum the Energy Efficiency 
Design Index. The energy-saving effect can reach 5.0% through 
the integrated energy management system.

The general technology of LNG supplying system, including 
risk analysis on LNG storage, supplying and usage as well 
control measures of ineffective dissipation, is investigated. 
The quantity, pressure and temperature of LNG supplying 
are determined according to the performance parameters of 
the Main Engine so that the proper LNG supplying control 
system and security system are chosen. The process of fuel 
supplying is analyzed for dual-fuel Main Engine to ensure 
the fuel conversion automatically. The steady and dynamic 
characteristics of power system are analyzed to ensure the 
stable power supplying. When LNG fuel is adopted, the 
exhaust emission can be remarkably reduced, in which the 
emission of CO2 can be reduced by 25%, the emission of NOx 
can be decreased by 80 % and the SOx•PM can be reduced 
by 98 %.

The unit cost of transportation is defined as the cost 
for accomplishing unit transport volume (one standard 
container)4). It can be expressed as following,

CT = C/QT         (1)

where CT is the unit cost of transportation, and C is the annual 
total cost, and QT is the annual freight volume. C can be 
calculated by Y + Fz where Y is the annual operating expenses, 
and Fz is the depreciation cost, Fz = (K – L)/Nz where K is 
the investment amount, L is the residual value, Nz is the period 
of depreciation. QT isexpressed as 2fD • CD • RT where fD 
is the loadingcoefficient, and CD is the maximum allowable 
loading capacity, and RT is the number of annual navigations. 
Unit cost of transportation of the designed ship is compared 
with the existing ship in table 2.

Tab. 1. Principal dimension comparison

Item designed 
ship

existing 
ship

Length overall (m) 139.8 137.6

Length between perpendiculars (m) 137.0 133.2

Depth (m) 10.0 10.25

Breath (m) 25.6 22.8

Design draft/Structural draft (m) 5.5 / 6.3 5.5 / 6.25

Loadingcapacity (TEU) 940 810

Design speed (kn) 11.5 11.5

Main Engine power (kW) 2 x 1324 2 x 1470

Crew (Person) 11 14
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The unit cost of transportation is the principal indicator to 
evaluate the ship’s economic performance. Comparing with 
the existing ship, the unit cost of transportation of designed 
ship can be reduced 16.5 %, as shown in Table 2.

The transportation efficiency is the output value (cargo 
weight multiple transportation distance) through consuming 
unit energy. So, the transportation efficiency can be expressed 
as following, ··1 P

f foc

W V
H S P

       (2)

where Sfoc : Consumption rate of fuel, g/(kW·h);
Hf : Fuel caloricity, J/kg;
P : Main Engine power, kW;
V : Speed, kn;
Wp : Dead weight of vessel, t.

When comparing transportation efficiency, the same fuel 
should be adopted to ensure the comparability. The value of 
Hf shall keep the same one. So, the part of 

··1 P

foc
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S P

shall be compared, as shown in Table 3.

Comparing with the existing best performance ship, the 
designed ship improves 25.6 % in transportationefficiency4).

THE DEVELOPMENT OF ENERGY-SAVING 
MOLD LINE AND APPENDAGE

Theoretical analysis, numerical simulation and model 
test are combined together to perform the research of 
hydrodynamic performance on flat-type sea-river-going ship. 
The hydrodynamic performance of different stem type such as 
vertical bow, watermelon bow, and bulbous bow is discussed 
and researched comprehensively considering rapidity, sea-
keeping in the sea and inland maneuverability. Both the 
longitudinal curvature and transverse curvature of the bow 
are optimized to obtain the vertical bow with lower resistance 
and better anti-slamming performance [8].

The development of stern line shall consider the propeller 
inflow and the maneuverability in shallow water. Numerical 
simulation and model test are carried out for the optimization 
of the length, distance and shape of tail fins. More than 200 
stern lines are calculated to develop the outward rotation 
twin tail fins with low resistance, low thrust deduction and 
high propulsion efficiency. Model test demonstrates that the 
optimized mold line of flat-type river-sea-going ship can 
achieve about 8.0 % energy saving.

Flow field of river-sea-going ship in typical working 
conditions is analyzed to obtain the flow details at the location 
of propeller. Self-propulsion test is carried out in towing tank to 
get the components of propulsion as well the three-dimensional 
flow field at the propeller disk. The propeller design platform 
based on circulation theory is used to conduct the wake-
adaption high efficient propeller design considering the 
efficiency, cavity, vibration and the actual axial and radial wake 
field. The technologies such as large skewed blade, unloading 
at the tip of blade and anti-cavitation section are also applied. 
The open water test and self-propulsion test illustrate that the 
developed propeller can improve 4.0 % energy saving than 
traditional one designed by atlas.

Tab. 2. Comparison of unit cost of transportation Tab. 3. Comparison of transportation efficiency

Item designed 
ship

existing 
ship

Annual operating expenses Y  
(ten thousandRMB/year) 600 650

Investment amount K  
(ten thousandRMB) 5700 5000

Residual value L  
(ten thousandRMB) 285 250

Period of depreciation Nz  (year) 25 25

Depreciation costFz  (ten thousandRMB/year) 216 190

Annual total cost C  
(ten thousandRMB/year) 816 840

Loading factor fD 0.60 0.6

Maximum loadingcapacity CD  
(TEU) 940 810

Annual navigations RT  
(number/year) 25 25

Annual freight volume QT 
(TEU/year) 28200 24300

Unit cost of transportation CT  
(RMB/TEU) 289 346

Percentage reduction 16.5 %

Item designed 
ship

existing 
ship

Deadweight,WP (t) 11605 9615

Main Engine power P (kW) 1324 1470

Main Engine number 2 2

Main Engine fuel consumption (g/kW•h) 205 205

Design speed V(kn) 11.5 11.5

0.246 0.183

Percentage increment of
transportation efficiency 25.6 %

··1 P

foc

W V
S P



POLISH MARITIME RESEARCH, No S3/201888

The diversion fins, a kind of energy saving device before 
the propeller, are proposed by analyzing the stern flow field 
to improve the flow quality so as to improve the propeller 
efficiency. The best angle and length of diversion fins are 
determined by considering the pre-whirled flow effect and 
resistance increment. Furthermore, thrust fins installed on the 
rudder, a kind of energy saving device behind the propeller, 
are developed by considering the recycling of circumferential 
energy loss to improve the propeller efficiency. Thus, the 
energy saving appendage for flat-type river-sea-going ship is 
determined by combining diversion fins before the propeller 
and thrust fins on the rudder. The propeller open water test 
and self-propulsion test show the proposed energy saving 
appendage can save energy 3.0 %.

STRUCTURAL LIGHTWEIGHT DESIGN

With the development of global economy, the shipping 
industry has entered into a  new era which requires the 
larger capacity, higher transportation efficiency and lower 
emission. The researchers in shipping industry try their best to 
achieve such objective. It becomes consensus by international 
maritime the structural lightweight design can improve the 
transportation efficiency and decrease the emission. Thus, it 
is meaningful to minimize the structural weight under the 
premise of the structural safety and reliability.

It is possible for structural lightweight design by performing 
rational general arrangement design to decrease the external 
force which is calculated by the difference between gravity 
and buoyancy under various loading conditions. Structural 
direct calculation on supporting structures is performed. The 
lightweight design can be carried out in accordance with the 
calculation results on the premise of safety and reliability. The 
structural optimization on typical cross section is conducted 
to search for lightweight structural configuration.

Theoretical analysis, numerical simulation and model test 
are combined to analyze and evaluate the structural safety 
of flat-type river-sea-going ship [9]. According to the wave 
scatter diagram of navigating route, the long-term prediction 
of external force acting on the ship hull is carried out to obtain 
the equivalent design wave height [10]. Wave loads calculation 
for typical loading condition is performed to obtain the 
external force acting on the hull with time instantaneous. 
Then, structural nonlinear response analysis is conducted 
so that the ultimate strength of ship structure is achieved. 
Furthermore, the collapse test of ship structures in wave is 
carried out to obtain the external force subjected to the ship 
and the ultimate structural strength simultaneously [11]. Thus, 
the structural safety margin under specific loading condition 
and wave situation is understood [12].

For river-sea-going ship, the external force in sea part and 
Inland River is quite different [13]. The research on fatigue 
characteristic of typical structural joints under variable 
amplitude force is meaningful to reveal the fatigue mechanism 
of river-sea-going ship [14]. The fatigue test on longitudinal 
stiffener crossing the hold and hatch corner under variable 

amplitude force is carried out to establish the assessment 
system on fatigue strength. The fatigue research makes the 
foundation for the safety and reliability of ship structures of 
river-sea-going ships [15].

Under the premise of structural safety, the structural 
lightweight design is conducted by the application of lightweight 
design technology. The structural weight can be reduced, and 
the ship economy can be improved. The shipbuilding material 
and the energy consumption can be reduced. Thus, the core 
competitiveness of China ship products can be improved.

THE DESIGN OF POWER 
INTEGRATED SYSTEM

Marine power system provides power for ship and determines 
the ability of ship navigation and operation. Power is generated 
by Main Engine and transmitted to propeller through driving 
device and shafting system so as to realize the purpose of 
ship propulsion. Reasonable design on marine power system 
can realize the comprehensive energy management so as to 
decrease the energy consuming effectively and realize the 
purpose of energy-saving and emission-reducing.

In the present research, the integrated design platform 
of marine power system is established based on the 
comprehensive energy management. A set of energy-saving 
and environmental-friendly management system is adopted 
to monitor and manage the marine power devices such as 
the recycling device of heat in engine room, exhaust gas 
boiler, diesel and LNG conversion device, shaft generator 
and main generator [16]. Make full use of the ship’s residual 
heat, waste heat, idle energy and give priority to the usage 
of low-carbon conversion factor fuel so that the energy 
efficiency design index (EEDI) is controlled to a minimum 
one. Thus, the marine power design plan for energy-saving 
and environmental-friendly can be made.

The optimization of stern structures is carried out. The 
vibration isolation and absorption technology are adopted for 
installation of Main Engine and shaft system in order to reduce 
the vibration and noise of propulsion system so that the energy-
saving and environmental-friendly can be achieved. Moreover, 
new type watertight stern tube is used and the optimization 
of sealing performance is performed to avoid the pollution 
caused by lubricant oil.

Smart substation management system is proposed to adjust 
and control the frequency generated by shaft generator and 
achieve parallel locomotive of diesel generator. The idle energy 
of Main Engine in underload condition can be transferred to 
electric power supplying which can reduce or replace the fuel 
consumption of diesel generator. The carbon emission can be 
effectively reduced by the above methods [17].

The power integrated system such as integrated design, 
comprehensive energy management, idle/waste heat usage, 
vibration isolation and absorption design, water lubrication and 
smart substation is adopted to manage the energy effectively 
so that the developed river-sea-going ship can achieve the 
energy-saving 5.0 %.
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APPLICATION TECHNOLOGY OF LNG

The inland waterway takes more than 80 % of the total 
voyage for the developed river-sea-going ship where both sides 
are densely populated and economically developed areas. The 
carbon emission can be reduced and the emission of NOx 
and SOx•PM can be drastically reduced if the LNG is taken 
as the fuel. This can provide the fundamental supporting for 
the construction of the Yangtze River golden waterway and 
the sustainable development strategy for the Yangtze River 
shipping. In order to use LNG as fuel safely and effectively, 
the follows risk analysis and key technologies on LNG fuel 
powered ship are carried out.

LNG supplying system design technology: Risk analyses 
and key technologies on LNG fuel powered ship are 

capacity as little as possible. Simulation analyses are used 

its safety and reliability.
Invalid dissipation control measurement: The working 

condition of mode converting on dual-fuel Main Engine is 
investigated and researched to provide a reliable basis for 
the collection of the residual natural gas in the pipeline. 
Reasonable measurement is proposed to collect the gas from 
spontaneous evaporation in the storage tank as well the 
remaining gas in the pipeline during the fuel mode converting 
through simulation analyses. The proper arrangement of 
control system devices is conducted to solve the invalid 
dissipation of LNG effectively.

Control and security technologies: Control system of dual-
fuel Main Engine is analyzed to determine the plan of LNG 
fuel control system. Flow, pressure and temperature of LNG 
are determined according to the performance parameters of 
dual-fuel Main Engine. Then, the proper control system and 
security system of LNG supplying are selected.

Matching technology of power system for dual-fuel Main 
Engine: The fuel supplying process for various working 
conditions of the Main Engine is analyzed to ensure the safe 
operation. The process of fuel mode converting is investigated 
to ensure the automatic converting and stable power output. 
The steady and dynamic characteristics of power system are 
studied to ensure the stable power supplying. The research 
on matching characteristic of Ship-Engine-Propeller is 
performed to improve the dynamic characteristics of the 
power system for dual-fuel Main Engine in various working 
conditions.

CONCLUSION

In the present research, theoretical analysis, numerical 
simulation and model test are combined together to solve 
the key technologies on flat-type river-sea-going ship with 
shallow water. The research on application of energy-saving 

and environment-friendly technology is focused to develop 
the ship with characteristic of Energy-saving, Environment-
friendly, Economy and Efficiency, regarding as “4E” level river-
sea-going ship.

The main indicators for the developing ship are as follows:
1.  The average daily fuel consumption per container can reduce 

23.97% comparison with the existing best performance ship.
2.  The application of LNG as fuel can reduce the 25 % CO2 

emissions, the 80 % NOx and 98 % SOx•PM emissions.
3.  The application of watertight stern tube can effectively avoid 

the water pollution caused by lubricating oil.
4.  The unit transportation cost of developed ship can be 

decreased by16.5 % comparing with the existing best 
performance ship.

5.  The transportation efficiency can be improved by 25.6 % 
comparingwith the existing best performance ship.
The development of “4E” level flat-type river-sea-going ship 

is the requirement of current strategic development in China 
which has great significance to the implementation of national 
strategic deployment.
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ABSTRACT

The external loads and structural ultimate strength are two important aspects for the safety of ship hull girder. It 
may collapse in case the structural capacity is less than the external forces in extreme seas. In the present research, 
progressive collapse test is performed to investigate the collapse mechanism of ship structure in waves. External load 
with time history and corresponding structural collapse behavior are measured and discussed to demonstrate the 
interaction of fluid and structures.

Keywords: Ship hull girder, Progressive collapse behavior, Ultimate strength, External force, Collapse test

INTRODUCTION

Based on a study, with the development of society and 
the progress of economy, the international trade supported 
by shipping becomes more and more common. According 
to the statistical document, there are more than 1200 ship 
accidents all over the world from 2005 to 2014 [1], which 
caused not only loss of lives and properties but also seriously 
environmental problem such as pollution due to spilled oil. 
The main reason of these accidents is the ship structural 
ultimate strength is insufficient to resist the external loads 
acting on the ship hull in extreme seas. Ship wrecks and rules 
of related ship organizations make it necessary to study the 
progressive collapse behavior of ship structures in waves.

In traditional, ship structural ultimate strength is 
evaluated considering the structure itself. One frame space 
model or hold model is usually adopted imposing forced 
rotation on end cross-sections assuming that the cross-
section remains plane. The bending moment is calculated 
by integrating the axial force multiplied by a lever in each 
element. The ultimate strength is defined as the maximum 
moment along the equilibrium path obtained by the above-
mentioned static analysis. Direct calculation method, Smith 
method, Idealized Structural Unit Method and nonlinear 

finite element method can be used to carry out such analyses. 
However, the natural world is not controlled by pathways or 
curvatures, but by pressure and/or force. Bending moment-
curvature relationship obtained by forced displacement 
method or arc length method could be far from the reality 
after the working bending moment has exceeded the hull 
girder capacity, as pointed out by Lehmann [2-6].

Considering the f luid-structure interaction and its 
influence on collapse behavior of ship structures, a scholar 
proposes a total computation system combining three-
dimensional Singularity Distribution Method with 
Idealized Structural Unit Method [7]. The three-dimensional 
Singularity Distribution Method is adopted to calculate the 
ship motion and pressure distribution. The calculated loads 
including inertia forces with time history are transferred 
to structural model and progressive collapse behavior can 
be obtained. According to research, the collapse characters 
of a bulk carrier under alternate loading condition are 
demonstrated and discussed [8-9]. A scholar combined 
computational fluid software STAR-CCM+ and the structural 
analysis software ABAQUS to carry out the coupling analysis 
of fluid and solid of a barge, in which the hull structure is 
regarded as an elastic beam [10]. Other scholar calculated 
structural ultimate capacity of several typical ship sections 
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considering both hydrostatic and hydrodynamic pressure 
to investigate the influence of lateral pressure on ultimate 
strength of ship hull girder [11]. To investigate the character 
of bending moment, a model testis carried out to describe 
the post-ultimate behavior of ship hull girder in waves [12]. 
Two rigid bodies are connected with a plastic hinge which 
is designed to measure the vertical bending moment caused 
by the fore and aft body.

In this paper, progressive collapse test in waves is carried 
out to investigate the collapse characteristics and ultimate 
capacity of ship structures. A stainless-steel test model with 
three holds is designed. The pressure of typical points in 
the bottom is measured through pressure sensor. The ship 
motion acceleration is recorded by acceleration sensor and 
inclinometer sensor. The strain distribution of three typical 
sections is measured by dynamic strain gauge. The weight of 
test model is small so that steel blocks are put in the forest and 
last section to form the proper still water bending moment. 
The wave maker produces the wave in towing tank in the 
condition that the wave length equals to the length of test 
model. With the increase of wave height, the force subjected 
to the test model increases so as to the structures collapse 
finally. The test results are discussed and compared with FEM 
results. The pressure, motion and stress distribution during 
the collapse test are demonstrated.

MODEL DESIGN

To explore the collapse mechanism of ship structures 
in extreme seas, the model collapse test in waves is carried 
out. The external forces should be larger than the structural 
ultimate capacity, otherwise the structural collapse cannot 
be happened. Due to the capacity limitation of wave maker, 
the wave bending moment is also limited. The test model 
shall be weak enough so as to be collapsed under the still 
water bending moment and wave bending moment [13, 14].

Nonlinear finite element method is used to estimate 
the ultimate capacity of preliminary designed test model. 
Double-span section model is adopted and forced rotation 
angle is added in the end section. As the increase of rotation 
angle, the relationship between vertical bending moment 

and rotation angle can be achieved. The maximum bending 
moment represents the structural ultimate strength. The 
ultimate strength of test model is designed a little smaller 
than external loads including still water bending moment 
and wave bending moment. The procedure of model design 
is summarized in Fig. 1.

Fig. 1. Model design procedure

There are three holds for the test model. The fore and aft 
hold can be considered as loading part and the middle hold 
is the test one. There is deck opening at the end of loading 
hold in order to put mass block to enlarge the still water 
bending moment. The length of each hold is 2.25m so the 
length of test model is 6.75m. The width and depth are 1.25m 
and 0.3m, respectively. The space of bottom longitudinal 
is 0.25mand that of side longitudinal is 0.15m. The plate 
thickness of loading holds is 3mm and the stiffener size is 
-20x3mm. The plate thickness of the middle hold, namely 
test part, is 0.5mmand the stiffener size is -20x0.5mm. The 
dimensions of test model are shown in Fig. 2 [15].

Fig. 2. Model dimensions and Measurement point of lateral pressure
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MODEL TEST

Not only the external forces subjected to the test model 
but also the structural progressive collapse procedures are 
included in the test. The pressure distribution, the ship motion 
and the strain distribution in the still water and in the wave 
are recorded.

TEST CONTENT

The encountered wave length equals to the length of test 
model. The position of the crest is different with the movement 
of waves. So, the lateral pressure value of typical position in 
the bottom can represent the wave situation which can be 
used to calculate the wave bending moment.

The ship motion includes three translational motions 
and three rotational motions. The acceleration sensors are 
used to measure the translational motions such as surge, 
sway and heave and inclinometer sensors are adopted to 
test the rotational motions such as roll, pitch and yaw. 
The inertia forces are obtained by multiplying the mass by 
the corresponding acceleration [16].

The structural stress distribution during the collapse is the 
important affairs. In order to get the bending moment, the 
strain test points shall be distributed in the typical section of 
test part. There are test points in the stiffener position and the 
panel center of the middle section where the bending moment 
shall be the largest. The test points in neighbor section are 
also distributed to validate and/or eliminate incorrect data.

TEST POINTS

The pressure test points shall be able to represent the wave 
situation. The wave length is basically equal to the model 
length. There are totally four test points locating at the bottom 
center of two end sections in the loading hold, as shown in 
Fig. 2.

The elastoplastic deformation is comparatively smaller 
than the movement of rigid body. Two acceleration sensors are 
enough to describe the translational motion situation. They 
are arranged in the deck at the center of each loading hold 
[17]. The rotational motion of test part is interesting and worth 
measuring. Two inclinometer sensors are placed at fore and aft 
end of test part to record the rotational situation during the 
collapse test. The arrangement of sensors is shown in Fig. 3.

Fig. 3. Measurement point of ship motion

In order to realize the structural response during the 
collapse test in waves, the strain test points are distributed 
in the typical section of test part. The midst section will suffer 
the largest vertical bending moment so that all the positions 
of stiffener and center of panel are considered as stress test 
point. To describe the strain distribution in depth direction, 
seven test points are arranged in the same distance in the side 
shell from bottom to the upper deck. In the fore or aft section 
of the midst section, there are strain test points at the position 
of stiffener and the joints between side shell and bottom and 
deck. The position of sections for strain test points is schemed 
in Fig. 2 and the distribution of strain test points is shown 
in Fig. 4.

Fig. 4. Strain test points distribution

TEST PROCEDURE

To verify the character of test model, the test under 
hydrostatic condition is performed firstly. The mass block 
is put to the end section and thus the still water bending 
moment is produced. The stress distribution is measured 
with different weight of mass block to check the fundamental 
character of test model such as neutral axis, stress distribution 
and deformation distribution.

Considering the capacity of wave maker, the structural 
response of the hull structures under different loading 
conditions in wave is analyzed to determine the weight of 
mass block and the test wave parameters. In the test, a total 
of five cases are conducted, as shown in Table 1. The pressure 
with time history is measured for each pressure test point. 
The translational acceleration and rotational acceleration with 
time history and the strain distribution are measured under 
every loading condition and wave condition.
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TEST RESULT

HYDROSTATIC TEST

In order to verify the fundamental character of test 
model, the test on hydrostatic pressure is performed firstly. 
The different weight of mass block is acted in the model to 
produce the different vertical bending moment. The structural 
response shall be in elastic range so that the weight of mass 
block is limited to less than 200kg. The relationship between 
draught and mass block weight is summarized in Table 2. 
The longitudinal stress distribution of test points in side 
shell is plotted in Fig. 5. The depth of zero longitudinal stress 
distribution represents the position of neutral axis. So, the 
neutral axis of test model locates at the position of depth 
100mm. The tangential stiffness of above and below the neutral 
axis is different because the structures below the neutral axis 
are subjected to not only the longitudinal bending moment 
but also the lateral pressure [18]. The lateral pressure causes 
the bending of plating which leads to the bending stress 
components. The stress of structures below the still water 
surface includes the bending stress components caused by 
lateral pressure and in-plane stress components caused by 
the longitudinal bending moment. So, the tangential stiffness 
of lower structures becomes weak.
Tab. 1. Test cases
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D1-1 200 50 2.92 7225 2.151

D1-2 200 100 2.92 7225 2.151

D2-1 600 40 2.98 6937 2.107

D2-2 600 80 2.98 6937 2.107

D2-3 600 120 2.98 6937 2.107

Tab. 2. Draught with different weight of mass block

Case No. Mass block (kg) Draught (mm)

H1 0 72.79

H2 50 78.82

H3 100 84.85

H4 150 90.89

H5 200 96.92

Fig. 5. Longitudinal stress with different weight of mass block 

COLLAPSE TEST

According to the preliminary numerical analysis, the ship 
structures will be collapsed when the weight of mass block is 
600kg and the wave height is 120mm. In order to demonstrate 
the structural response characteristics in waves, the pre-test 
is carried out for the weight of mass block 200kg and wave 
height of 50 mm and 100 mm respectively. Then, the collapse 
test is conducted under the conditions of weight of mass 
block 600kg and wave height 40 mm, 80 mm and 120 mm 
respectively. The pressure distribution with time history, 
ship motion characteristics and the corresponding structural 
condition are measured.

When the weight of mass block is 200kg and wave 
height is 50mm and 100mm, the ship structures are in the 
elastic situation. The test results demonstrate that the test 
system works well, and the response of test model satisfies 
the requirement. In case the weight of mass blockis600kg, 
the loads acting on the ship structures will increase with the 
increase of the wave height. When the wave height reaches to 
120mm, the collapse of ship structures will be taken place. 
Due to page limitation, the results in elastic stage are not 
described and only those of structural collapse are shown in 
the paper. In fact, the results in elastic stage can be considered 
as the primary stage of collapse behavior.

The schematic diagram of the position of the model and the 
wave under the conditions of collapse test is shown in Fig. 6. 
The wave crest locates at the middle of test model so that the 
ship hull is in hogging condition. With the movement of the 
wave crest, the loads acting on the ship structures are also 
different and so as the ship motion and structural response. 
A wave-height gauge is placed in front of the test model and 
the sampling frequency is set to 50Hz. The measured wave 
height distribution with time history is shown in Fig. 7. To 
facilitate the analysis of various test results, the sampling 
frequencies of other instruments such as pressure sensor, 
acceleration sensor, inclinometers sensor and dynamic 
strain gauges are also set to 50Hz. The variation of the lateral 
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pressure with time history at the pressure test points in the 
bottom can represent the relative position of the wave and 
the test model. The lateral pressure distribution of the typical 
measuring point (No. 4 test point locating at the fore hold) 
is shown in Fig. 8. The average vertical acceleration of the 
fore and aft acceleration test points is expressed in Fig. 9. 
The relative rotation angle measured by the inclinometers is 
demonstrated in Fig. 10. All measured results are sinusoidal 
distribution with time history and the period is 2.107s which 
is consistent with the characters of wave.

Fig. 6. Collapse test of ship hull

Fig. 7. Wave height

Fig. 8. Lateral pressure

Fig. 9. Vertical acceleration

Fig. 10. Relative rotation angle

During the collapse test, the dynamic strain of test points 
is also measured. The dynamic stress can be calculated 
according to the stress-strain relationship of the specimen. 
The dynamic stress distribution of typical test points in the 
central section, such as test point 5 (locating at the deck), test 
point 11 (locating at the intersection between side shell and 
bottom), test point 19 (locating at the bottom longitudinal 
stiffener) and measuring point 26 (locating at the upper side 
of side shell) is plotted in Fig. 11. The dynamic stress of each 
test point demonstrates sinusoidal distribution and the period 
is same as wave period.

(a) Dynamic stress of point 5 (b)Dynamic stress of point 11

(c) Dynamic stress of point 19 (d) Dynamic stress of point26

Fig. 11. Dynamic stress of typical points

RESULT ANALYSIS

COLLAPSE BEHAVIOR

The ship is a large floating structural system which is 
subjected to both hydrostatic load and wave load. The bottom 
structures of test model are subjected to lateral pressure 
and thus the bending stress component is generated. When 
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the wave trough is locating in the mid length, the bottom 
structures are simultaneously subjected to compression 
caused by hogging and the bending caused by lateral pressure.

The wave load increases with the increase of wave 
height. When the wave crest is locating in the mid length, 
the buckling of bottom plating happens firstly under the 
compression and lateral pressure. With the movement of 
wave, the buckling of deck plating and the top plating of side 
shell are also taken place when the wave trough is locating in 
the mid length. Then, the load is re-distribution between the 
structural components. The longitudinal stiffener of bottom 
is buckled and yielded successively due to the compression 
and lateral pressure. The collapse of ship structures happens 
so as to loss the load-carrying capacity. The collapse mode 
of bottom structures is the stiffener tripping and plating 
buckling, as demonstrated in Fig. 12. 

(a) test hold (b) collapse part

Fig. 12. Collapse mode of bottom structures

VERTICAL BENDING MOMENT-CURVATURE 
RELATIONSHIP

In the present research, the longitudinal bending moment 
can be obtained by performing secondary integration of the 
stress of each test point in the midst section. The relative 
rotation angle of test hold can be computed by the measured 
angle value at both end sections. The curvature is calculated 
by the relative rotation angle divided by the length of test 
hold. Then, the relationship of vertical bending moment and 
curvature can be achieved. To explore the fluid-structural 
interaction effect, the moment-curvature relationship 
obtained by structural calculation, fluid- structural interaction 
calculation and collapse test is compared in Fig. 13.

For structural calculation, double-span section model, 
namely longitudinal hull girder segment extending a half 
frame spacing in fore and aft directions from a transverse 
frame, is considered. A forced rotational angle is applied to 
both end cross-sections assuming that the cross sections 
remain plane. The obtained ultimate strength represents 
the structural itself capacity which is no relationship with 
the external force.

For fluid-structural interaction calculation, the wave 
induced load calculation is firstly performed on the test model 
to obtain the external loads. Then, they are converted into 
equivalent nodal forces and applied to the structural model. 

The progressive collapse analysis is performed to obtain the 
corresponding bending moment and curvature. The ultimate 
strength calculated by such method is not only related to the 
hull structures, but also related to the external loads.

It can be seen from Fig. 13 that the ultimate strength 
calculated by structural calculation is larger than that by 
fluid-structural interaction calculation. The structure shall 
deform due to the action of fluid/water pressure which lead 
to the bending stress component. The structural buckling 
occurs earlier as well as initial yielding so that the ultimate 
strength is reduced. The traditional structural calculation, 
considering the structural model itself and not considering 
the influence of the fluid, will cause larger ultimate capacity. 
The shipwreck may be happened when the actual external load 
is smaller than the ultimate capacity calculated by traditional 
structural model but larger than actual structural capacity. 
In addition, the test result is about 10% smaller than that 
of fluid-structural interaction calculation. This is because 
the initial deformation and welding residual stress are not 
considered in the fluid-structural interaction calculation. 
Thin plate and small stiffener are adopted in the test hold 
of test model so that larger initial deformation and welding 
residual stress are produced during the course of processing. 

Fig. 13. Comparison on relationship of bending moment and rotation angle

CONCLUSION

In the present research, the collapse test of ship model 
is performed to investigate the collapse behaviour of ship 
structures in wave. The moment-curvature relationship 
obtained by collapse test is compared with that by structural 
calculation and fluid-structural interaction calculation. The 
calculation model and the influence of lateral pressure are 
discussed. The conclusions can be summarized as follows.



POLISH MARITIME RESEARCH, No S3/2018 97

For the traditional structural calculation, the cross-section 
is assumed to remain plane. A forced rotational angle is 
applied to both end cross-sections and the maximum bending 
moment is defined as the structural ultimate strength. The 
ultimate strength obtained by such method is a little larger 
than actual one which may lead to dangerous situation.

The structures below the still waterline deflect under the 
effect of lateral pressure so as to produce the bending stress 
component. The structural buckling and initial yielding occur 
earlier and thus the ultimate strength is reduced. It is better to 
consider the effect of lateral pressure when structural ultimate 
strength is calculated.

The stiffener tripping and plating buckling of bottom 
structures are taken place under the longitudinal compression 
caused by vertical bending moment and out-of-plane bending 
caused by lateral pressure. With the happening of initial 
yielding and the spreading, the structural section losses its 
load-carrying capacity and reaches ultimate strength.
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ABSTRACT

Accurate tide height is crucial for the safe navigation of large deep-draft ships when they enter and leave the port. We 
have proposed an accurate forecasting method for the tide heights from the observation data and neural networks, 
which can easily calculate the tidal window period of large deep-draft ships’ navigation through long channels at high 
tide. Moreover, an artificial neural network is established for the tide height from the observation of tide heights before 
their current time node. For an ideal forecast, the neural network was optimized for one year with the tide height 
data of Huanghua Port. In case of large ships, their tidal characteristics of channels for are complex. A new method is 
proposed for the observation of multiple stations and artificial neural networks of each observation station. When ships 
are navigating through the port, the tide height is predicted from the observed data and forecast tide heights of multiple 
observation stations. Thus, a valid tidal window period is secured when the ships enter the port. Comparative analysis 
of the ship’s tidal window period with that of the measured one can lead us to conclude that the forecasted data has 
a strong correlation with the measurement. So, our proposed algorithm can accurately predict the tide height and 
calculate the node timing when the ship enters and depart the port. Finally, these results can be applied for the safe 
navigation of large deep-draft ships when the port is at high tide.

Keywords: Deep-draft ships, neural network, intelligent navigation, multi-observation stations

INTRODUCTION

The draught of large deep-draft ships has been continuously 
increasing due to their recent demand. The length and depth 
of the channels should high for the frequent entering and 
departure of the ships from the ports [1]. For instance, the 
channel length of the Comprehensive Port area of Huanghua 
Port [2] and Lanshan Port in Rizhao [3] reach 60.5 and 
48.9 km, respectively. At certain ports, the tide timing for 
a ship can be obtained from the tide table. However, in case 
of a long channel with a high variation of tidal changes, tide 
table cannot calculate the tide timing when the ships enter 

or deport and under keel clearance. At the same time, it will 
also calculate the tide height during the high tide time period 
which meets the conditions of entering the river fail and the 
requirements of the ship’s entering the port at high tide. This 
dramatically affects the efficiency of large-scale deep-draft 
ships when entering the port, reduces the passage capacity 
of the port channel, and affects the navigation safety of the 
ships.

To date, only theoretical research is conducted on the 
water level when the ships enter the port at high tide and 
other related plans. Furthermore, this topic has become 
one of the hot topics for researchers in the field. Tang et al. 
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investigated the adaptability of a 400 thousand dwt bulk cargo 
ships with the water depth when the ships enter Dongjiakou 
Port. They thoroughly investigated the node time of ships 
while entering the ports by the tide. Moreover, they also 
proposed methods for keel clearance of large ships from the 
observation of tidal records at Dongjiakou Port [4]. Zhang et 
al. proposed a method for the depth calculation of artificial 
long channel. Actually, they proposed this method from 
the tide forecast at a single station and the characteristics of 
channels in Lansshan Port District of Rizhao Port. However, 
their method cannot adequately differentiate in tide heights 
of different channel sections [3]. On the other hand, Huang 
et al. have proposed another method for the calculation of 
tide height at Yamen Channel in Jujiang. The value of tide 
height is required for the ships when they enter the port and 
the channels have high tide. This method can rarely be applied 
to those ports which have small differences in the tide period 
but large differences in the tide height [5]. In 2012, Xu et al. 
proposed a multi-station joint method for the calculation of 
tide height, especially, when the ships enter the port at high 
tide in the tidal estuary of the long channel [6]. It can be 
observed from the trial calculations that this method still 
needs to be optimized such as for the optimal process of 
entering the port at high tide and the optimal tide height 
for each tidal process. Furthermore, to get the tide height 
when the ships enter the port at high tide corresponding to 
different cumulative frequencies. So, the calculation process 
is realized by the program, but the results are not intuitive 
enough. On the other hand, this method can only be applied 
to those channels which have constant tide height, means 
cannot consider the different tide heights in different sections 
of the long channel. 

The above analysis led us to conclude that for the safe 
navigation of large deep-draft ships and to clear the ports, 
accurate measurement of the tide height is required. The tide 
height is primarily related to the ship’s navigation time while 
entering the port. Secondly, it is related to the mileage of the 
channel and the accuracy of the tide height forecast. In this 
paper, we are using the feedback neural network algorithm 
and the measured data of the tides in the port, to achieve the 
goals in the following two aspects: (1) using the measured 
tidal data to forecast the tide at the position of each station; 
(2) calculation of tidal window of the ships when entering 
the port.

MODEL FOR THE CALCULATION OF TIDAL 
WINDOW

Draughts of ships have been continuously increasing as the 
size of ships becomes larger and larger. The draught of 200 
thousand dwt bulk cargo ship has reached 18.3 m. For a 300 
thousand bulk cargo ship, its draught has reached to 21.5 m. 
In case of 400 thousand dwt ships, their draughts have reached 
22 m. The high number of draught means, we need a deeper 
depth of channel for the safe navigation of ships. However, 
the depth of the channel cannot be increased unrestrictedly 

during the construction of channels for large ships due to 
the following three reasons.
1. High-depth channel requires high construction and 

maintenance cost;
2. There is enough time for large bulk cargo ships to wait for 

the tide raise as these ships have a longer sailing period. 
Moreover, there are more chances that they can enter the 
port at high tide;

3. A number of large ships that navigate through the port 
is limited. To deepen the depth of channel are waste 
of resources.

Therefore, the constructors are trying to employ those 
methods which can allow the ship’s navigation through the 
channels at high tides to lower the depth of channels. When 
ships navigate through this type of channels, the tide height 
must reach a certain level to allow safe navigation through 
the port. In case of insufficient tide height, the short of under 
keel clearance will cause the risk of ships being stranded and 
also increase the difficulty of handling the ships. The time 
period for the appropriate tide height, where the ships can 
navigate through the port is called tidal window. Obviously, 
the tidal window is related to the draught and speed of ships, 
the tide height, and the under-keel clearance. Traditionally, 
the tidal window can be calculated from the typical tide 
curve method [7]. This method does not consider the effects 
of water level fluctuation, caused by meteorological factors, 
so, cannot be applied to those ports which have prominent 
water level fluctuation.

When a ship navigates, then its velocity depends on the 
following factors such as depth of water, navigation obstacles, 
and the distance from the port. Thus, the velocity tends to be 
not a fixed value [8, 9]. In this study, the velocity of the ship 
at time t is presented by function V (t) ( 0 1t t t ), t0 
and t1 are the nodes time while navigating through the port at 
high tide at the beginning and end, respectively. The location 
of the ship in the channel can be expressed by the following 
equation:

0

t

t
M t = V t dt�  (1)

When the ships navigate in the port, they produce water 
pressure which led to ship squat. The higher the velocity, 
the higher the amount of the ship squat . In addition, other 
factors such as tidal current, waves, the heel and trim of the 
ship are also responsible for the ship squat. To avoid ships 
from stranded and touching the bottom of the sea, a certain 
amount of abundant depth between the keel of the ship and 
the bottom of the sea is required. This extra depth is called 
under-keel clearance.

When the ships navigate through the channel, the water 
depth is required for the draught of the ship and the under-
keel clearance. The following conditions are required for the 
safe navigation of ships through the port.
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where Dt is the actual water depth; D0 is the deigned depth; 
T is the tide height at high tide; d is the draught of the ship; 
UKC is the under-keel clearance.

Sea bed

UKC

Tide height(T)

Ship

Fig. 1. The UKC during the ship’s traversing the channel

Figure 1 shows the relation between water depth, tide 
height, draught, and under-keel clearance when the ships 
navigate through the channel. From Figure 1, we can see 
that the tide height, required for the ships’ navigation, has 
a direct relation with the draught, the under-keel clearance, 
and the actual water depth of the channel. The time period 
of tide height in which large deep-draft ships can enter the 
port is called tidal window. So, the actual tide height for 
the ship’s location should meet the following requirements 
as specified in Equation 2.

Under-keel clearance is a vital factor which affects the 
safe navigation of the ships through the port. The calculation 
method for the UKC, has already been reported [10]. Once 
UKC is fixed, then the tide height can determine and ensure 
the safe navigation through the channel of ships. For the 
tidal window, the tide height in the port should be precisely 
calculated when the ship navigates through the channel 
at high tide. In case of the small area of the port, the tide 
heights remain the same through the whole channel area and 
the ships can navigate through it at high tide. On the other 
hand, the larger port has highly fluctuated tide heights at 
different locations for the ships’ navigation through at high 
tide. In this study, we propose a method for the prediction 
of tide height which is based on the measurement of tide 
height combined with neural network and calculate the length 
of the tidal window when the ship navigates through the 
port at high tide.

TIDE HEIGHT MEASURING SYSTEM

STRUCTURE AND LOCATION OF OBSERVATION 
STATIONS

We have selected the Huanghua Port for this research 
project. Observation 
stations were located at 
different positions of the 
channel of Huanghua 
Port to record tidal 
data and calculation 
of forecasting the tidal 
window period. The tide 
consists of astronomical 
tide and water level 
f luctuation, caused by 
meteorological factors. 
The structure of the tide 
height measuring system 

is shown in Figure 2. This structure consists of a database 
center, observation stations, and transmission system. 
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Fig. 2. Structure of the tide height measuring system

Fig. 3. Locations of observation stations
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Each observation station is made up of one onshore tide 
height and three offshore buoy observation stations. The 
location of each observation station is presented in Figure 3. 
Shore-based tide height observation station is adapted to set 
up the onshore tide height observation station. Pressure-
based tide gauges are used to detect the tide height, and the 
real-time transmission via the cellular network.

Offshore observation stations are located at channel 
mileage 22+000 (Buoy 241#), 44+000 (Buoy 217) and 60+000 
(Buoy 201). In this work, we have employed the Beidou satellite 
communication technology to realize the real-time online 
data transmission.

The onshore tide height observation station uses a water 
level recorder which is equipped with a CDMA mobile data 
communication device and a solar power supply system. This 
is used to get the real-time observation and telemetry of tide 
height data, and uninterrupted 24 h recording and real-time 
telemetry of water level data. 

On the other hand, the offshore buoy observation station 
uses an acoustic communication device which is part 
of a pressure-based tide gauge, mounted at the bottom of the 
sea and transport the monitoring data of real-time pressure 
to the buoy. All observation data can be collected at the buoy 
and subsequently transmitted to the onshore data (receiving 
center) via the Beidou Satellite Communication Method.

The onshore data receiving server automatically receives 
the transmitted data and forward to each user (client) via 
broadband network or mobile cellular network. 

DATABASE CENTER AND USER INTERFACE

In this work, the MySQL Database is used to manage and 
store all the data. The data was processed by decryption, 
analysis, format conversion, screening, filtering, and other 
online processes. The results generated from these processes 
were then transferred to the database.

The data management program mainly triggered the 
instruction of looping at a time interval or by releasing 
the  port data in a background execution mode. The 
environment management program of the observation 
station is designed to realize the browsing, management and 
analysis of the corresponding environment of the onshore 
tide height observation station. The program is constructed 
in B/S architecture to display the real-time in the map, station 
parameters configuration, graphics displaying, and tabular 
displaying of the station and environment data. Moreover, it 
is a convenient source for the users to get information from 
the observation stations at any time.

The online data sharing system is named as “Huanghua 
Port Channel Hydrology Online”. Function modules of the 
display system, user login at the welcome page, the observation 
station, and displaying a map of tide height at the homepage, 
tide height data, and displaying of tidal current data have been 
observed. The online data sharing system consists of functions 
or sections of the welcome page, functions of the homepage, 
user management, tidal data display, and tidal current data 
display. The user interface is presented in Figure 4.

Fig. 4. Interface of database center client

A THEORETICAL MODEL FOR WINDOW 
PERIOD, BASED ON FEEDBACK NEURAL 

NETWORK
Recently, with the development of artificial intelligence, 

many researchers have reported the forecasting of the tide at 
the ports, using the artificial neural network. In Reference 
[11], a tide height prediction model is established from the 
proposed algorithm for the improved and practical genetic 
neural network tide height prediction. Reference [12] explains 
the tide height prediction model, using the artificial neural 
network. A neural network forecast model for storm surge 
elevation is established, based on high and low tide [13]. 
Moreover, the tide height is considered for the measuring 
process under abnormal weather conditions as a research 
object [14]. Artificial neural network BP algorithm is used 
as a forecasting tool due to the non-stationary time series of 
the tide height under these conditions. An artificial neural 
network model is established from the meteorological data 
database to predict the water level fluctuation phenomenon in 
the tidal process. Previously, neural networks have been used 
to predict the tide on a weekly basis [15]. Recently, a backward-
propagation neural network application has been proposed 
for long-term tide prediction [16]. Moreover, artificial neural 
networks have also been used for the improved forecasting 
of ocean tide [17]. So, these studies focus on the long-term 
forecast of tides at a port, however, the accuracy of the forecast 
is limited due to the long forecast time. For the long artificial 
channel, the tidal change within the length of the channel is 
more notable. An accurate short-term tide forecasting method 
which involves multi-observation stations is required, to 
forecast tidal window period for the safe navigation of ships 
through ports at high tide [18].

COMPUTING ARCHITECTURE FOR TIDAL WINDOW 
PERIOD BASED ON ARTIFICIAL NEURAL NETWORK 

In order to study the ship tidal window forecasting 
system, having four observation stations, it is necessary to 
use the tide height signals (measured by the sensors of each 
observation) for the establishment of a neural network. In 
this study, we used an artificial long channel which requires 
four independent observation stations. There is some minor 
relevance among the tide height information, collected by 
each observation station [19]. During the prediction process 
of tide height, four artificial neural network architectures 
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are established for the corresponding tide height prediction 
of four observation stations. Finally, this paper establishes 
a calculation system for tidal window period when the ships 
navigate through the port at a high time (see Figure 5). 
This system consists of a sensor, database, neural network 
prediction system, and a tidal window calculation processor.

There are four sensors which are located in Buoy 201, 
Buoy 217, Buoy 241, and Buoy 262, as shown in Figure 5. 
The recorded data of these sensors are transmitted to the data 
processing center, namely the database, via CDMA or Beidou 
Satellites Communication Method. Artificial neural networks 
ANN1-ANN4 were deployed in the above four observation 
stations to predict the tide heights [20]. Predicted results 
combined with the location information of four observation 
stations were transferred to the tidal window calculation 
processer for the calculation of tidal window (when the ships 
navigate through the ports). 
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Fig. 5. Architecture for window period calculation model based on the 

feedback of neural network

TIDE HEIGHT FORECAST

The algorithm of feedback neural network is consisting 
of  forwarding propagation of signal and backward 
propagation of error. In the forward propagation, the input 
samples are imported from the input layer which is processed 
by the hidden layers (layer-by-layer) before being exported 
to the output layer. If the real output of the output layer 
is not equal to the expected output, then the propagation 
process will switch to the backward propagation process 
[21]. In the backward propagation of error, the output error 
propagates backwardly through hidden layers (layer-by-layer) 
in a certain manner. Moreover, this error can be assigned to 
all the neurons of every single layer which generate the error 
signal of each layer. From this error signal, we can correct 
the weight of each neuron. This adjustment of weight in each 
layer occurs repeatedly, during the forward propagation of 
signal and backward propagation of error [22]. The continuous 
adjustment of weight is also a learning and training process 

for the network. This process does not terminate until the 
error output of the network reduced to an acceptable level, 
or the learning time period or the time of learning practice 
reached the pre-set level.

In this work, we used the forecast process and input data 
were collected from 00:00 to 16:00 each day, while the tide 
height data which is collected from 17:00 to 24:00 is used as 
the output data. The number of hidden layers is set to 1, the 
number of hidden layer nodes 25, the learning rate of 0.1, and 
the target value is set to 0.001. The activation function of the 
hidden layers is a bipolar Sigmoid type function while the 
transfer function of the output layer is a linear function [23]. 
The observed data of the Huanghua Port is collected from 1st 
May 2017 to 30th April 2018, so, a total of 365 groups data was 
processed. The first 300 groups were used as training data, and 
the remaining 65 groups were used as verification data. The 
forecast results for the verification data is shown in Figure 6.

DATA NORMALIZATION AND CRITERIA FOR THE 
ANNS PERFORMANCE

All data of the input layer are normalized to a range from 
0 to 1 by the function:

min

max min

i
i

y y
y

y y
(4)

Where iy is the value of data after normalization, iy is the 
value of data before normalization, maxy is the maximum and 

miny is the minimum of all the hourly tide height respectively.
The ANNs performance is assessed in terms of the root 

mean square error(RMSE), the correlation coefficient R and 
mean absolute error(MAE).
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Where 0
iy , iy are observed and predicted tide height. 0y , 

y are mean values of tide height observed and predicted 
respectively.

Figure 6 shows the forecasted tide height and the observed 
tide height data of four observation stations, respectively. 
The forecasted tide height data measures the tide heights 
from 17:00 to 24:00 each day. The bigger picture in Figure 6 
shows the tide heights per hour from 25th February to 30th 
April (1560 h in total) while the smaller picture represents 
the observed and forecasted tide height data per hour from 
25th-28th February (72 h in total). The input and forecasted 
data are recorded every day from 0:00 to 16:00 and 17.00 to 
24.00, respectively.
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Fig. 6. Observed tide height and forecasted tide height results, obtained from the verification data in 65 days
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The forecasted tide height results of four locations in 
Huanghua Port from 17:00 to 24:00 using four artificial neural 
networks with identical architecture are shown in Figure 
6. Analysis of this Figure led us to conclude that all four 
neural networks can forecast the tide height well. However, 
the shorter the distance of the observation station to the 
port, the higher the difference between the tide heights at 
high tide and low tide. The scatter plots of the four neural 
networks are shown in Figure 7. The error of the forecasted 
results is listed in Table 1. In Table 1, the linear correlations 
of forecasted results for the next hour, based on the analysis 
of data recorded in the past 16 h are 0.9999, 0.9999, 0.9998, 
and 0.9997, respectively. This indicates that the forecast results 
for the next hour, generated from the four neural networks 
are very ideal. Moreover, the location which has the higher 
difference between the tide heights at high tide and low 
tide is also recorded, which has a lower linear correlation 
between the measured and the verification results. The linear 
correlations of the forecasted results for the next 4 h are 
0.9993, 0.9993, 0.9987, and 0.9977, respectively, which are 
slightly lower than that of the linear correlations in the next 
hour. The linear correlations of the forecasted results for the 
next 8 h are 0.9982, 0.9984, 0.9981, and 0.9973, respectively, 
which are again lower than that of the linear correlations of 
the forecasted results for the next 4 h. This indicates that the 
accuracy of the forecasted results decreases with the increase 
of forecast time, but still maintains a satisfactory level.
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Fig. 7. Scatter plots of observed data

The root-mean-square error significantly increases with 
the increase of forecast time. The position error of Buoy 201 
increases from 1.2 to 3.4 cm; the position error of Buoy 217 
increases from 1.0 to 3.8 cm; the error for the position of Buoy 
341 increases from 1.6 to 5.0 cm; and the error for the position 
of Buoy 262 increases from 2.2 to 6.2 cm. Similarly, mean 
errors for the four places change in the same manner. Our 
results and discussion led us to conclude that the prediction 
accuracy of the neural network with the channel of the port 
is smaller than that of the outside of the port due to the large 
difference between the tide heights at high tide and low tide. 
There may be other factors as well such as damming caused 
by the breakwater.
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Tab. 1. RMSE, MAE and R for different position and different time using ANN

1hr 2hr 3hr 4hr 5hr 6hr 7hr 8hr

Buoy 201

RMSE 1.2 1.8 2.3 2.6 2.8 3.1 3.3 3.4

MAE 0.9 1.4 1.7 2.0 2.2 2.4 2.5 2.6
R 0.9999 0.9997 0.9995 0.9993 0.9990 0.9987 0.9985 0.9982

Buoy217

RMSE 1.0 1.6 2.1 2.7 3.1 3.5 3.7 3.8
MAE 0.8 1.2 1.6 2.0 2.3 2.6 2.8 2.8

R 0.9999 0.9998 0.9996 0.9993 0.9990 0.9987 0.9985 0.9984

Buoy 241

RMSE 1.6 2.6 3.6 4.4 4.8 5.0 5.1 5.0
MAE 1.4 2.1 2.8 3.4 3.7 3.9 3.9 3.9

R 0.9998 0.9995 0.9991 0.9987 0.9985 0.9984 0.9982 0.9981

Buoy 262

RMSE 2.2 3.5 4.8 5.8 6.3 6.4 6.4 6.2
MAE 1.7 2.6 3.5 4.3 4.8 4.9 4.9 4.8

R 0.9997 0.9992 0.9984 0.9977 0.9973 0.9972 0.9972 0.9973

CALCULATION OF TIDAL WINDOW PERIOD

In this paper, we have verified the accuracy of the tidal 
window for the ships. So, the actual tidal window periods 
for the ships with a draught of about 18 m were observed by 
the observation system from 20-27th May 2017. The earliest 
node time and the latest tide time node of each ship, which 
navigates through the port at high tide were recorded. The 
tidal window periods were calculated with the help of neural 
networks. The forecasted and measured results were compared 
to verify the accuracy of the model.
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The calculated and observed data of the earliest and 
latest time nodes during 74 ships, when approaching the 
port at high tide was compared. The compared scatter plots 
are shown in Figure 9. When the ships navigate through 
the port, then the root-mean-square and the mean errors 
of the earliest time node at high tide are 0.13 and 0.08 h, 
respectively, while the linear correlation coefficient is 0.9995. 
Similarly, the root-mean-square and the mean errors of the 
latest time node at high tide are 0.24 and 0.17 h, respectively, 
with a linear correlation coefficient of 0.9980. The linear 
correlation coefficient of the latest time node is lower than 
that of the earliest time node. The reason behind this is, latest 

time node is later than the former which makes longer the 
forecast time of the required neural network. The mean error 
is 0.17 h, which is approximately 10 minutes. So, it fulfills 
the requirements of ships for entering and exiting the port. 
The results and discussion of this work led us to conclude 
that our proposed method (based on the measured results 
combined with neural network forecasting method) can 
accurately forecast the navigation of ships through the port 
at high tide. In addition, our simulations satisfy the safety 
requirements for the ship’s navigation through the port. 
Parameters of each ship and the forecasted and measured 
values of its tidal window period are listed in Table 3.

Tab. 2. RMSE, MAE and R for the earliest time node and latest time node, using ANN.

the earliest time node the latest time node

RMSE 0.13 0.24

MAE 0.08 0.17

R 0.9995 0.9980

Tab. 3. Parameters of each ship and the forecasted and measured values of its tidal window period

Ship’ name LOA Draft Date Measured value Calculated value using ANN

FPMC B KINGDOM 299.7 18.21 2017-5-27 15:13-17:00 15:11-16:42

HEBEI CHALLENGER 295 18.31 2017-5-30 18:21-19:05 18:12-18:59
ARIADNE 299.97 18.31 2017-5-31 19:30-19:37 19:07-19:40
LAVENDER 292 18.14 2017-6-26 15:23-18:18 15:28-18:14
MOUNT AUSTIN 292 18.04 2017-7-1 04:27-09:25 04:32-09:13
RINI 292 18.32 2017-7-4 10:12-12:03 10:12-12:03
COTSWOLD 292 18.3 2017-7-7 12:36-16:31 12:36-16:31
LOWLANDS SUNRISE 291.98 18.23 2017-7-12 15:00-19:28 15:03-19:53
LEOPOLD OLDENDORFF 299.97 18.11 2017-7-13 15:09-20:20 15:05-20:20
AM GIJON 292 18.04 2017-7-14 15:30-21:02 15:30-21:02
PERCIVAL 291.8 18.28 2017-7-20 10:00-13:41 10:00-13:41
MINERAL BELGIUM 289 18.1 2017-7-22 11:28-17:54 11:28-17:54
STAR MARISA 299.88 18.3 2017-7-22 12:00-16:45 12:00-16:45
CSK FORTUNE 289 18.1 2017-7-27 15:04-20:45 15:04-20:14
PHILIPPOS A 291.8 18.04 2017-7-29 15:59-21:06 15:59-21:07
NAVIOS FANTASTIKS 288.93 18.15 2017-8-23 13:35-18:44 13:51-18:15
NAVIOS AZIMUTH 292 18.3 2017-8-24 14:32-18:22 14:44-18:10
PACIFIC VISTA 295 18.12 2017-8-29 16:31-21:15 16:30-21:20
MINERAL EDO 299.94 18.26 2017-9-4 12:21-16:08 12:22-17:25
KSL SALVADOR 292 18.3 2017-9-6 13:29-17:01 13:31-17:02
CAPE AUSTRALIA 299.88 18.08 2017-9-24 14:20-18:28 14:23-18:15
FPMC B IMAGE 299.7 18.2 2017-9-25 15:16-18:33 15:14-18:17
CLEAR HORIZON 300 18.26 2017-9-29 07:41-09:42 07:41-09:42
ARIADNE 292 18.22 2017-10-6 13:09-16:11 13:22-16:04
FRONTIER BONANZA 291.97 18.22 2017-10-7 13:37-16:31 13:46-16:14
EDWIN 291.8 18.3 2017-10-11 16:18-18:24 16:07-18:15
ANANGEL VOYAGER 292 18.22 2017-10-12 05:32-09:13 05:32-09:04
MARLENE OLDENDORFF 299.88 18.12 2017-10-14 07:37-12:05 07:37-12:05
EHIME QUEEN 291.98 18.3 2017-10-19 12:46-15:11 12:52-14:50



POLISH MARITIME RESEARCH, No S3/2018108

Ship’ name LOA Draft Date Measured value Calculated value using ANN

OU MAY 295 18.06 2017-10-24 14:18-17:47 14:26-17:38
IMPERIUS 292 18.3 2017-10-28 07:26-08:39 07:26-08:39
PROSPER SUNWAITO 299.7 18.27 2017-10-31 10:41-12:08 10:41-12:08
RAIATEA 292.00 18.3 2017-11-1 11:28-13:06 11:28-12:57
GIANT ACE 291.97 18.3 2017-11-8 15:25-16:55 15:29-16:48
AFALES 292 18.23 2017-11-18 12:40-14:49 12:45-14:45
OCEAN COMMANDER 289 18.08 2017-11-19 12:34-15:36 12:37-15:27
ANTONIS ANGELICOUSSIS 292 18.05 2017-11-27 06:38-10:10 06:30-10:37
GUANG LI HAI 299.88 18 2017-11-28 07:24-11:18 07:24-11:07
ANDAMA 292 18.27 2017-12-1 11:03-12:38 11:01-12:29
LAKE DESPINA 291.98 18.23 2017-12-4 12:37-14:26 12:37-14:14
SEALINK 292.1 18.08 2017-12-19 12:40-15:29 12:37-15:20
STELLA CHARLENE 292 18.3 2017-12-20 14:40-15:09 14:41-15:09
SILVER ROAD 290 18 2017-12-25 05:01-08:56 05:01-08:38
BERGE ATLAS 288.93 18.16 2017-12-30 09:40-11:49 09:40-11:28
MINERAL HOKKAIDO 288.93 18.15 2018-1-2 11:43-13:58 11:37-13:57
KN AMETHYST 300 18.3 2018-1-2 12:27-13:42 12:23-13:33
CAPE INDIA 299.88 18.1 2018-1-5 13:58-16:31 13:57-16:19
FEG SUCCESS 292 18.19 2018-1-12 09:02-11:06 08:59-10:57
DAWN HORIZON 295 18.19 2018-1-15 11:42-13:28 11:41-13:23
SOUTHERN CROSS DREAM 292 18.11 2018-1-16 11:55-14:19 11:26-14:01
TAURUS 292 18.32 2018-1-18 14:34-14:53 14:51-15:01
LONDON COURAGE 299.94 18.1 2018-1-24 05:23-07:57 05:32-07:48
PAN DREAM 291.8 18.25 2018-1-27 08:21- 09:49 08:15-09:38
CAPE ISLAND 288.88 17.85 2018-1-27 06:31-10:47 06:47-10:38
MOUNT HERMON 292 18.15 2018-1-29 09:40-11:57 09:39-11:48
HEBEI TRIUMPH 295 18.27 2018-1-31 12:02-13:38 11:58-13:34
CSK GENERATION 292 17.7 2018-2-1 00:20-15:36 00:25-15:25
K  VICTORY 292 18.15 2018-2-4 15:09-17:24 15:11-17:17
GOLDEN HORIZON 299.7 18.01 2018-2-8 05:37-08:59 05:36-08:47
CHINA HARMONY 295 18.09 2018-2-11 08:33-11:29 08:46-11:18
C H S SPLENDOR 289.00 17.55 2018-2-11 00:00-13:13 00:01-12:58
GREAT DYNASTY 295 18.28 2018-2-22 05:20-06:49 05:21-06:37
CAPE MARS 289.00 18 2018-2-26 07:12-11:00 07:16-10:51
SHIBUMI 292 18.25 2018-3-1 11:52-13:51 11:59-13:38
CAPE VICTORY 292 18.32 2018-3-3 13:48-15:36 13:53-15:28
LONDON  COURAGE 299.94 18.04 2018-3-11 06:13-9:54 06:10-09:44
ALPHA MILLENNIUM 289 17.98 2018-3-13 08:12-12:21 08:27-12:11
TIAN LU HAI 289 18.2 2018-3-14 11:20-12:32 11:16-12:41
JABAL NAFUSA 290.49 17.82 2018-3-17 11:29-16:09 11:29-15:58
CAPTAIN PETROS H 289.98 17.68 2018-3-30 09:45-15:14 09:30-15:16
OCEAN ROAD 291.91 18.19 2018-4-26 10:03-11:49 09:56-11:45
LOWLANDS PROSPERITY 292 18.17 2018-5-1 14:04-17:13 14:05-17:23
THEODOROS P 292 18.3 2018-5-3 15:57-18:20 16:07-18:12
GREAT SUI 291.97 18.1 2018-5-12 10:52-13:02 10:45-13:19
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CONCLUSIONS

An accurate calculation method for the tide height is 
required for the safe navigation of ships and efficiency of 
the port during long length channels having complicated 
tidal. In this work, we have proposed an accurate method 
from the measured results combined with neural networks 
for artificial long channels to forecast the tide height. An 
intelligent calculation model for the ship’s navigation through 
the port at high tide is subsequently proposed. The tidal data 
observed for 300 days is used as the training data to train 
the network, and the data observed during the following 65 
days is used for the verification of the proposed method. The 
minimum linear correlation coefficient was 0.9973, which is 
at an ideal level. In addition, the tidal window periods for the 
ships with a draught of about 18 meters, arrived at the port 
in one year are calculated and observed. Moreover, the linear 
correlation coefficient of 0.9980 indicates that our proposed 
method in a high tide can accurately and intelligently navigate 
the large deep-draft ships at the port. Finally, this research 
can be employed for the navigation of large ships through 
the port at high tide and port management.
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ABSTRACT

The micro air nucleus widely distributed in the ocean is a necessary condition for the cavitation of hydraulic machinery 
in seawater. In order to study the stability of air nucleus in seawater and cavitation inception, the computational 
domain of water molecules with air nucleus was studied using the method of molecular dynamics simulation, and 
the transient characteristics of air nucleus in liquid water were obtained. The key factors influencing nuclei stability 
were analyzed. The results showed that air nucleus with a certain mass could maintain the dynamic equilibrium in 
liquid water. The internal density of air nuclei had a critical value that allowed the nuclei to stably exist in water. The 
air nuclei mass was the decisive factor in its equilibrium volume in water, and the two were positively correlated. The 
internal density of air nuclei was negatively correlated with the nuclei radius when the nuclei was stable in water. 
Liquid surface tension was an important factor affecting the stability of the air nuclei. The larger the initial radius of 
nuclei, the smaller the water pressure, and the more likely the cavitation occurs

Keywords: Air nuclei, Water, Molecular dynamics, Stability, Surface tension

INTRODUCTION

In the field of marine engineering, cavitation is widespread 
in the operation of hydraulic machinery such as propellers 
and underwater vehicles, which affects the safety and stability 
of equipment operation. However, for a long time, many 
scholars have focused on the macroscopic level of cavitation 
research, but less on the microscopic mechanism of cavitation. 
The cavitation phenomenon is a microscopic to macroscopic 
transient development process. Therefore, in-depth study of 
the cavitation microscopic mechanism is a necessary means 
to improve the understanding of the nature of cavitation. 
In the ocean, the micro air nucleus are widely distributed, 
and the micro air nuclei as a typical cavitation nucleus is a 
necessary condition for the cavitation of hydraulic machinery 

in seawater. Micro nuclei research has profound implications 
for surface science, fluid dynamics, biological sciences, and 
some applications [1-2]. In recent decades, the nuclei in the 
liquid can exist stably has been the focus of academic debate 
[3-6]. As early as 1950, Epstein and Plesset demonstrated that 
free nucleus cannot be stably present in stationary fluids. They 
either float under buoyancy and escape from free surface or 
dissolve gradually under surface tension [7]. However, at 
present the theory and experiment of cavitation are based on 
the existence of air nuclei, which is called “nuclei paradox”[8]. 
Therefore, people have envisioned a variety of cavitation 
kernel models to avoid this contradiction [9-10], but all kinds 
of models have their own flaws and limitations. In order 
to study the microscopic mechanism of gas nuclei growth, 
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collapse and stability in liquid, people tried to observe the 
gas nuclei in water by experiments and microscopy [11-12]. 
However, nanoscale micro gas nucleus are difficult to observe 
directly through experiments. More recently, molecular 
dynamics simulation has become a powerful tool for studying 
microscopic nuclei. The researchers studied the gas nuclei 
stability in the liquid from the aspects of the density and 
volume of the gas nuclei and the surface tension of the liquid. 

The calculation results of Zhang L et al. [14] showed that the 
nano nuclei with high internal density had a longer lifetime 
in molecular dynamics simulation.

Yoshida-Honmachi et al. [13] studied the growth and 
collapse of cavity in water by using molecular dynamics 
method under NVT ensemble. It was found that the stability 
of the nano cavity in the water has a certain relationship with 
the size of the cavity. Shin-ichi Tsuda et al. [17] studied the 
nucleation of L-J fluid under NVE ensemble and found that 
there was a critical radius of nuclei growth. The nuclei larger 
than the critical radius spontaneously grew, whereas the 
nuclei smaller than the critical radius tended to disappear. 
Takenori Yamamoto et al. [15] calculated that the critical 
radius of the helium nano-nucleus in water is 1 nm.

Yoshida-honmachi et al. [13] used the Y-L equation to 
estimate and found that the surface tension of water has no 
obvious correlation with the radius of the cavity; Takenori 
Yamamoto et al. [15] used NAMD software to simulate and 
calculate the surface tension of liquid helium relative to 
the gas nuclei radius is a convex function; Yan Hong [16] 
used molecular dynamics to study the surface tension of the 
argon. The results show that the surface tension of the argon 
decreases with the increase of the nucleus radius; Dupont V 
et al. [18] found the relationship between surface tension and 
the nuclei radii of curvature has a decisive influence on the 
stability of the nano nucleus.

It can be seen that although the researchers believe that 
the surface tension of the liquid, the volume and density of 
the gas nuclei are factors affecting the stability of the nuclei 
in the liquid, there is no final conclusion in this research field, 
and even some research results are mutually contradictory.

In the field of microscopic cavitation,Yijin Mao et al. 
[19] used molecular dynamics simulation with TIP3P water 
molecule model to show that the hydrodynamic model 
based on the Rayleigh-Plesset equation was ineffective in 
predicting the growth and annihilation of nano nucleus 
in liquid water. The conclusion of previous studies based 
on molecular dynamics has not yet established a reliable 
connection between micro-phenomena and macroscopic 
experiments. This paper attempts to explore the microscopic 
phenomena of coexistence of nano air nuclei and liquid water, 
and further reveals its regular characteristics connected with 
the macro phenomenon.

SIMULATION METHOD

The model used in this paper was to take a cubic region 
as the computational domain in an infinite space and apply 

periodic boundary conditions around it. Considering the 
calculation time and accuracy and other factors, the length 
of the model in the x, y, z direction was taken as 5.3nm. The 
air nuclei was set in the center of the calculation domain, 
and the initial radii of the air nuclei were set as R0 = 0.8 nm, 
1.0 nm and 1.2 nm, respectively, and the density of water 
molecules outside the air nuclei was 0.997 g/cm3. The model 
section was shown in Figure 1. Air is a mixture of substances, 
of which about 78% of nitrogen, oxygen accounts for about 
21%. In this simulation, the material used was 79% nitrogen 
and 21% oxygen molecules, ignoring other trace components. 
The velocity initialization satisfied the Maxwell-Boltzmann 
distribution.

Fig.1. System initial state

In this paper, the potential energy of molecules was taken 
into account Coulomb force, intermolecular force and so on. 
The potential energy function between molecules a and b can 
be seen as the sum of the potential energy of Lennard-Jones 
and Coulomb force. The specific expression is as follows [20], 

(1)

Where a and b denote two different molecules, subscripts 
i and j denote two different atoms, kc is the electrostatic 
constant, and the potential well depth ε and the characteristic 
length σ are potential energy parameters. The calculation 
software adopted the open source software Lammps, and 
the water molecule adopted the TIP4P model. Newton’s 
equations of motion were solved numerically using the leap 
frog algorithm. The long range force calculation used particle-
particle-particle-mesh (PPPM) algorithm [21], The PPPM 
solver maps the water molecule’s hydrogen and oxygen atoms 
charge in a 3D mesh then uses 3D fast Fourier transforms 
to solve the Poisson equation on each mesh. Finally, it 
interpolates from the grids to calculate the electric field and 
corresponding long-range Coulomb force on each charged 
atom [22-24].

The main parameters of the simulation were as follows: 
mass of nitrogen atom of 14.007 g/mol, mass of oxygen atom of 
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15.999 g/mol, mass of hydrogen atom of 1.008 g/mol and time 
step of 0.1 fs. The charge amount of an oxygen atom in the water 
molecules was -1.1128e, the charge amount of a hydrogen atom 
was 0.5564e. The cut off radius of L-J potential function was 
0.85nm. The length parameter σ and the energy parameter ε 
of the L-J potential function were differentiated according to 
the atoms that acted. σO1-O1 =0.31589nm,εO1-O1 =0.1852 Kcal/
mol when the oxygen atoms in the water molecules interact 
with each other; σN-N =0.3501nm,εN-N =0.1670 Kcal/mol when 
the nitrogen atoms interact with each other; σO2-O2 =0.2860nm, 
εO2-O2 =0.2280 Kcal/mol when the oxygen atoms in the oxygen 
molecules interact with each other [25]. Since the Van der 
Waals radius of the hydrogen atoms is much smaller than 
the van der Waals radius of the oxygen atoms, the Van der 
Waals interaction range of H-H and H-O is obscured by 
the range of O-O interaction, so we ignore Van der Waals 
interaction between H-H. The interaction parameters εij and 
σij for different atoms was given by the Lorentz-Berthelot 
formula [17]:

1
2

lj l j                              (2)

lj l j
                                 (3)

AIR NUCLEUS CHANGE IN VOLUME IN 
WATER

The purpose of this molecular dynamics calculation was 
to simulate the process of nanoscale air nuclei that was not 
dissolved in liquid water in nature. In the past, molecular 
dynamics studies used NVT ensemble (NVE) to study the 
gas nuclei in liquids [26]. However, the author believes that 
the volume-invariant system cannot reflect the real process 
of gas nuclei change, because the volume change rate of liquid 
is very small. When the total volume of liquid and gas is 
defined, the volume of gas also tends to remain stable, which 
is inconsistent with the actual situation. In the simulation 
process of this paper, the Nose/Hoover hot bath method 
was adopted to keep the temperature of the system constant 
[27]. At the same time, the liquid water was controlled under 
pressure, and the pressure was set to 1atm. In this process, 
the total system volume and the air nuclei volume are free 
to change.

a) Air nuclei contraction

b) Air nuclei stability existence

c) Air nuclei expansion

Fig. 2. Three states of air nucleus in liquid water
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Voronoi tessellation method was used in this paper to 
estimate the size of air nuclei, that is, define a computation 
that calculates the volume of the Voronoi cell around each 
atom.  Any point in an atom’s Voronoi cell is closer to that 
atom than any other. The number of faces of the Voronoi cell is 
equal to the number of nearest neighbors of the central atom. 
In this way, the sum of volume of the Voronoi cell around 
nitrogen atoms and oxygen atoms in the air molecules was 
added to obtain a value V, and we know the radius of the 
nucleus R0 at the initial moment, so that the radius of the 
nuclei at any moment can be deduced:

1/ 3

0
0

* VR R
V

                                  (4)

V0 is the initial volume of all air molecules.

Observe the change process of the air nucleus, we can 
find that there were three states of the air nucleus in the 
liquid water: contraction, stable existence and expansion, 
as shown in Figure 2. It has been observed that the nano 
air nucleus were poorly soluble in water and the molecules 
remained clustered even when the air nuclei contracted to a 
very small volume.

Comparing the changes of the air nucleus at different 
temperatures, it was found that the time for the air nucleus 
to reach equilibrium was almost constant with the increase 

of temperature. Under the same initial conditions, the trends 
in the volume of air nuclei in the systems with different 
temperatures were consistent, in higher temperature systems, 
the equilibrium volume of the air nucleus was slightly larger, 
especially in the air nuclei with higher initial density. This is 
related to the thermal motion of the molecules and the surface 
tension of the liquid. This will be discussed further below.

The changes of nuclei volume with different initial radii in 
Fig. 3 are analyzed. The air nuclei volume varied dramatically 
during the first 15000fs of the calculation, and then gradually 
moved toward the dynamic equilibrium. That is, the air nuclei 
volume fluctuated within a certain range, but the average 
value remained stable. This dynamic balance is determined 
by the state characteristics of the gas: the calculation system 
temperature was constant, when the volume of air nuclei with 
a certain mass was greater than the equilibrium state, the air 
nuclei pressure would be reduced, the pressure of liquid water 
in the outside world, The air nuclei are forced to shrink and 
re-tend to their equilibrium values; On the contrary, when 
the nuclei volume was less than the equilibrium state, the 
pressure in the air nuclei would increase, and the air nuclei 
would then expand to the equilibrium value.

The volume change of the air nuclei was not only related 
to the initial volume of the air nuclei, but also to the internal 
density of the air nuclei. The air nucleus of three initial sizes 
showed a shrinking tendency when the initial density of 

Fig.3. Variations of air nucleus with different initial radii
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the air nucleus was less than 0.4g/cm3. The air nuclei with 
the initial radius of 0.8nm shrank more rapidly and the air 
nuclei with the initial radius of 1.0nm shrank more slowly. 
For the air nuclei with the initial radius of 0.8nm, when the 
internal initial density was about 0.5-0.6g/cm3, the nuclei 
slowly shrank and then balanced, and when the initial density 
was about 0.7g/cm3, the air nuclei could stably exist in liquid 
water, When the initial density was greater than 0.7g/cm3, 
the air nuclei began to show an expansion trend; For the 
air nuclei with initial radii of 1.0 nm and 1.2 nm, the nuclei 
slowly shrank when the initial internal density was 0.5g/
cm3, when the internal initial density was 0.6g/cm3, the air 
nuclei could stably exist in liquid water, and when the internal 
initial density was more than 0.6g/cm3, the nuclei expanded. 
We can infer that there was a critical value for the internal 
density of the air nuclei. When the density was smaller than 
the critical value, the air nuclei shrank gradually. When the 
density was equal to the critical value, the air nuclei could 
stably exist in the liquid water. When the density was larger 
than the critical value, the air nuclei showed an expansion 
trend. The critical value was negatively correlated with the 
air nuclei volume, and the larger the air nuclei volume, the 
smaller the critical value.

Fig. 4. Relationship Between Air Nuclei Radius and Internal Density

Fig.5. Relationship between Air nuclei Mass and Nuclei Radius

Figure 4 shows the relationship between nuclei density 
and nuclei radius when the system was in a state of dynamic 
equilibrium. The general trend is analyzed. It can be concluded 
that the density of air nuclei was negatively correlated with 
the nuclei radius at equilibrium, verifying the conjecture 
described above. At higher temperatures, the density in the 

same volume of air nuclei is less. We used the function fitting 
map data points, and according to the obtained function 
speculated that the air nuclei with a radius of 3.3nm can exist 
stably in 298K water when its internal density is 0.00129g/cm3.

We further investigate the relationship between air nuclei 
mass and nuclei radius when the system was in a state of 
dynamic equilibrium, as shown in Figure 5. It shows that the 
balance volume of the air nuclei was essentially determined 
by the gas mass contained in the nuclei. The gas mass in 
the nuclei was positively correlated with the nuclei radius 
at equilibrium, and the same mass of air nuclei is larger in 
higher temperature water

INFLUENCE OF WATER SURFACE TENSION 
ON AIR NUCLEUS

A balanced interface with stable nuclei inside and liquid 
outside can be used Young-Laplace (Y-L) equation:

1
2

gp p
R

                                   (5)

Where pg for the noncondensable gas pressure inside nuclei; 
p1 for the liquid pressure outside the nuclei; R for the nuclei 
radius (This article neglects the tiny differences between the 
nuclei equimolar surface and the surface of tension [12]); 
for the surface tension of the liquid. Studies have shown that 
Y-L equation (5) still holds when applied to nano nucleus [13].

In this paper, the air pressure pg and liquid water pressure 
p1 were calculated under the micro-canonical ensemble 
(NPT) by molecular dynamics to calculate the surface tension 
of the liquid water through the Y-L equation (5).

The stress tensor for a single atom i is given by:

(6)

Where a and b take the values x, y, z to generate six 
components of a symmetric tensor. The first term is a kinetic 
energy contribution for atom i. The second term is a pairwise 
energy contribution where n loops over the Np neighbors 
of atom i, r1 and r2 are the positions of the 2 atoms in the 
pairwise interaction, and F1 and F2 are the forces on the 2 
atoms resulting from the pairwise interaction. The third term 
is a bond contribution of similar form for the Nb bonds which 
atom i is part of.  The fourth term is the KSpace contribution 
from long-range Coulombic interactions. Finally, there is a 
term for the Nf  fixs that apply internal constraint forces to 
atom i. 

Pressure calculation formula is:
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Where V is the sum of volume of the Voronoi cell around 
same type molecules.

Fig.6. Relationship between surface tension of liquid water and air nuclei 
radius

After 30000 fs, the air nuclei volume, the liquid water 
pressure, and the pressure inside the air nuclei had stabilized. 
Therefore, the surface tension of the liquid water was 
calculated by averaging the air nuclei radius, the liquid water 
pressure, and the pressure inside the air nuclei after 30000 
fs. This paper calculated and analyzed the surface tension of 
liquid water in 13 different size air nuclei systems. It can be 
seen from Figure 6 that as the air nuclei radius increased, the 
calculated liquid water surface tension generally decreased, 
which is consistent with the trend of the calculated simulation 
in [16],but not consistent with the trend of surface tension 
in [13,15]. The surface tension of liquid water in a 0.6 nm 
radius air nuclei system was about 77 mN/m. The surface 
tension of liquid water drastically decreased in systems with 
air nuclei radius of 0.8-1.1 nm. The surface tension of liquid 
water in system with 1.1 nm radius air nuclei was only 47 
mN/m. The surface tension of liquid water slowly decreased 
in systems with air nuclei radius greater than 1.1 nm. The 
point data fitting function showed that when the air nuclei 
radius tended to infinity, the surface tension of liquid water 
at about 43mN/m, which was smaller than the experimental 
results 72mN/m, and it was close to results calculated in [13] 
, but different from the calculated data in [15].

This tendency of the surface tension of liquid water to 
decrease as the air nuclei radius increases can explain the 

negative correlation between the above-mentioned density 
critical value of the air nuclei in liquid water and the volume 
of the cavitated nuclei. According to the balance equation, 
when the pressure outside the nuclei of the air remains the 
same, the smaller the surface tension of the liquid water, the 
smaller the pressure needed to maintain balance within the 
air nuclei. According to the gas equation of state, when the 
temperature is constant, Increase, then the density decreases, 
the pressure value is also reduced, so that the air just reached 
the kinetic equilibrium nuclear.

The surface tension of liquids at different temperatures 
has a small difference when the nuclei radius is less than 1.0 
nm, and the difference is significant when the nuclei radius is 
greater than 1.0 nm. Overall the higher the temperature, the 
smaller the surface tension of the liquid. This also explains 
the reason for the larger volume of air nuclei in the higher 
temperature system above.

This tendency of the surface tension of water to decrease 
as the air nuclei radius increased can explain the negative 
correlation between the above-mentioned density critical 
value of the air nuclei and the volume of the nuclei. According 
to the balance equation, when the pressure outside the nuclei 
remains unchanged, the smaller the surface tension of the 
liquid water, the smaller the pressure needed to maintain 
balance within the air nuclei. According to the gas state 
equation, when the temperature is constant and volume 
increase, then the density decreases, the pressure value is 
also reduced, so that the air nuclei just reaches the kinetic 
equilibrium.

SYSTEM STATE CHANGE DURING 
CAVITATION

Taking the above equilibrium process as a relaxation 
process, we further studied the cavitation process of liquid 
water containing air nucleus. We chose systems in which the 
air nuclei was stable in water, and controlled the pressure of 
liquid water to promote cavitation. We observed the volume 
change of air nucleus during cavitation development, and 
monitored the potential energy change of the whole system. 
In this process, the system temperature remained at 298K, 
the system was unrestricted and could be freely changed. A 
visual image of the cavitation development system is shown 
in Figure 7. Once cavitation occurred, the air nuclei volume 

Initial nuclei radius 
(nm)

Initial PotEng 
(kcal/mol)

Pressure
(atm)

Cavitation
End PotEng 
(kcal/mol)

Cavitation Timestep 
(fs)

0.8 -43443.054 -500 No -42910.93 /
0.8 -43443.054 -700 Yes -44752.241 61000
0.8 -43443.054 -1000 Yes -45408.247 34000
1.0 -42655.704 -400 No -42388.551 /
1.0 -42655.704 -500 Yes -43334.101 168000
1.2 -41864.537 -300 No -41853.478 /
1.2 -41864.537 -400 Yes -42944.457 101500
1.2 -41864.537 -500 Yes -42227.299 60500

Tab. 1. Cavitation Calculation Results
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increased rapidly and the entire process was irreversible until 
the air nuclei collapsed.
a) Initial development of cavitation

b) Full development of cavitation

Fig.7. System state change during cavitation

After calculating the gas-liquid equilibrium above, we 
selected three systems in which air nucleus could exist stably 
and performed 8 sets of calculations. The results are shown 
in the table 1.

We found that the liquid negative pressure value and initial 
nuclei radius are the key factors affecting the occurrence 
of cavitation. The cavitation of system with initial nuclei 
radius of 0.8 nm occurs when the water pressure reaches -700 
atm. The cavitation of system with initial nuclei radius of 1.0 
nm occurs when the water pressure reaches -500 atm. The 
cavitation of system with initial nuclei radius of 1.2 nm occurs 
when the water pressure reaches -400 atm. The critical time 
for cavitation in an air nuclei system with initial radius of 1.2 
nm is 101500 fs when the water pressure reaches -400 atm, 
and the critical time for cavitation when the water pressure 
reaches -500 atm is 60500 fs; The critical time for cavitation 
in an air nuclei system with initial radius of 1.0 nm is 168000 
fs when the water pressure reaches -500 atm; It can be seen 
that the system can remain stable under a small negative 

pressure, and cavitation occurs when the negative pressure 
reaches a critical value, and the larger the negative pressure, 
the shorter the critical time for cavitation of the system. A 
certain size of air nucleus corresponds to a certain cavitation 
critical negative pressure, and the smaller the air nucleus, 
the larger the cavitation critical negative pressure. Under the 
same negative pressure, the cavitation of the smaller air nuclei 
system takes a longer time. Therefore, it can be seen that the 
larger the initial radius of the air nuclei, the larger the liquid 
negative pressure, and the more likely the cavitation occurs.

The above-mentioned conclusion that the surface tension 
of the liquid water decreases as the nuclei radius increases 
can also be considered as the cause of the cavitation 
critical negative pressure becoming smaller. The cavitation 
characteristics described above can also be considered from 
the perspective of system potential energy. It can be seen 
from the table that the potential energy of the system is 
reduced if cavitation occurs; the initial potential energy of 
the system with smaller air nucleus is smaller, and the system 
is more stable. Cavitation has free energy barriers, and a 
small negative pressure does not allow the system to cross 
the cavitation free energy barrier, so cavitation cannot occur.

CONCLUSION

Through the molecular dynamics simulation method, the 
stability of air nucleus in liquid water was studied and the key 
factors that affect its stability were analyzed. The following 
conclusions are drawn:

1. Air nucleus with a certain mass could maintain the 
dynamic equilibrium in liquid water. In the external 
liquid pressure, the air nuclei pressure and liquid 
surface tension together, the air nucleus in the water 
gradually reached the dynamic equilibrium. There 
were three states of the air nucleus in the liquid water: 
contraction, stable existence and expansion. There was 
a critical value for the internal density of the air nuclei. 
When the density was smaller than the critical value, 
the air nuclei shrank gradually. When the density 
was equal to the critical value, the air nuclei could 
stably exist in the liquid water. When the density was 
larger than the critical value, the air nuclei showed 
an expansion trend. The critical value was negatively 
correlated with the air nuclei volume, and the larger 
the air nuclei volume, the smaller the critical value. We 
speculated that the air nuclei with a radius of 3.3nm 
can exist stably in water when its internal density is 
0.00129g/cm3.

2. The balance volume of the air nuclei was essentially 
determined by the gas mass contained in the nuclei. 
The gas mass in the nuclei was positively correlated 
with the nuclei radius at equilibrium.

3. Liquid surface tension is an important factor affecting 
the stability of the air nuclei. With the increase of air 
nuclei radius, the interfacial tension of liquid water 
tends to decrease. The higher the temperature, the 
smaller the surface tension of the liquid.
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4. The larger the initial radius of the air nuclei, the 
smaller the water pressure, and the more likely the 
cavitation occurs. 
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ABSTRACT

The bearing response of pile foundations for cross-sea bridge subjected to lateral loading is investigated through three-
dimensional finite element numerical analyses. In the analyses, non-linear behavior of concrete is simulated using 
smeared cracking model, and the strain-stress relationship of rebar is modeled through perfectly elasto-plastic model 
obeying Mises yield criterion. The finite element model is validated against published lateral static loading test in situ. 
The effect of reinforcement ratio of reinforced concrete and vertical load level is explored on the displacement of pile 
head and lateral capacity of pile. The results show that for the pile with low reinforcement ratio, the allowable lateral 
capacity is controlled by concrete cracking, however the allowable lateral capacity is controlled by the displacement 
of pile head with high reinforcement ratio. The vertical load applied on the pile head may reduce its displacement but 
increase simultaneously the maximum moment in the pile body. Therefore, the optimum vertical load level is 0.4~0.6 
times of the vertical ultimate load of a single pile.

Keywords: cross-sea bridge, pile foundations, lateral capacity, concrete damage, numerical analysis

INTRODUCTION

In the last few decades, the bored pile foundation has 
been widely utilized in cross-sea bridges. In the marine 
environment, the pile foundation not only bears the vertical 
load caused by self weight of upper structure and pile body, 
but also bears lateral load induced by wave, wind and 
vehicle braking, etc. Under the extreme sea conditions, pile 
foundations are always subjected to large horizontal load, 
therefore two kinds of failure modes may occur, including 
plastic failure of soil around pile and concrete damage and 
rebar yielding of pile body. Most of the available numerical 
analyses have assumed that the pile is linear elastic [1-6]. In 
fact, in these studies, only the influence of plastic flow of soil 
around the pile on the lateral capacity is actually analyzed, but 

the effect of concrete damage and rebar yielding of pile body is 
not considered. Using finite element method, Zheng and Wang 
[7] analyzed the effect of level as well as sequence of vertical 
and lateral load on the capacity of single pile. The concrete 
and rebar were simulated through plastic damage model 
and linear elastic model respectively in their finite element 
method. The computation results showed that the long pile 
and short pile exhibit different deformation characteristic. 
Through similar method, the influence of reinforcement ratio, 
pile head constraint and vertical load level was investigated on 
response of small diameter cast-in-place pile by Cai et al [8]. 
Through comparison of results of in-situ test and numerical 
analysis, Conte et al. [9] concluded that under large horizontal 
load, the displacement of pile head may be underestimated 
considerably without considering the damage of concrete and 
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reinforcement yielding. However, the determination method 
of ultimate capacity of single pile is not proposed in their 
work. Therefore, the lateral bearing response of single pile is 
studied considering concrete damage and rebar yield in the 
paper. The effect of reinforcement ratio of reinforced concrete 
and vertical load level is explored on the displacement of pile 
head and lateral capacity of pile. The determination method 
of ultimate lateral capacity is proposed.

FINITE ELEMENT MODEL

The in-situ horizontal load test for large diameter 
reinforced concrete pile was carried out by Huang etc [10]. 
In this present study, the results from the horizontal loading 
test conducted on a single pile with diameter D=1.5m and 
embedment depth L=34m are considered. The reinforcement 
consisted of 52ϕ32 bars arranged in two rings. The properties 
of the concrete and rebar are showed in Table 1. A hydraulic 
jack was utilized to apply the lateral load at the pile head which 
is off the ground surface by about 0.9m. The stratification 
of the subsoil and the corresponding parameters are indicated 
in Table 2. In particular, the dilatancy angle ψ, is evaluated 
using the following empirical relationship [11]: for the soil 
layer with internal friction angle ψ less than 30 , a value 
of ψ = 0 is assumed, however for the layer with φ > 30 , the 
value of dilatancy angle is calculated using the expression 
with ψ = φ - 30 .

In order to indentify the applicability of finite element 
method, the in situ test is simulated numerically in this paper. 
A linear elastic perfectly plastic model with Mohr-Coulomb 
failure criterion is used for modelling the soil behaviour. The 
stress-strain relationship of steel rebar is elastic perfectly 
plastic with Mises failure criterion. The reinforcement is 
assumed to be smeared in concrete and is fully bonded to 
it. The concrete is modelled with smeared cracking model 
proposed by Hillerborg etc [12, 13]. In the model, it is assumed 
that the concrete material follows the plasticity theory under 
compression condition, and obeys fracture mechanics under 
tension state. The model is relatively simple and requires few 
material parameters. In addition, these parameters can be 
obtained from conventional experiments. The constitutive 
model is suitable for reinforced concrete pile subjected to 
monotonic loading [13].
Tab. 1. Material parameters of soil
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Tab. 2. Material parameters of concrete and rebar

Material
Young’s 
modulus
E/Mpa

Poisson’s
ratio

ν

Compressive 
strength
fc/MPa

Tensile 
strength
fct/MPa

Concrete 32173 0.2 27.5 2.7

Steel 210000 0.3 - 471

In the finite element model, the mesh adopted for 
discretizing the soil and pile consists of 8 node reduced 
integration solid elements. Rebar is discretized by truss 
elements. To avoid the boundary effect, the diameter of the 
soil domain is Ds=32D, and the depth of that is Ls=41m. The 
lateral sides of the domain are constrained by vertical rollers, 
and the base is fully fixed. Mesh refinement, as shown is 
Figure 1, is conducted in the soil near the pile where high 
levels of plastic strain are expected to develop.

(a) soil domain (b) pile (c) reinforcement

 Fig. 1. Finite element mesh for the soil, pile and reinforcement

The frictional contact pairs algorithm with Mohr-Coulomb 
criterion is used to simulate the contact response at the soil-
pile interface [14]. When the normal tensile stress develops at 
the soil-pile interface, separation between soil and pile occurs. 
When the normal stress is compressive, the Coulomb friction 
law, as shown in Eq. (1), is used to describe the tangential 
friction stress, 

intcrit p  (1)

where crit  is the critical shear stress, intp  is the normal stress 
at the interface and μ is the friction coefficient. When the 
tangential stress at the interface is less than crit , the pile-
soil interface keeps the bonding state, Once the tangential 
stress reaches the critical value, slip can occur at the soil-pile 
interface. In the paper, a value of μ  = 0.6 is selected for any 
soil layer.

The initial stress field within the soil domain is calculated 
under K0-conditions before loading, which can eliminate 
the additional deformation caused by applying gravity. On 
the basis of the available data from Huang etc [10], it is found 
that the soil is submerged with buoyant unit weight γ'=9kN/
m3 and the coefficient of earth pressure at rest is K0=0.72. 
After this stage, a lateral load is applied at the pile head. 
The magnitude of the load is progressively increased to the 
maximum value for which a solution is obtained successfully.
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A comparison in terms of the horizontal displacement-load 
curve, i.e. Q-s curve, at the pile head is shown in Figure 2. The 
displacement-load curve calculated under the assumption 
that the pile behaves as an elastic solid is also shown in the 
same figure. As can be seen, the assumption of ignoring 
concrete damage and rebar yielding leads to a considerable 
underestimation of the pile deflection, however there is 
significantly good agreement between numerical simulation 
and field measurement when concrete damage and rebar 
yielding is considered. When the lateral load applied at the 
pile head is less than 480kN, the concrete stays in elastic stage, 
as illustrated in Figure 3(a), therefore the calculated result 
without considering concrete damage and rebar yielding is 
also consistent with the measured result. However, when 
the horizontal load is higher than 480kN, concrete damage 
begins to occur on the tension side of pile body, as indicated 
in gray color in Figure 3(b). With increasing the applied load, 
the cracking domain is expanding in the concrete, as shown 
in gray area of Figure 3(c) and 3(d). At the same time, the 
tensile stress in the steel rebar on the tension side of pile body 
increases gradually until the yield state is reached.

Figure 4 and 5 show the longitudinal strain-normal stress 
curves calculated in the elements of concrete and rebar which 
are affected by the highest stress level. As shown in Figure 
4(b), the maximum compressive stress in the concrete is 
about 24.2MPa which is lower than the strength of concrete, 
i.e. 27.5Mpa, so failure at compression does not take place 
in concrete during the whole loading process. However the 
tensile stress of concrete and rebar does attain the respective 
strength which is shown in Table 2. In view of the above 
results, it can be concluded that a plastic hinge may form 
in the upper portion of the pile at the end of loading event. 
This failure mechanism is expected to occur in the flexible 
or long pile [9, 10].
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Fig. 2. Displacement curve at the pile head under lateral loading

Fig. 3. Evolution of normal strain and cracking at the pile
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Fig. 4. Curves of strain-stress relationship for concrete 
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Fig. 5. Curves of strain-stress relationship for rebar

DETERMINATION METHOD OF ALLOWABLE 
LATERAL CAPACITY

The critical capacity and ultimate capacity are usually 
determined according to the strength conditions in the 
design of the horizontally loaded pile. Based on ‘Technical 
code for testing of building foundations piles’ of China 
[15], the critical capacity of single pile can be determined 
according to the value of lateral load corresponding to the 
first inflection point on the QsQ curve or the sQ  
curve, in which s is the tensile stress in the rebar located 
at the pile section with maximum bending moment. The 
ultimate capacity can be determined according to the value 
of lateral load corresponding to the second inflection point on 
the QsQ  curve or the load that causes the steel rebar 
to begin to yield. For the pile with strong bending capacity, 
although obvious damage does not occur in the pile body, it 
is considered that the horizontal capacity of the pile reaches 
the limit state when the displacement of pile head exceeds the 
allowable value due to the plastic flow of soil around the pile.

According to Technical code for building pile foundations 
of China [15], the maximum displacement at the ground of 
bridge structure is not allowed to exceed 6mm. In view of 
the above numerical computation results, these methods are 
compared of selecting the allowable value of the horizontal 
capacity, as illustrated in Figure 2 and 6. It can be seen that 
the allowable capacity is 6mmQ  from Figure 2, and 
the value of critical load and ultimate load are respectively 
690kN and 2410kN from Figure 6(b). The inflection point on 
the QsQ  curve is not very significant, therefore it is 
suggested that determination of the critical value and limit 
value of single pile under lateral loading is more reliable in the 
light of sQ curve. During in situ test of pile foundations 
in transportation infrastructure construction, the stress of 
the steel rebar can be monitored by embedding rebar stress 
gauges into the pile body, and then the sQ  curve can be 
obtained.
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Fig. 6. Two curves utilized in determing lateral capacity of single pile
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EFFECT OF REINFORCEMENT RATIO

With the increase of the horizontal load applied at the 
pile head, concrete cracks occur on the tension side of pile 
body, then the stress is mainly carried by the steel rebar. 
Therefore, it is important of reinforcement ratio to the lateral 
bearing capacity of pile foundations. In order to investigate 
influence of reinforcement ratio on the capacity of single 
pile, the various reinforcement ratio of the pile is shown in 
Table 3. In this section, the soil is uniform with the elastic 
modulus E = 140MPa, and internal friction angle φ = 35 .
Tab. 3. Reinforcement of piles

arrangement Reinforcement ratio

52ϕ22 1.12%

52ϕ28 1.81%

52ϕ32 2.37%

52ϕ36 2.99%

The Q-s curve obtained at the pile head under the different 
reinforcement ratios is given in Figure 7. It can be seen from 
Figure 7 that when the horizontal load is smaller, concrete 
cracking does not take place on the tensile side of pile body, 
therefore the reinforcement ratio has little effect on the Q-s 
curve. However, with the increasing lateral load, the damage 
area of concrete is expanding gradually, and the steel rebar 
becomes the main tensile member, so it can be concluded that 
increasing the reinforcement ratio can reduce effectively the 
lateral deflection of pile head. In Figure 7, under the case of 
lateral load level Q=1500kN, when the reinforcement ratio 
increases from 1.12% to 2.99%, the horizontal displacement 
of the pile head is reduced by 40.16%.

In order to determine the allowable capacity of the pile, 
the curve of the rebar under the condition of different 
reinforcement ratio is shown in Figure 8. From Figure 8, 
it can be seen that the horizontal bearing capacity of the 
pile increases with the increase of reinforcement ratio. For 
the case of reinforcement ratio 1.12%, Q6mm=593kN, and the 
critical load is 567kN, therefore the allowable value of the 
horizontal capacity is controlled by the cracking of the pile 
in such situation of low reinforcement ratio. For other cases 
of high reinforcement ratios, the critical load is always higher 
than Q6mm, so the allowable value of the horizontal capacity 
is controlled by the horizontal displacement of pile head in 
such situation [16]. For example, for the case of reinforcement 
ratio 2.99%, Q6mm=640kN, and the critical load is 760kN. 
When the reinforcement ratio increases from 1.81% to 2.99%, 
the allowable value of lateral capacity is only increased by 
8%, therefore for the case of higher reinforcement ratio, the 
allowable value of the horizontal capacity is controlled by the 
displacement of pile head, and the increase of reinforcement 
ratio has little influence on the increase of the allowable 
capacity.
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Fig. 7. Effect of reinforcement ratios on displacement of pile head
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Fig. 8. Effect of reinforcement ratios on the stress of rebar

EFFECT OF VERTICAL LOAD LEVEL

In transportation engineering practice, the pile 
simultaneously bears the interaction of horizontal and 
vertical loads, and the vertical load level may have significant 
influence on the lateral bearing capacity of pile foundations. 
However, the effect of vertical load level on the lateral capacity 
is generally ignored during in situ loading test. In numerical 
computation, the vertical load is applied first at the pile head, 
then the vertical load is kept unchanged, before the lateral 
load is applied until the ultimate state is reached.

Assuming that the vertical load level is 0, 0.2, 0.4, 0.6 
and 0.8 times of the vertical ultimate capacity of single pile, 
the horizontal displacement-load curve at the pile head is 
obtained. It can be seen that in the linear stage of Q-s curve, 
the vertical load has little effect on the lateral displacement 
of pile head, but with increasing vertical load level there is 
a significant difference between the curves with various 
vertical load levels. With the increase of vertical load applied 
at the pile head, the deflection of pile head caused by the 
same lateral load level is reduced, which is consistent with 
the conclusions of Karthigeyan et al [4, 5]. This is mainly 
because that the vertical load causes the compaction effect 
of the soil around the pile, which leads to the increase of 
horizontal reaction stress and friction resistance distributed 
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on the sides of pile [17]. Under the case of the same level 
of lateral load, the friction resistance on the front side of 
pile body increases with the increase of the vertical load. 
The friction resistance increases gradually from the seabed 
level, reaching the maximum value at the depth of 1.5D, then 
decreases until the minimum value is attained at the depth 
of 6D, and increases soon afterwards [18-20]. This scenery 
does also occur on the front side of the pile, except for the 
separation zone between pile and soil.

The profile of bending moment of pile body on the case 
of the lateral load Q=1400kN under different vertical load 
levels is also obtained. The bending moment of the pile 
increases with the increase of vertical load until the vertical 
load level V = 0.6Vult is reached [21-23]. This is mainly because 
that when the displacement of pile head is induced by lateral 
load, the vertical load leads to an additional moment in the 
pile body, i.e. P effect, resulting in the increase of bending 
moment on the tensile side of pile. Considering the existence 
of vertical load can alleviate the deflection of pile head, and to 
prevent the failure of pile under vertical load, it is concluded 
that the optimum vertical load level is 0.4~0.6 times of the 
vertical ultimate load of a single pile.

CONCLUSIONS

(1) In numerical analyses of the response of reinforced pile 
foundations subjected to large lateral load in transportation 
engineering, the influence of concrete damage and rebar 
yielding must be taken into account on the capacity of pile 
foundations.

(2) For the pile with low reinforcement ratio, the allowable 
lateral capacity is controlled by cracking of the concrete, 
however the allowable lateral capacity is determined by the 
displacement of pile head with high reinforcement ratio.

(3) The vertical load transferred from the superstructure 
can reduce the deflection of pile head subjected to lateral 
loading, however at the same time will increase the maximum 
bending moment of pile body. 
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ABSTRACT

Suction caissons are often used for the caissons of both offshore oil platforms and offshore wind power projects because 
of their advantages of simple construction, economical cost, and reusability. In this study, model tests were conducted 
in sand in order to investigate the effects of the caisson installation method on the penetration depth and the critical 
suction. Results of the test program showed that the method of changing the frequency of suction during different 
stages of the process can increase the penetration depth of the caisson. Combining with the deformation of the soil 
body inside and outside the caisson, the existing method for calculating the critical suction is modified, and the critical 
suction calculation equation of the discontinuous penetration test is proposed. Based on the test results, the calculation 
equation of the soil heave height can be more accurate predicted. The analysis results verify that the calculation method 
and the actual results are in good agreement

Keywords: intermittent suction installation, model test, sand, suction caisson

INTRODUCTION

Suction bucket caisson is a foundation form applied to both 
offshore oil platforms and offshore wind power projects. It 
is also called a suction caisson or a suction caisson. Due to 
its advantages of simple construction, economical cost, and 
reusability, it has been widely used in recent years and has 
attracted attention at home and abroad.

Suction control is a major problem in the process of the 
penetration of suction caissons in sand. The seepage in the 
caisson caused by suction affects the effective stress of the 
soil and re-duces the installation resistance of the suction 
caisson [1-4]. The large suction will cause large inflow of 
the soil near the end of the suction caisson side wall to the 
inside, and the internal mud surface will swell, that is, “the 

phenomenon of the soil heave plug”. When the seepage is too 
large, it will also cause caisson piping [5, 6].

Therefore, important design aspects in connection with the 
installation of suction caissons are to determine the critical 
under pressure and the amount of “soil heave plug” inside 
the cylinder during penetration.

The phenomenon of “soil heave plug” was first discovered 
in 1980 at the site of the installation of suction caissons at the 
Gorm site, and its impact cannot be ignored [7]. On the one 
hand, the internal mud surface of the suction caisson because 
of the soil heave plug is brought into contact with the caisson 
roof in advance so that the suction caisson cannot penetrate 
to the designed depth [8, 9]. It will lead to a decrease in the 
bearing capacity of caisson. A scholar [10] pointed out that 
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the response of the suction caisson was mainly depended 
on the degree of development of the internal soil heave. On 
the other hand, it will cause changes in the seepage field 
around the caisson and increase the degree of erosion of 
the surrounding soil (for shallow sea areas, this effect is 
particularly significant).

Given that the emergence of “soil heave plug” has an 
ad-verse effect on the safety and stability of the caisson itself 
and the superstructure, many scholars have done research on 
the soil heave plug characteristics in the caisson installation 
process, such as a scholar [11]. The influence of suction and 
installation depth on the development of soil heave was dis-
cussed, and the soil heave height was calculated numerically. 
Other scholar [12] derived the theoretical calculation equation 
of the soil heave height based on the assumption that the 
volume of the soil inside the caisson is m times of the volume 
of the soil displaced by the skirt moved into the caisson. 
He point-ed out that the coefficient m is not affected by the 
model size, which is mainly related to soil strength. A study 
of excessive internal soil uplift was carried out through the 
model tests, for example [13].

In order to improve the quality of caisson installation, 
a scholar [14] added permeable stones to the upper part of 
the inner soil and other scholar [15] introduced a filter layer 
consisting of geotextile and gravel. These measures delayed 
the time for the sand to contact the inner roof, but so far there 
are no measures that can effectively suppress the development 
of soil heave plug. In view of the development process of soil 
heave plug, many tests and theoretical studies have found that 
they are related to the suction and the real-time penetration 
depth of the suction caisson. Based on the internal soil 
stability, a previous researcher [16, 17], API specification 
[18] and DNV specification [19] gave equations for calculating 
suction critical penetration values. Whittle, Rauch, and Chen 
all agreed that the base sidewall penetration. The displaced 
soil volume is equivalent to the internal soil heave volume [20].

In order to achieve the desired penetration effect of 
the suction caisson, some scholars consider using a non-
continuous suction penetration method. A scholar [21-22] 
proposed the concept of intermittent suction penetration and 
obtained a result that its final penetration depth is greater 
than the continuous suction penetration; a scholar [23] took 
an intermittent penetration scheme for indoor model tests, 
different durations of suction pulses were used in 4 tests and it 
was found that proper selection of the time of impact suction 
and the peak value of suction force can effectively reduce 
the up-lift height of soil heave. A scholar [24] first made the 
model sink by a certain depth under the action of its own 
weight and counterweight during the test and applied five 
levels of stable suction in the second stage. The test results 
showed that the seepage flow drag reduction effect of this 
test scheme is obvious, and an ideal final penetration depth 
could be obtained.

As mentioned above, in the existing studies on the 
characteristics of discontinuous suction penetration, the 
same suction was applied with the same frequency along the 
tests and the influence of the frequency of the suction didn’t 

be considered. However, the frequency of the suction directly 
affects the suction and the development process of the soil 
heave. The project described in this paper aimed at addressing 
the influence of the frequency of the suction changing on the 
mechanism of suction installation tests.

TEST DEVICE AND SOIL PREPARATION

SAND TANK

The sand tank (1 m long, 1 m wide, and 0.8 m high) is used 
to carry out model tests in saturated fine sand. Its dimension 
is large enough to eliminate the effect of the boundary on the 
result. The sand tank is welded with galvanized steel which 
reduces the friction between the soil and the inner wall and 
prevents the corrosion of the tank. A drainage channel is 
provided at the bottom side wall of the tank to adjust the 
height of the water level. Through the bottom drainage it 
can also accelerate the consolidation of the sand in the tank.

INSTRUMENTATION

A schematic diagram of a test device is shown in Fig. 1. The 
system includes model tank, suction caisson, displacement 
sensor, negative pressure sensor, and suction piping. The 
model penetrates into the soil (sand) through suction which 
is provided by an intelligent vacuum pump and is sent to the 
top of the model through the suction pipeline. A ball valve 
is provided in the middle of the suction pipeline to control 
the rate of suction. The vacuum pump used in the test was 
a water and air vacuum pump WKA1300-24A. A vertical 
displacement sensor (LVDT) and a negative pressure sensor 
are arranged on the top of the model caisson. Two sensors 
connected through a data acquisition instrument (Data Taker 
DT-80G) for data acquisition. The ranges of the LVDT and 
negative pressure sensor are 300mm and ±0.1 MPa. The 

Fig. 1. Test tank and model
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MODEL DETAILS 

The structure of the model is barrel-shaped and machined 
from steel with a diameter of 120mm, a skirt wall thickness 
of 2mm, a roof thickness of 10mm, and a length of 240 mm. 
The caisson model had no internal stiffeners. A suction hole 
is provided for connecting the suction pipe, and a negative 
pressure sensor connection hole is provided on the other side.

To observe the phenomenon of soil heave inside the caisson 
during the penetration process, the model of organic glass 
was processed follow the same dimension as the steel caisson.

FORMATION OF SAND SAMPLE

Since the suction caisson is applied in the field of ocean 
engineering, soils with marine characteristics should be 
se-lected for the test soil. The test sand was taken from 
Qingdao Golden Beach.

The basic physical parameters were as follows: average 
particle size D50=0.097 mm, non-uniform coefficient 
Cu=1.78, curvature coefficient Cc=0.997, natural porosity 
ratio e=0.62, and maximum pore ratio emax=0.903, mini-mum 
void ratio emin=0.61, specific gravity Gs=2.69; mechanical 
parameters: internal friction angle φ=34°, dilatancy angle 
ψ=10°, internal cohesive force c=0.8 kN/m2, compression 
modulus Es=686 kN/m2.

SOIL PREPARATION

First, gravel with a thickness of 10 cm is laid at the bottom 
of the model tank as a drainage layer, and two layers of 
geotextiles are laid on the gravel cushion as an inversion 
filter to prevent the loss of fine sand and clay particles as the 
model tank drains. The “sand rain method” is used to layer the 
sand, and at the same time, the water is slowly poured into the 
model tank and the water level is higher than the sand surface. 
Then, the sand was consolidated by circulating drainage, and 
each test cycle was repeated twice. After consolidation of the 
sand, ensure that the water level in the model tank exceeds 
about 10 mm from the surface of the sand, ensuring that 
the sand in the model tank is always saturated. To ensure 
the reliability and repeatability of the test results, each test 
condition was strictly controlled.

Sand density and permeability coefficient are two 
influencing factors of its mechanical properties. At the 
same time, it has a great influence on the sink penetration 
characteristics of the suction caisson. Sand consolidation is 
achieved by circulating drainage, and the relative compactness 
of the sand after consolidation is determined. The degree is 
0.997 and the permeability coefficient is 0.002 cm/s.

TESTING PROCEDURE

TESTING PROGRAMS

The test includes Continuous Suction Penetration(CSP)and 
Intermittent Suction Penetration According to Frequencies of 
Suction(IPT), as shown in Table I.

Tab 1. Test arrangements

Model 
diameter/mm

Model 
height/mm Code Test method

120 240

CSP Apply suction 
continuously.

IPT-1 Apply suction at an 
interval of 2s.

IPT-2

Phase I (before 2 
min): apply suction 

continuously.
Phase II (after 2 min): 

apply suction at intervals 
of 2s.

IPT-3

Phase I (before 2 
min): apply suction 

continuously.
Phase II (after 2 min): 

apply suction at intervals 
of 4s.

IPT-4

Phase I (before 2 min): 
apply suction at intervals 

of 1s.
Phase II (after 2 min): 

apply suction at intervals 
of 4s.

The traditional penetration method is to first make the caisson 
penetrate into a certain depth under the action of its own 
weight. Then apply continuous suction to make it penetrate to 
a predetermined depth. In the intermittent suction installation 
test, the frequency of suction is mutative, and the intermittent 
penetration time is longer.

Existing research results indicate that as the penetration 
depth increases, the height of soil heave increases gradually, 
and the rate of increase gradually slows during the later period 
of the experiment. Simultaneously, the seepage flow gradually 
weakens. According to this rule, different suction frequencies 
are adopted in different stages of the IPT-II, IPT-III, and 
IPT-IV tests. Considering the dimensions of the caisson and 
the test time, after many trials, 2 min time node is considered 
as a time separator.

TESTING PROCEDURE

To make the test results reproducible, it is vital to keep 
each testing condition unchanged, especially the relative 
densities of sand.

First, placing the caisson vertically on the sand surface so 
that it will plunge under its own weight. When the caisson 
is in a stable state, the drainage outlet of the roof to form a 
sealed environment inside the caisson. After end of self weight 
penetration, the caissons are penetrated by means of under 
pressure inside the caissons corresponding to a prototype rate 



POLISH MARITIME RESEARCH, No S3/2018130

of about 1–2 m/h. A relatively high under pressure is needed 
to initiate further penetration. This ‘set-up’ is probably due 
to some pore pressure redistribution and consolidation of the 
remolded zone near the caisson wall during the rest period. 
The penetration resistance decreases after some penetration, 
indicating that the sand become remolded again. The caisson 
continues to penetrate into the sand until the inner roof 
contacts the sand surface.

The above is the conventional penetration testing process. 
In this process, the suction is applied continuously. However, 
intermittent penetration tests (IPT) are used in this paper 
which the suction is applied discontinuously (Table. I)

Now, take the intermittent suction (IPT-I) as an example. 
The caisson first penetrated under the action of its own weight. 
Then, by controlling the intelligent vacuum pumping, the 
suction pump was turned off after 2s. Pause for 2s and then 
exhaust for 2s to form a “cyclical” loading way until the inner 
roof contact with the sand surface. In the same way, test 
conditions IPT-II, IPT-III, and IPT-IV were performed, and 
each set of test conditions was repeated at least three times.

The purpose of this paper is to study the penetrating 
characteristics and suction dissipation mechanism of the 
suction caisson during the intermittent installation. The 
characteristics of the caisson itself and the deformation of 
the surrounding soil are not considered.

TESTS RESULTS

COMPARISON OF TESTS CONSULTS

The test time and suction penetration depth of various 
working conditions are shown in Table 2. From the 
consideration of the penetration depth and the time-
consuming of the test, a test plan that is more suitable for 
suction penetration is tried to be determined.

Tab. 2. Test time and final penetration depth 

CSP IPT-I IPT- II IPT- III IPT- IV

Test time 
/ s 98 372 251 196 471

Final 
penetration 

depth 
/ mm

104.9 158.1 156.9 149.2 163

Peak of 
suction 

/kPa
-1.29 -3.53 -4.42 -2.66 -4.99

Considering the penetration depth of suction, the depths 
of the caissons obtained by conventional suction penetration 
tests CSP and four intermittent penetration tests IPT-I, IPT-
II, IPT-III, IPT-IV are 104.9mm and 158.1mm, respectively. 
The penetration depths of mm, 156.9mm, 149.2mm, and 

163mm obtained by different penetration frequency methods 
are less than 9.3%. However, compared to the conventional 
penetration tests, the final penetration depth obtained by the 
intermittent penetration method is significant. The maximum 
difference reached 55.4%.

From the time-consuming aspect of the test, for the 
intermittent penetration tests that can obtain a large 
penetration depth, the longest time-consuming (IPT-IV) 
is 471s, and the shortest time-consuming (IPT-III) is 148s. 
The test time-consuming difference exceeds 218 %. It can be 
seen that due to the use of different suction frequency, the 
intermittent penetration test takes a lot of time.

In summary, in the two time-consuming tests (IPT-II 
and IPT-III), the base final penetration depth (with a self-
invasive depth of 70 mm) reached 226.9 mm and 219.2 mm, 
respectively, which is the base length. 94.5% and 91.3% of the 
total penetration depth exceeds the conventional penetration 
test depth of 52mm and 44.3mm. It can be seen that the IPT-II 
and IPT-III intermittent pendulum penetration method is 
a better solution. The continuous application of suction 
during the early penetration process, and the intermittent 
application of suction during the later period can achieve a 
greater penetration depth in a shorter period of time. It is 
more suitable for suction caisson penetration.

COMPARISON OF MAXIMUM SUCTION AND 
CRITICAL SUCTION

Under intermittent suction, pore water pressure is 
generated inside the soil heave. The pore water pressure 
continuously diffuses and dissipates due to the presence of 
dynamic seepage. This effect may even cause sand liquefaction. 
Based on the analysis of soil stability, the internal soil of the 
caisson will undergo infiltration and destruction if suction 
exceeding the critical is applied. So, it is necessary to predict 
the critical suction.

Several authors have used numerical methods to study 
the critical suction’s calculation method on the conventional 
suction penetration methods. For example, Feld used the 
numerical model to analyze the conditions that caused the 
osmotic failure, and the outlet hydraulic gradient was used 
as the controlled condition to obtain the critical suction 
calculation equation of the undivided plate cylinder type:

                              (1)

Senders used a finite element numerical model to suggest 
a critical suction calculation method:

     (2)

However, there is no critical suction calculation method 
for the intermittent penetration method.

Fig. 2 (a) and Fig. 2 (b) are the result of the comparison 
between the maximum suction applied in IPT-II and IPT-III 
and the critical suction calculated using the Feld equation 
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and the Senders equation. (The actual suction in the process 
of intermittently applying suction has a large fluctuation 
range, so take the maximum suction value for comparison).

It can be seen that the suction applied during the IPT-II and 
IPT-III tests are greater than the critical suction calculated 
by the Senders equation. In the test, the inside of the cylinder 
was found through the entire top of the plexiglass cover. It 
is stable and there is no infiltration damage such as piping. 
It shows that the critical suction calculated according to the 
Senders equation is conservative, which is caused by the 
assumption that the permeability coefficient of the soil is 
constant in the process of sinking. It is consistent with the 
conclusion of Chen Fei. The IPT-III test was anastomosis 
better than the IPT-II test. The reason was that the IPT-III 
test had a longer pause between suction in the later period 
of the experiment, which made the dissipation of suction 
relatively thorough, made the soil density relatively larger, 
and made the soil permeability coefficient relatively higher.

Fig. 2. Comparison between applied suction and existing critical suction

This is consistent with the view that the permeability 
coefficient of sand permeability test data and theoretical 
results in Dr. Senders’s thesis are in good agreement, but 
the consistency of the permeability coefficient is not good.

The actual applied suction is less than the critical suction 
calculated with the Feld equation. This is because Feld’s 

equation assumes that sand is an undrained material, and 
Feld does not clearly determine the variation law of shear 
strength of sand. The Feld equation is rarely used.

In summary, the above two calculation methods are not 
suitable for the critical suction calculation of the intermittent 
suction penetration test. A new calculation method needs 
to be introduced and the influence of the sand permeability 
coefficient with the depth and the seepage flow should be 
considered.

A scholar considered the change of the permeability 
coefficient kfac of the soil inside and outside the suction 
caisson during the test, and used the finite element method 
to calculate the critical suction force equation:

                    (3)

where:

For the calculation of kfac in (3), there are many methods 
in the existing research results. For example, Houlsby and 
Byrne assumed that kfac is a constant value. Senders thought 
that in the process of continuously applying suction, the 
soil heaves inside the suction base was on the soft state. The 
coefficient kfac is a factor of not less than 1.

In fact, during the penetration process, the suction induces 
seepage in the soil around the caisson. The permeability 
coefficient ratio kfac of the soil inside and outside is constantly 
changing. In the penetration test of intermittently applied 
suction, the permeability coefficient of the soil heave in 
the caisson is relatively small and has good permeability 
due to the presence of seepage at the beginning of the test. 
After intermittent suction is applied, it is equivalent to the 
intermittent period when suction is stopped. When the 
earth plug is unloaded, and the suction is dissipated, the 
permeability coefficient of the soil heave decreases at this 
stage. When suction is applied again, the seepage occurs 
again within the soil heave, and the permeability coefficient 
increases. This cycle occurs. Therefore, the value of the 
permeability coefficient kfac is related to the size of the suction.

Some scholars have obtained that ABAQUS finite 
element software considering the stress-seepage coupling 
was employed to figure out the influence of variation of 
water level on the stability of cement shear wall reinforced 
approach channel side slope, in combination with the strength 
reduction technique [25]. And Some scholars have obtained 
a certain relationship between permeability coefficient and 
stress through laboratory tests and engineering practice, such 
as negative exponential equations, negative power exponential 
equations, hyperbolic equations and exponential equations, 
among which the most widely used one is the negative 
exponential equation which is studied in the pumping test 
[26].

With Louis’ empirical relationship, the permeability 
coefficient ratio kfac=4k0 exp(-α1P) is defined here, and the 
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permeability coefficient k0=0.006cm/s of sand under the 
effect of initial effective stress, and P is the actually applied 
suction force [27]. Substituting kfac into (3) yields the following 
equation:

        (4)

Fig. 3(a) and (b) are the comparison of the maximum 
suction applied in the two intermittent penetration methods 
of IPT-II and IPT-III and the critical suction calculated by 
(4). It can be seen that the IPT-III test result is very close 
to the equation calculation result. And the initial segment 
of the IPT-II test result is close to the equation calculation 
result. However, the later deviation is relatively large because 
of the intermittent action of the suction at the later stage of 
the IPT-II test is relatively short and the suction is not fully 
dissipated, the actually applied suction value is relatively large 
[28]. Here, the correction coefficient β is added to 1.3. Fig. 3 (a) 
proves that the experimental data is in good agreement with 
the theoretical calculation results. Therefore, equation (4) can 
be used as the critical suction calculation equation for the 
intermittent penetration of the suction caisson in saturated 
fine sand. The value of β in the equation is: in IPT-II with 
continuous suction for early stage and intermittent suction 
for 2s at late interval, β1=1.3; for the IPT-III duration of the 
continuous application of suction at the early stage and the 
intermittent application of the suction at the late interval 
4s, β2=1.0.
(a) Experiment IPT-II

(b) Experiment IPT- III

Fig. 3. Comparison between applied suction and existing critical suction

THE DEVELOPMENT LAW OF SOIL HEAVE IN THE 
PROCESS OF INTERMITTENT PENETRATION

In order to better study the development law of the 
internal soil heave under intermittent suction, the IPT-III 
test was conducted with the organic glass caisson [29]. The 
development of soil heave during the test is shown in Fig. 4.

As shown in Fig. 4, the suction is continuously applied 
during the initial stage of IPT-III test, the soil heave develops 
a certain lag and the caisson sinks slowly. The penetration 
depth increases significantly as the suction increases [30]. 
The rise of the plug is faster, and at the same time the speed 
of the caisson sinks faster, and the rate of growth of the 
soil heave slows down [31]. At the later stage, the suction is 
applied intermittently, and the height of the soil heave changes 
significantly. Otherwise under the effect of the fluctuation 
suction, the height of the plug decreases. 

Fig. 4. Curves of soil heave during intermittent suction insertion

The internal soil heave touches the inner cap at 442s. 
Because the water inside the soil heave is still being pumped 
out, the caisson sinks a bit, while the soil heave has a slight 
increase.

If the suction increases to a larger value at the later stage 
of the test, the height of soil heave will develop rapidly. The 
caisson used in this experiment is a small-scale model, and 
the suction rate is small. Hence, the soil heave is almost 
linearly developed. The height of soil heave measured in the 
experiment is compared with the theoretical calculation 
result [32], as shown in Fig. 4.

In order to obtain the calculation equation of soil heave 
height, it is assumed that the volume of the internal soil of 
the caisson is m times the penetration volume, that is, the 
equation for the soil heave height is:

         (5)

In the above equation: 
• m is the coefficient of soil heave height calculation;
• h is the penetration depth;
• D0 is the diameter;
• Di is the diameter.
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If the cyclic loading time is short and the permeability 

cyclic loading, and the diffusion and dissipation of the pore 

assumption will inevitably cause some errors. Therefore, 

suction on the soil heave inside the caisson. The pore water 

 was 1.2 and 1.4 and after trial 
calculations, it is better that the initial suction e is applied 
when  is 1.2. Therefore, the calculation equation of the soil 
heave height during the intermittent penetration process of 

                       (6)

From Fig. 4, the actual soil heave obtained in the later stage 
of the experiment is less than the theoretical value calculated 
by (6). It indicates that the dissipation of suction during the 
intermittent penetration test makes the soil heave effectively 
controlled. This measure delays the time that it touches the 
inner lid and leads to a larger final suction penetration depth. 
As the suction is dissipated and the rule of the soil heave 
changes, the soil heave rise rate and the caisson sink rate no 
longer have a linear relationship.

CONCLUSION

This paper proposes a new type of intermittent suction 
penetration test program, which changes the frequency of 
suction on the basis of the traditional suction penetration test 
scheme and introduces the permeability coefficient ratio kfac 
of the soil inside and outside the suction caisson. Considering 
the influence of variation of permeability coefficient of sand 
with depth and seepage, the calculation method of critical 
suction in intermittent suction test is analyzed and discussed.

By observing the development process of the internal soil 
heave during the test and embedding the relationship between 
the volume of the soil inside the caisson and the volume of 
soil that penetrates the caisson, the calculation equation of 
the soil heave height in the intermittent suction test is studied.

The results showed that during the penetration testing 
process, the suction is continuously applied to the suction 
caisson, and the method of intermittently applying the suction 
at the later stage is more suitable for the suction caisson.

The actual soil heave value obtained in the later stage of 
the intermittent penetration test is less than the theoretical 
value, which indicates that the dissipation of suction in the 
experiment makes the soil heave development effectively 
controlled and delays the time for the plug to contact the inner 
top cover. At the same time, because the suction has dissipated 
and the soil heave development law changes, the rise rate 
of the soil heave and the caisson’s sink rate has no longer 

been linearly related. Based on the results of the soil heave 
measurement, the calculation equation of the soil heave height 
is deduced, and the results confirm this calculation method is 
suitable for intermittent frequency suction penetration test.

Through the comprehensive comparison between the 
theoretical settlement results and the experimental data, 
the calculation method of the existing critical suction is not 
suitable for the intermittent suction penetration test. The 
calculation of the critical suction by Senders tends to be safer, 
and the Feld calculation is more conservative. Considering the 
change of the permeability coefficient of the soil inside and 
outside the caisson, the prediction method of the suction is 
improved, and it is proved that this method is more suitable 
for the intermittent penetration test.

Even in the same experimental phase, the suction’s 
rate directly affects the penetration depth. Therefore, the 
determination of the suction’s rate in each test phase is the 
focus of the next step.
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ABSTRACT

This paper studies the characteristics of marine water quality monitoring data monitored by photoelectric sensor 
network, mines the potential information from the massive data. on account of the continuous accumulation 
of monitoring data, this paper focuses on the study of database with numerical attribute and proposes a rule 
updating algorithm for solving the rule maintenance issues caused by changes in the database. according to the 
rule, the algorithm forms a new database from part of the original data and the new data, and searches the new 
database by random search, thus can avoid creating a large number of redundant rules and can quickly mine 
effective rules at the same time. experimental results show that this method not only can avoid mining in the 
whole original massive data, but also can improve work efficiency, and can quickly and effectively find new data 
and find useful rules in the data with high practicability.

Keywords: Marine water quality monitoring, database updating, data mining, rule updating

INTRODUCTION

At present, the monitoring data of marine water quality are 
mainly based on the static database for rule mining and output. 
In the actual water quality monitoring process, the server 
side will accumulate a large amount of data over time, and 
these data on the monitoring of water quality are constantly 
updating and changing. Therefore, in this case, it is a very 
important issue to update the association rules in the process 
of dynamic database changes, and that is a mining problem of 
incremental association rules. The traditional update algorithm 
uses Apriori algorithm, but this algorithm is inefficient due 
to frequent I/O access and it’s hard to measure the support 
settings. If the setting is too low, a lot of redundant rules will 
be generated. If the setting is too high, some useful but low-
supportive information will be filtered out [1–3]. Therefore, this 
paper studies a rule updating mining algorithm and applies this 
method to update the rules of ocean water quality monitoring 
data mining.

RULE UPDATING

The traditional work of association rules data mining is 
based on the static database and according to the pre-set 
minimum support degree and minimum credibility [4–6], 
while the update issue of the dynamic database mainly studies 
the data changes in the database, the changes in the pre-set 
minimum support degree or the minimum credibility, and 
how to update the association rules without overall re-mining 
on the basis of existing rules.

The current rule updating algorithm mainly aims at Boolean 
database mining, which can effectively solve the data update 
mining problems, such as D. W. Cheung et al.’s FUP and FUP2 
algorithms, and Feng Yu et al.’s IUA algorithm [7–9]. All of 
these algorithms can make full use of the rules and information 
of the previous mining and conduct rule updating, which can 
avoid duplication work and improve work efficiency. However, 
in most actual production processes, the attribute values of 
various fields to be mined are not only Boolean type, and the 
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numerical databases are more widely used [10–12]. In such 
a database, it is also necessary to update the rules, previous 
scholars have proposed to transform the numerical attribute 
database into Boolean, and conduct association rules mining. 
Since the water quality monitoring database belongs to the 
numerical database type, this paper mainly studies the rule 
updating problem of the numerical attribute database.

Rule updating refers to that, when the setting of the 
minimum support degree and the minimum confidence is 
unchanged, there are new data adding to the original database. 
Here marks the original database as DB, the new dataset is db, 
and we mainly studies how to put the original data and the 
new data set into a new database.

For the update of association rules, we start mainly from 
the following two situations [13–15]:
(1)  When the minimum support degree and the minimum 

confidence are set, the database changes. How to generate 
new association rules when new data is added to the 
original database, how to delete some data from the original 
database and how to generate new association rules [16].

(2)  How to generate new association rules when the data in 
the database is not changed, and the minimum support 
degree and the minimum confidence are changed [17].

As the water quality data monitored by the photoelectric 
sensor network continuously accumulates over time, the data 
in the database is getting more and more, and we mainly study 
the first updating situation above [18].

Add db into DB, for any set of items X, there are the 
following possibilities.
(1)  X are frequent itemsets both in DB and db;
(2)  X is a frequent itemset only in DB, but is not in db;
(3)  X is a non-frequent itemset only in DB, and also is in db;
(4)  X is not a frequent itemset either in DB or db.

RESEARCH ON THE RULE UPDATING 
ALGORITHM

RULES UPDATING ALGORITHM PRINCIPLE

During the monitoring process of the photoelectric 
sensor network, the water quality data is affected by factors 
such as climate, ocean currents and emergencies, the water 
quality monitoring data will change, the monitoring data 
will accumulate more and more over time, and the initial 
database will change constantly. The changing data will cause 
corresponding changes in the association rules, and we use 
the difference to reflect these changes. When the difference 
becomes larger, namely there are more and more data, new data 
may imply some new potential information [19]. Therefore, the 
algorithm in this paper first calculates the difference between 
DB and db, and then draws part of the data from the DB 
according to the degree of difference, forms a new database 
with db, and then carries out the mining operation based on 
adaptive immune genetic association rules. Such mining results 
can both retain some rules of high support degree in DB, and 

reflect the potential rules of new database, meanwhile shorten 
the mining time and improve the mining efficiency.

RULE UPDATING ALGORITHM DEFINITION

The proposed algorithm in the initial stage needs to be 
calculated by the following two formulas to form a new 
database.
(1)  Attribute abnormity: The importance of an attribute does 

not depend on the occurrence frequency of the attribute. 
Attribute importance is a specific value. The value is not 
more important when the value is greater, but if the value 
is quite different from the original value of the attribute, 
it indicates that there is a new rule contained in the new 
data, and this information is very important. Water quality 
monitoring network has detected the new situation; thus, 
it is more valuable for mining [20].

For numerical databases, we set the data elements in database 
D have m attributes that make up the set of attributes. The 
dependencies between these attributes are different, and the 
degree of importance is different as well. For the k-th attribute 
of an element, its importance is marked as Ek according to 
its importance [21]. This paper simplifies the calculation of 
the importance of attributes, attribute importance Ek can be 
calculated as follows:

D
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D

i
i

T
E         (1)

Where Tik is the k-th attribute in the i-th record. Tik   {0,1}; 
|D| is the number of samples in database D.
(2)  Difference of data set: the degree of difference dif(D1, D2) 

between the original data set D1 and the new data set D2 
is calculated via following formula:
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Where E1i is the importance of the i-th attribute in D1; E2i is the importance of the i-th attribute in D2; m is the total 
number of attributes in the entire data set.

Therefore, greater dif(D1, D2) indicates greater difference 
between D1 and the newly added data D2, which means greater 
difference between the original data and the new data.

The main goal of this algorithm in the initial stage is to 
form a new database.

RULE UPDATING ALGORITHM PROCESS STEPS

The main steps of the rule updating algorithm are as follows.
(1)  Obtain the degree of importance of each attribute E1,E2,...

Em in D by (Formula 1);
(2)  Obtain the degree of importance of each attribute e1,e2,...em in d by (Formula 1);
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(3)   Calculate the degree of difference dis1 = dif(D, d) 
between D and d by (Formula 2);

(4)   Via dis1 from Formula (3), obtain the data randomly 
according to dis1;

    When 0 < dis1 < 0.5, choose (1 – dis1) × |D| records 
from D to form D ;ʹ

    When 0.5 < dis1 < 1, choose dis1 × |D|records from 
D to form D ;ʹ

(5)   Calculate the difference dis2 between D and D ,ʹ
    When dis2 < 0.2, a new dataset Dd was formed with 

D and D ,ʹ
    When dis2  ≥  0.2, return to the previous step and 

randomly choose new data again.
(6)   Set evolutionary algebra T, with a group size of M;
(7)   Initialize t = 0, select initial population G randomly 

from Dd;
(8)   Calculate the fitness of individuals, and also calculate 

the concentration, crossover probability and mutation 
probability. Add rules that are greater than the minimum 
threshold to the association rules table.

(9)   Through the selection, crossover and mutation operation, 
get the next generation of population;

(10)  If t < T, then t < ← t + 1, return to the previous step;
     Otherwise, proceed the next step;
(11)  Output the current mining result from the association 

rules table.

APPLICATION OF THE RULE UPDATING 
ALGORITHM IN THE WATER QUALITY 

MONITORING DATA MINING
In the actual rule updating algorithm application, the original 

database is generally large, and the incremental database is 
relatively small, if we do not use the rule updating method, 
each time the database changes after the mining, it will mine 

the mined original database once again, and it is a big waste 
of time. If we do adopt the rule updating method, and fully 
use the mining results of the original database, then when 
re-mining new data and part of the original data, the mining 
time will be much shorter, thus improve the mining efficiency. 
In the water quality monitoring database, under a relatively 
stable environment, the new data will not change greatly 
compared with the data in the original database. The values of 
each parameter are approximate and the results of incremental 
mining are also similar to the original results. However, when 
there is a big change in the marine ecological conditions, 
except for seasonal reasons, such as aviation fuel leaks and the 
sudden emission of pollutants and other emergencies, data 
with large differences would suddenly appear in the smooth 
monitoring data, thus will lead to big difference between the 
new data and the original data, in which case the algorithm 
needs to be re-standardized and re-mined, and it cannot reflect 
the advantages of the incremental mining algorithm. As the 
season changes, the performance of the photoelectric sensor 
for water quality monitoring may change in a stable working 
environment. The data in the database should be checked at 
regular intervals to ensure the accuracy of data mining.

The monitoring value of each field is divided into 1 ~ n 
according to different value intervals. Here, each field can be 
added 0 encoding, which represents that there is no relation 
between this attribute and other attributes. Randomly generate 
the rules under constraints. According to the coding of the 
specific data of the detected parameters, the parameters are 
mined to obtain the mapping table shown in Table 1.

CONCLUSION

When the original database obtains new data, the rules 
mining of the original database will have some failures, the 
new data brings new rules at the same time, and the overall 

Fig. 1. Some monitoring data from the optical sensor network
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remining of the new database is low in efficiency, so the rule 
updating mining algorithm is quite important. According to 
the characteristics of the water quality monitoring database 
studied in this paper, we focus on the numerical attribute 
database and propose a rule updating algorithm to solve the 
problem of rule maintenance caused by the dynamic changes 
of the database. According to the rule, this algorithm forms 
a new database from part of the original data and the new data, 
and searches the new database by random search and mining, 
which can quickly mine the effective rules without generating 
a large number of redundant rules. The experimental results 
show that the algorithm can quickly and effectively update the 
rules mining in the water quality monitoring database and can 
rapidly excavate potential information of the new data, which 
is of high practicability.
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ABSTRACT

In order to improve the efficiency of marine economic production and realize the sustainable and healthy development 
of marine economy, the spatial-temporal and dynamic evolution trend of marine economic green production efficiency 
in coastal areas of China is analysed by means of SFA basic model, coefficient of variation, coefficient of Gini and entropy 
method. It mainly includes three aspects: the result analysis of marine economy green production efficiency; the dynamic 
trend analysis of marine economy green production efficiency; the analysis of factors affecting marine economy green 
production efficiency. The results show that the factors affecting the total factor productivity of the marine economy 
are: development level of marine economy, marine material capital, level of opening to the outside world, marine 
industrial structure, marine human capital and marine environmental governance.

Keywords: marine economy, green production efficiency, entropy method

INTRODUCTION

Based on the current situation of unbalanced marine 
economic development and environmental pollution in 
China, in the 12th Five-Year Plan, the state clearly put forward 
the idea of “adhering to the overall planning of land and 
sea, formulating and implementing marine development 
strategies, and improving the capacity of marine development, 
control and comprehensive management”. The report of the 
Eighteenth National Congress of the Communist Party 
of China put forward “improve the capacity of marine resources 
development, develop marine economy, protect marine 
ecological environment, resolutely safeguard national marine 
rights and interests, and build a strong marine country.” In 
promoting the green development of China’s marine economy, 
the State Oceanic Administration will make great efforts to 
improve the policy system, enhance the innovation capacity, 
strengthen the protection of the ecological environment, 

and carry out international cooperation and exchanges. It 
is an urgent problem to be solved how to give consideration 
to the development of marine economy and environmental 
protection, improve the production efficiency of marine 
economy, make the marine economy and environment 
harmoniously and rapidly develop, achieve the maximum 
benefits, and ultimately achieve the goal of healthy and 
sustainable development of marine economy.

In the traditional evaluation of marine economy, most of 
them only take the gross marine product as the evaluation 
criterion, but neglect the marine environmental pollution 
caused by the development of marine economy. This kind 
of economic growth at the cost of environmental pollution 
cannot reflect the objective situation of marine economic 
development. Even some areas in the development of the 
marine economy pay much more environmental costs 
than the economic benefits of the marine economy. Based 
on this, when carrying out marine economic evaluation, 
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the environmental cost is considered comprehensively, and 
the marine environmental evaluation index is incorporated 
into the quantitative system of the whole marine economic 
evaluation, so as to establish a more reasonable marine 
economic evaluation index system, which can be used to 
guide the marine economy of China develop towards a healthy 
and sustainable direction.

Based on the urgency of real environment and marine 
economic growth and the limitations of similar studies, the 
marine total factor rate is calculated and a comprehensive and 
systematic analysis is made. By means of entropy method, 
nuclear density estimation, Gini coefficient, coefficient 
of variation, α convergence and β convergence, the spatial-
temporal analysis and dynamic evolution trend analysis 
of green production efficiency of marine economy in coastal 
areas of China are carried out. Quantitative analysis is made 
on the effect degree and role direction of various possible 
influencing factors on green production efficiency of marine 
economy. It has an important influence on the development 
of China’s marine economy.

STATE OF THE ART

Some scholars put the marine environment and marine 
economy into a whole equilibrium model to study. And 
they concluded that the problem of marine environment is 
related to the huge population growth and that improving 
the marine environment must be based on the premise 
of  controlling population growth [1,2]. On the basis of 
selecting the index system, the scholar Morrissey used the 
theory of marine ecology to divide the marine economic 
system, the marine environmental system and the social 
cultural system. The result shows that the transformation 
of the mode of marine economic development and the 
improvement of the marine environment are mutually 
reinforcing [3]. Some scholars also calculated the damping 
effect of the marine resources and environment on the 
marine economy in the Bohai Rim by Romer model, and 
put forward the countermeasures to improve the damping 
effect of the marine resources and environment on the marine 
economic development [4,5]. Relevant scholars decomposed 
the total factor productivity of the marine economy and 
found that there is a strong spatial spill-over effect between 
TFP index and technological progress index, and the degree 
of regional openness has a positive impact on TFP index and 
technological progress index [6,7]. Some scholars used the 
panel data of marine GDP of coastal provinces and cities and 
used SFA method to analyze the regional marine economic 
and technological efficiency. The results show that the regional 
marine economic and technological efficiency is high and 
there is an upward trend in the study period [8]. Some scholars 
used GRA-DEA to evaluate marine economic efficiency and 
put forward countermeasures and suggestions [9]. Relevant 
scholars used DEA to analyze the marine economic efficiency 
in coastal areas and found that the level of marine economic 
efficiency of 73% of the areas has not been fully developed [10].

METHODOLOGY

PRINCIPLES AND STEPS OF ENTROPY METHOD

In the selection of leading industries, it is usually necessary 
to consider the relative importance of each evaluation 
index. The most direct and simple method to indicate the 
importance is to give each index weight coefficient [11]. 
According to entropy theory, the amount and quality of 
information people obtain in decision-making is one of the 
decisive factors of decision accuracy and reliability. Entropy 
can measure the amount of useful information provided 
by the acquired data, and it is an ideal scale when applied 
to the evaluation of different decision-making processes 
or the evaluation of the effect of cases [12]. In information 
theory, entropy is a measure of uncertainty in information. 
The less the information is, the greater the information 
entropy is, and the greater the uncertainty of information 
is; otherwise, the smaller the information entropy is, the 
smaller the uncertainty of information is. According to the 
characteristics of entropy, the discrete degree of an index can 
be judged by calculating the entropy value [13]. The greater 
the discrete degree of the index is, the greater the impact 
of the index on the comprehensive evaluation is.

Basic steps: First, quantify the values of each index, 
and calculate the proportion of the j-th index on the i-th 
production index value.
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Second, calculate the entropy ej of the j-th index:
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In the above formulas, k>0 is related to m, and in general, 
k=1/lnm.

If the value of Xij is all equal for all the given index j, then:
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Then, ej is the maximum value. If k=1/lnm, 0≤ej≤1 can 
be obtained.

Third, calculate the differential coefficient gj of the j-th 
index:

Define the differential coefficient gj=1-ej, then the smaller 
the entropy of the i-th index is, the greater the corresponding 
entropy is, and the more important the index is. 

Fourth, determine the weight of evaluation index: 
The  essence of using entropy method to estimate the 
weight of each index is to use the value coefficient of index 
information to calculate. The higher the value coefficient 
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is, the greater the importance of evaluation is. After the 
differential coefficient gj of the j-th index is determined, then 
the corresponding weight coefficient dj can be obtained.
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Fifth, calculate the evaluation values of each production.
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ANALYSIS OF CALCULATION RESULTS OF GREEN 
PRODUCTION EFFICIENCY OF MARINE ECONOMY

Using the stochastic frontier analysis model and Frontier 
4.1 program, the green production efficiency of marine 
economy in 11 coastal provinces and cities in China from 2001 
to 2012 is calculated [14]. The results show that, γ=0.810 and 
it is obvious at the level of 1%. It indicates that the difference 
between the actual output and the frontier production is 
caused by the inefficiency of technology. It is larger than 0 and 
close to 1, which suggests that it is reasonable and necessary to 
use SFA to calculate the green production efficiency of marine 
economy.
Tab. 1. Parameter estimation results for stochastic frontier analysis

predictor coefficient standard 
deviation

T Statistical 
value

β0 -130.44 97.926 -1.3320
β1 2.6361 0.5988 4.4026***
β2 0.9154 0.1032 8.8664***
β3 0.0005 0.0003 1.9118**
β4 0.5619 0.1854 3.0308***
β5 0.0062 0.0040 1.5486*
β6 0.0074 0.0089 1.8359**
σ2 94799.5 1.4424 65724.7***
γ 0.8100 0.0254 31.948***
η 0.0366 0.0112 3.2727***

Log likelihood function -860.22
Unilateral likelihood ratio test 118.68**
Note: LR conforms to Chi square distribution; ***, ** and * represent 
the test at the obvious level of 1%, 5% and 10%.

According to the output elasticity of the two traditional 
input factors of employment and marine capital stock, 
β1=2.6361, that is, the employment (10,000 people) in 
China’s marine areas is increased by 1%, which can make 
GOP increase by 2.6361 percentage points; β2=0.9154, 
that is, the stock of marine capital (100 million yuan) is 
increased by 1%, which can make GOP increase by 0.9154 
percentage points [15]. Labour and capital play a great role 
in pulling the marine economy, in which labour input plays 
a dominant role, and marine economic growth is mainly 
driven by labour force, belonging to the extensive mode of 
economic growth. Under the existing technological level, 
the development of China’s marine economy is based on 
increasing the number of employees and transforming as 
much capital stock as possible. The sustainable development 
of marine economy needs to change the mode of economic 
growth, improve the technological level and enhance the 
ability to develop the ocean. The independent variable of 
β3=0.0005 is the discharge of industrial wastewater, the 
independent variable of β4=0.5619 is the ratio of polluted 
sea area, the independent variable of β5=0.0062 is the 
amount of pollutants carried into the sea by rivers, and the 
independent variable of β6=0.0074 is the area of red tide (km2) 
[16]. According to the estimation result of environmental 
input factors, the growth of marine economic output is 
accompanied by the aggravation of marine environmental 
pollution. Comparing these marine environmental input 
factors, the proportion of industrial wastewater discharge 
is the largest when the marine economy increases the same 
proportion. Generally speaking, the contribution of marine 
traditional economic input to marine economic output value 
is greater than the dependence of marine output value on 
environmental input.

The results calculated by SFA can reflect the inter-annual 
variation trend of marine economic green productivity in 
coastal areas (table 2).

According to previous studies, the green production 
efficiency of marine economy in China is divided into six 
grades: low efficiency (0-0.400), medium and low efficiency 
(0.401-0.500), general efficiency (0.501-0.600), medium and 
high efficiency (0.601-0.700), relatively high efficiency (0.701-
0.800), and high efficiency (0.801-1). Generally speaking, 
according to the above-mentioned classification principle, 
China’s marine economic green production efficiency level 

Tab. 2. The results of green production efficiency of marine economy

Tianjin Hebei Liaoning Shanghai Jiangsu Zhejiang Fujian Shandong Guangdong Guangxi Hainan
2001 0.6306 0.6905 0.4970 0.5759 0.6118 0.5968 0.6293 0.4983 0.6838 0.6572 0.3697
2002 0.6438 0.7016 0.5151 0.5911 0.6257 0.6113 0.6426 0.5163 0.6952 0.6695 0.3924
2003 0.6566 0.7123 0.5325 0.6058 0.6392 0.6253 0.6555 0.5336 0.7061 0.6814 0.4142
2004 0.6689 0.7227 0.5492 0.6200 0.6521 0.6387 0.6678 0.5504 0.7167 0.6928 0.4352
2005 0.6808 0.7326 0.5654 0.6336 0.6646 0.6517 0.6798 0.5665 0.7268 0.7039 0.4555
2006 0.6923 0.7422 0.5810 0.6468 0.6767 0.6642 0.6913 0.5821 0.7366 0.7145 0.4750
2007 0.7033 0.7515 0.5961 0.6595 0.6883 0.6763 0.7024 0.5971 0.7461 0.7248 0.4939
2008 0.7140 0.7604 0.6106 0.6717 0.6995 0.6879 0.7130 0.6116 0.7552 0.7346 0.5121
2009 0.7243 0.7690 0.6246 0.6835 0.7103 0.6691 0.7233 0.6255 0.7640 0.7442 0.5296
2010 0.7342 0.7773 0.6380 0.6948 0.7207 0.7099 0.7333 0.6390 0.7725 0.7534 0.5465
2011 0.7437 0.7853 0.6510 0.7058 0.7307 0.7203 0.7429 0.6519 0.7806 0.7622 0.5628
2012 0.7529 0.7930 0.6636 0.7164 0.7404 0.7304 0.7521 0.6644 0.7885 0.7707 0.5785
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from 2001 to 2012 can be divided into four categories: the first 
category of Hainan, the average of its marine economic green 
production efficiency is 0.4804, belonging to the medium 
and low efficiency level; the second category of Liaoning 
and Shandong, the average of the marine economic green 
production efficiency is 0.5853 and 0.5864, belonging to 
the general efficiency level; The third category of Tianjin, 
Shanghai, Jiangsu, Zhejiang and Fujian, the average green 
production efficiency of marine economy in these areas 
ranges from 0.601 to 0.700, belonging to the medium and high 
efficiency level; the fourth category is the higher efficiency 
level, including Hebei, Guangdong and Guangxi, and the 
average green production efficiency of marine economy 
is between 0.701 and 0.800. The spatial difference is more 
obvious, forming a pattern of “three regions are higher 
efficiency points, two regions are general efficiency points, 
most of the medium and high efficiency areas are clustered 
and distributed, and the medium and low efficiency is on 
the side”.

DYNAMIC TREND ANALYSIS OF GREEN PRODUCTION 
EFFICIENCY OF MARINE ECONOMY

The calculation results of green production efficiency of 
marine economy in each region are input into Eviews6.0 
software to calculate the nuclear density distribution of 
green production efficiency of marine economy in each year. 
The nuclear density distribution map of green production 
efficiency in China’s marine economy is drawn from the 
calculation results in 2001, 2005, 2009 and 2012, which can 
reflect the annual changes of green production efficiency 
of marine economy.
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Fig. 1. The nuclear density distribution of green production efficiency 
of marine economy in China

The Gini coefficient is gradually decreased from 0.0922 in 
2001 to 0.0500 in 2012, which proves that the difference of 
green production efficiency of marine economy in various 
regions of China is decreasing year by year. The coefficient 
of variation is decreased from 0.1644 to 0.0891 year by year, 
and the value of coefficient of variation becomes smaller and 
smaller, indicating that the gap between the green production 
efficiency of marine economy in various regions of China 
is narrowing with time.

Tab. 3. The convergence regression analysis

Α convergence Β convergence
Coefficient T Test value Coefficient T Test value

α1 13.703 27.986***
α2 -0.007 -27.737***
β1 -0.004 -10.535***
β2 -0.041 -61.217***
R2 0.986 0.997

F value 769.333*** 3747.479***
Sig value 0 0
μ value 0.0564

Note: *** represents obvious at 1% level, t test and F test both obvious 
at 1% level, and equation acceptable for Sig value less than 0.5.

FACTORS AFFECTING GREEN PRODUCTION 
EFFICIENCY OF MARINE ECONOMY

The level of marine economic development (X1) is 
represented by the statistical data of per capita marine output 
value (10,000 yuan / person). The per capita marine output 
of each coastal area is increasing year by year. Generally 
speaking, from 2001 to 2012, the per capita marine output 
value of 10,000 yuan is the highest in Shanghai, 1.5819, 
followed by Tianjin, with 0.0707 in Guangxi Province as 
the lowest level.

The marine industrial structure (X2) is represented by the 
statistical data of the proportion of the third marine industries 
(%). The change trend of the marine tertiary industry in 
coastal areas is not consistent. The proportion of the marine 
tertiary industry in Tianjin and Shanghai shows a downward 
trend in the fluctuation. The marine tertiary industry in the 
other nine provinces is rising in the fluctuation. The marine 
tertiary industry occupies an important position in the 
marine economy, and the marine industrial structure tends 
to be reasonable.

Marine human capital (X3) is expressed by the proportion 
of marine professionals in marine employment. There are 
frequent fluctuations in marine human capital in coastal 
areas. Among them, the marine human capital in Tianjin, 
Shandong and Fujian declines in fluctuations, while the other 
areas have risen to varying degrees. Generally speaking, more 
and more attention has been paid to the training of high-
quality marine personnel in various regions, and marine 
professional and technical personnel play an important role 
in the development of marine economy. 

Marine material capital (X4) is expressed in terms of 
the ratio of the total formation of marine fixed capital to 
the number of employees involved in the marine area. In 
addition to the slight fluctuation in individual years, the 
marine material capital in coastal areas shows a rising trend 
as a whole. With the further development of marine economy 
in various regions, the amount of marine capital investment 
in each region will also increase.

The intensity of marine environmental management (X5) 
is expressed by the number of wastewater and solid waste 
treatment items. On the one hand, it is related to the demand 
of marine economic development. In some areas, the degree 
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of marine environmental pollution needs a greater degree 
of control, while others do not. The main aspect is related 
to the degree of attention paid to the control of the marine 
environment. Some areas pay more attention to the control 
of the marine environment and will provide greater financial 
support to deal with the marine environment.

The level of opening to the outside world (X6) is expressed 
by the statistical data of international tourism foreign 
exchange receipts (million US dollars). Among the statistical 
indicators of international tourism foreign exchange income, 
most of the regions show a regular trend of development 
and change. After 2003, the international tourism foreign 
exchange income is lower than that after 2002, and the 
international tourism foreign exchange income after 2004 
shows a trend of increasing year by year.

RESULTS
Tab. 4. Regression result of the green production efficiency of marine economy 

in China

Coefficient Standard error Z statistics P value
X1 -0.044749 0.016565 -2.701469 0.0069***
X2 0.00036 0.00043 0.837932 0.4021
X3 -0.069216 0.138095 -0.501216 0.6162
X4 0.16343 0.002928 5.582459 0***
X5 4.47E-05 4.17E-05 1.073592 0.283
X6 0.001075 0.00027 3.97943 0.0001***
C0 0.577029 0.01923 30.00706 0***

Development level of marine economy: Regression results 
show that the green production efficiency of marine economy 
decreases by 0.045 units per capita per unit of marine output 
value. From 2001 to 2012, China’s per capita marine output 
value rose from 0.14 million yuan to 108,000 yuan. The level of 
marine economic development has been constantly improving, 
which has a negative effect on the green production efficiency 
of China’s marine economy. The relationship between marine 
economic development and marine environment is a unity 
of opposites.

Marine material capital: Regression results show that 
marine material capital has a positive role in promoting 
the green production efficiency of marine economy. Every 
unit of labour density of marine capital increases, the green 
production efficiency of marine economy rises by 0.016. The 
higher the marine material capital is, the higher the marine 
technological progress occurs with capital input, which 
promotes the development of marine industry, reduces the 
pollution and promotes the green production efficiency of 
marine economy.

The level of opening to the outside world: it has a positive 
effect on promoting the green production efficiency of marine 
economy. The results show that the green production efficiency 
of China’s marine economy increases by 0.001 per unit 
of international tourism foreign exchange income. On the one 
hand, the increase of international tourism income in coastal 
areas improves economic output and economic benefits, so 

environmental protection has become an inevitable choice 
and trend.

Marine industrial structure: The change of marine 
industrial structure also has an impact on the green efficiency 
of marine economy. Compared with the first and second 
industries, the regression results show that the proportion of 
marine tertiary industry has no obvious effect on the green 
efficiency of marine economy.

Marine human capital: Marine professional and technical 
personnel have higher labour productivity and creativity, 
which is conductive to improving the efficiency of marine 
economic decision-making and promoting the scientific and 
rational development of marine economic. The regression 
results show that the impact of marine human capital on 
marine economic green production efficiency is not obvious.

Marine environment governance: The regression results 
show that the impact of environmental governance on the 
green production efficiency of marine economy is not obvious. 
Overall, China’s marine environment governance has not 
played an effective role in the green production efficiency of 
marine economy.

CONCLUSION

The constant decrease of coefficient of variation and Gini 
coefficient shows that the difference of green production 
efficiency of marine economy in China is gradually becoming 
smaller. From the perspective of influencing factors, the 
development level of marine economy plays a negative role 
in promoting the green production efficiency of marine 
economy. The main reason is that the economic benefit 
of marine development is less than the cost of resource 
destruction and environmental pollution. Marine material 
capital and the level of opening to the outside world play 
a positive role in promoting the green production efficiency 
of marine economy. Marine industrial structure, marine 
human capital and environmental governance have not 
passed the model test and have no obvious impact on the 
green production efficiency of marine economy. Adopting 
the means of changing the economic growth mode, adjusting 
the industrial structure and improving the utilization rate 
of technology are all effective measures to save energy and 
reduce emissions from the source of production while 
pursuing the maximum economic benefits. The follow-up 
environmental governance work is also essential to the 
promotion of economic production efficiency.
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ABSTRACT

The purpose objective of this study was to investigate the inf luence of finite element meshing accuracy on modal 
analysis which is one of the basic factors affecting the accuracy of finite element analysis and mostly preoccupies 
the working staff in pre-processing finite element simulation models. In this paper, we established several finite 
element models of a welding machine for offshore platform, with the meshing accuracy as the variable and 
workbench software as the platform for modal analysis, as the same time, comparing the analysis results. The 
results indicated that for some specific structures and simulation types, mesh refinement alone does not achieve 
desired results, and the authors indicate that mesh refinement is rarely related to the equipment’s low-frequency 
modal analysis but it’s great related to the equipment’s high-frequency modal analysis. The findings of this 
study may serve as breaking the opinion that smaller mesh size means higher calculation precision and provides 
references for mesh division practices in low frequency modal analysis.

Keywords: Finite element analysis, Meshing, Meshing accuracy, Modal analysis

INTRODUCTION

With the rapid development of the finite element software 
and simulation technology, finite element analysis has been 
widely used in engineering, gaining momentum in analyzing 
the static and dynamic characteristics of structures, equipment, 
etc. [1]. Modal analysis is the fundamental dynamic finite 
element analysis, and a numerical technique to calculate 
the vibration characteristics (i.e. natural frequencies and 
formation) of structures and equipment [2].

As a theoretical mathematical modeling process, modal 
analysis is the field of discretizing vibration structures and 
seeking the solutions to system eigenvalues and eigenvectors 
with approximation approaches and finite element analysis [3]. 
In finite element software, the result of model analysis is used 
to determine the natural frequencies and modes of a structure, 

and modal analysis is the basis of other kinetic analyses such 
as response dynamics analysis, harmonic response analysis 
and transient analysis [4].

In the finite element analysis of the equipment, the finite 
element mesh exerts measurable influence on calculation 
accuracy. Theoretically, smaller mesh size means higher 
calculation precision, but with the increase in finite element 
meshes, the computational efficiency is reduced, and in some 
cases, mesh refinement alone does not achieve desired results. 
In this paper, we studied on the influence of finite element 
mesh division precision on the modal analysis result of the 
welding machine for offshore platform which is designed 
according to the Tianjin Marine Economic Science and 
Technology Development Program——Research on double-
sided steel structure welding technology and the welding 
equipment of structure reinforcement in Marine Engineering 
(KJXH2013-14).
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THE BASIC PRINCIPLES 
OF MODAL ANALYSIS

Modal analysis is an approach to study the dynamic 
characteristics of a structure, and modality is the inherent 
vibration characteristics of mechanical structures. The latter 
one determines the structure’s response to dynamic loads, 
each of which has a specific natural frequency, damping ratio 
and mode shape. Therefore, modal analysis must be carried 
out before other dynamic analyses.

In engineering practice, vibration systems are continuous 
elastic bodies, which theoretically belong to a system of infinite 
degree of freedom and need to be described by a continuous 
model. But the vibration system is always simplified as a model 
of finite degrees of freedom. In doing so, the system is abstracted 
as a model of lumped blocks and elastic elements [5–7]. Thus, 
the dynamic properties of a structure can be described by 
N-order matrix differential equations, i.e., the general dynamic 
equation is as follow:

[M]{ü} + [C]{ } + [K]{u} = {F(t)}   (1)

In the formula, [M], [C] and [K] are the respective mass 
matrix, damping matrix and individual matrix, {ü}, { }, {u} 
are the structure’s respective acceleration vector, velocity 
vector and displacement vector, and {F(t)} is the excitation 
vector of the structure.

In conducting modal analysis, we assume F(t) = 0 and 
ignore [C]. The natural frequency of the structure is determined 
by the properties of the structure itself, independent of the 
external load; the damping has little effect on the natural 
frequency and mode of the structure [8].

The general dynamic equation under free vibration (free 
of external load and neglecting damping effect) is as follow:

[M]{ü} + [K]{u} = 0       (2)

When resonance occurs, u = Usin(ωt), and the equation 
becomes:

([K] – ωi
2 [M]) = {φi } = 0    (3)

For the modal analysis of a structure, its natural circular 
frequency ωi and formation φi are derivable from the matrix 
equation above, and the equation root or eigenvalue is ωi

2, 
i ranging from 1 to the numerical number of degrees of 
freedom. The corresponding vector is the eigenvector  {u} i . 
The square root of the eigenvalue is ωi, which expresses the 
natural circular frequency structure (rad/s) and thus we 
calculate the natural frequency fi = ωi/2π. {u} i represents 
vector formation or structure mode in the engineering 
sense, which is the structure shape when vibrating at the 
frequency of fi . Thus, the natural frequencies of the system 
and their corresponding modes of vibration can be solved. 
Modal extraction is only used to describe eigenvalues and 
eigenvectors.

ESTABLISHMENT  
OF THE SOLID MODEL

In establishing a finite element analysis model, we combine 
parametric modeling and feature-based solid modeling to 
effectively realize the output requirements of the full-scale 
simulation model [9]. The UG-based parametric modeling 
method allows the size and parameters of various part in the 
welding machine for offshore platform be modified at any 
time according to the design results; With feature modeling, 
the equipment model can be finished by operations of 
superimposing, intersecting, cutting, etc. In the process of 
modeling, in order to reduce the number of model features 
and mesh elements and shorten the computation time, some 
insignificant features such as small round corners and small 
holes are excluded. After the solid model is established, the 
UG modeling module interface can be directly switched to 
the UG / CAE pre-processing module to further complete 
the work of finite element meshing, which avoids the model 
distortion in the data transfer process between software [10].

The main structure and characteristics of the welding 
machine are constructed as follows to meet the design 
requirements (Du et al., 2014). Based on the working conditions 
and technical requirements of welding machine for offshore 
platform, the main structure and characteristics are designed, 
and the final design model structure is shown in Figure 1.

As can be seen from Figure 1, the welding machine for 
offshore platform has a very complex structure with a variety 
of chains, bearing holes, connecting holes, etc. In the finite 
element analysis, the model mush be simplified appropriately 
lest the model complexity will cause extra troubles to our 
follow-up work.

In order to ref lect the structural and mechanical 
characteristics, the simplification must follow the following 
principles:

1)  Represent the structural geometry and force transmission 
route of the model in an accurate manner.

2)  Apply the quality equivalent method by removing small 
bearing bores/bodies and chamfering secondary parts.

Fig. 1. The modal of welding machine for offshore platform
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3)  Simplify thin-walled structure (irregular and complex 
components like bearings or sensors do not affect the 
analytical accuracy).

4)  Conduct the finite element equivalent treatment on loads 
under various working conditions. The simplified model 
is shown in Figure 2.

FNITE MODEL MESH DIVISION

In the finite element simulation analysis, the meshing of 
the finite element is particularly important as the main pre-
processing part. The quality of division is directly related to 
the simulation scale, speed, the subsequent finite element 
calculation, the accuracy of analysis results and the success 
of computing. Meanwhile, mesh division involves element 
shape and type, topology type, the choice of mesh generator, 
grid density, geometric speed, etc. [11, 12].

In dividing finite element meshes, the element type must 
be determined first, and the results obtained by different 
element types are different. If all the structural elements are 
ideally composed of equilateral triangle, square, tetrahedron 
or cube hexahedron, the simulation accuracy should be close 
to the actual value. However, as this situation is rarely seen in 
practical engineering structures, it is necessary to select those 
mesh types and shapes that can fit for model characteristics, to 
improve mesh quality and the precision of solutions [13]. Mesh 
quality is generally considered from the aspects of distortion 
and aspect ratio. The ideal side ratio of meshes is 1:1. On the 
premise of uniform mesh size, the calculation result will be 
less accurate if the side ratio becomes larger. However, when 
the meshes are intensified in parallel in a certain direction, 
the mesh size will decrease, which contributes to precise 
calculation, while the aspect ratio will increase, which reduces 
calculation precision [14].

Based on the above analysis, in the finite element mesh, 
in order to truly reflect the structure and the actual situation 
of welding machine for offshore platform, the high-order 3D 
20-node Solid186 is chosen to simulate the structure of different 
parts. The solid structure unit has a quadratic displacement 
mode to simulate irregular grids. It also supports the simulation 

of the parts with high plasticity, super elasticity, creep, stress, 
toughness, deformation, strain and spatial anisotropy. Once 
some nodes overlap, hexahedron units will degrade into 
tetrahedrons, wedges, pyramids or prisms [15], as shown in 
Figure 3.

The density of mesh directly affects the accuracy of 
calculation results and the size of the calculation scale. 
Generally, if the mesh number increases, the calculation 
precision can be improved, which is equal to the enhanced 
finite element convergence. However, the computation scale 
will increase greatly at the same time. And the calculation 
accuracy is increase very rarely once the mesh number 
increase to a certain extent, while the calculation scale is 
much larger. Therefore, the grid number should be decided 
taking the account of both computation scale and calculation 
precision. Generally, in calculating the structural dynamic 
characteristics, fewer grids can be used in calculating low-
order modes; but more grids are required for high-order 
modes. Grids should be divided finer in the structure where 
mutation happens.

Finite element meshing is done by using adaptive partition 
strategy, so that the meshes can be refined or coarsened 
continuously in the iteration process in areas with abrupt 
changes. In this way, mesh points distribution is coupled 
with physical solution to improve the precision and resolution 
ratio of solutions. When the relevance in meshing are 80 and 
40 respectively, mesh quality is inspected in terms of aspect 
ratio, area ratio or volume ratio, twist degree and density 
transition.

The mesh is divided by different relevance, and the number 
of elements and nodes are obtained, as shown in table 1:

Fig. 2. The simplified model of welding machine for offshore platform

Fig. 3. The mesh of Solid186

Tab. 1. The compare of the mesh in different relevance

relevance number of elements number of node

40 50286 180058

80 71464 250567
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The mesh results at the relevance of 80 is shown in Figure 3:

The mesh quality inspection result at the relevance of 80 
is shown as Figure 4:

MODAL ANALYSIS

The welding machine for offshore platform must meet the 
requirement of NVH (Noise, Vibration, Harshness), and the 
natural frequency is the main factor to evaluate the NVH 
characteristics of the structure and to determine the accuracy 
of the vibration response. Natural frequency is an important 
means to avoid the resonance between mechanical parts and 
the structure [16]. Therefore, it is a must to conduct modal 
analysis on the welding machine for offshore platform, lest 
there are unnecessary noises or resonance in the structure. At 
the same time, modal analysis is the basis of seismic response 
spectrum analysis. The modal analysis method can determine 
the natural frequency and vibration mode at any order, through 
which the structure’s modal characteristics can be determined 
in a frequency range vulnerable to changes to achieve the goal 
of predicting the possible actual vibration responses in this 
frequency range under the action of various seismic focuses [17]. 
In order to carry out the seismic response spectrum analysis, 
the structure’s natural frequencies and vibration modes must 
be calculated out through modal analysis.

Generally, all modes do not play a role in the seismic response 
of welding machine for offshore platform. In order to ensure the 
precision and accuracy of seismic calculation results, additional 
modes of modal mass participation coefficients should be 
used [18]. In this calculation, if the modal mass reached the 
request of 90% of the total mass, the participation coefficient of 
vibration modes must be evaluated to identify which vibration 

modes play a major role in the subsequent earthquake load. In 
this way, we can select adequate vibration modes.

Modal analysis mainly uses the methods of subspace 
iteration and Block Lanczos. The method of subspace iteration 
is mainly suitable for solving the problem of extracting a few 
order modes in the large-scale eigenvalue problem, and the 
complete mass and stiffness matrix used in the method has high 
precision. However, demands for mesh quality are high and the 
calculation time is long [19]. The method of Block Lanczos uses 
a sparse matrix solver with similar precisions, responds well to 
ill-conditioned matrixes, and is quite time-saving. However, 
demands for memory are high and the method is limited to 
the case of extracting multi-order modes with large degrees of 
freedom [20]. In this paper, to improve the speed of calculation, 
Block Lanczos is used in modal analysis.

Before the modal analysis, it is necessary to set the boundary 
conditions of the welding machine for offshore platform [21]. The 
boundary conditions of welding machine in the actual operation 
process are very complex, which not only renders loading difficult 
to achieve, but increases the calculation load of finite element 
analysis [22]. To facilitate loading and simplify the calculation, 
the boundary conditions and loading should be equivalent. The 
welding machine for offshore platform model is an assembly 
in which all parts are connected with sliding pairs and revolute 
pairs [23]. Surface constraints are applied between the two parts, 
and the corresponding units are formatted automatically on 
the constrained surfaces. Then, the corresponding units are 
connected to form a complete and continuous [24]. The entire 
welding machine for offshore platform is connected with the base 
through the bottom connecting hole. Fixed support is applied to 
the surface of the bottom connecting rod. The welding machine 
for offshore platform is mainly subjected to the following long-
term, stabile loads:

1)  The gravity of the welding machine itself, which is simulated 
by applying the standard gravity along the Z-direction, 
g=9806.6mm/s2;

2)  The gravity of the welding flux and the motor on the left, 
which is properly magnified into the gravity loads.

3)  The gravity of the submerged arc welding machine on the 
right, which is properly magnified into the gravity loads.

According to the actual working conditions of the welding 
machine for offshore platform, the boundary conditions and load 
models of the equivalent welding machine are shown in Figure 5.

Fig. 3. The result of the mesh

Fig. 4. The result of the mesh quality checking

Fig. 5. The load model of the welding machine
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In order to compare the influence of different grid numbers 
on the modal analysis, the frequency and formation of modal 
analysis at respective low and high orders (first-order, second-
order, fourth-order and fiftieth-order) are extracted in the 
process of morphological analysis. The modal frequencies at 
each order under different relevance are shown in the Table 2.

In fact, for the pre-stressed non-free modal analysis which 
only responds greatly to low-order frequencies, we can simplify 
the analysis by analyzing the first ten frequencies and the 
corresponding vibration modes.

It can be seen from Table 2 that the natural frequency of the 
model increases with the increase of the order. The rated speed 
of the welding machine motor is 1500r / min and the excitation 
frequency is 25Hz. It can be seen from the modal analysis that 
the frequency of the model and the fundamental frequency of 
the welding operator differ little at the fourth order, meaning 
the easiness to resonate [25]. But after analysis, the equivalent 
participation quality of the welding machine is 18.6 %, so there 
are no security risks in welding machine for offshore platform.

The various modes of vibration distribution in different 
conditions of grid division are shown in Figure 6:

(a) The first-order vibration mode at the relevance of 80 (f) The fourth-order vibration mode at the relevance of 40

(e) The fourth-order vibration mode at the relevance of 80

(d) The second-order vibration mode at the relevance of 40

(c) The second-order vibration mode at the relevance of 80

(b) The first-order vibration mode at the relevance of 40 (g) The fiftieth-order vibration mode at the relevance of 80

Tab. 2. The modal frequency at each order under different relevance

order
modal frequency in different relevance

Error
relevance 80 relevance 40

1 6.669 6.537 2.0%

2 11.633 11.208 3.7%

4 24.770 23.986 3.2%

50 356.17 308.49 13.4%
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It can be seen from the modal analysis results that the 
difference between frequencies and between amplitudes under 
different meshing precisions are less than 10% at the first/second/
fourth order but more than 10% at the fiftieth order. Therefore, 
for the low-order modal analysis, the partitioning accuracy of 
the mesh has little effect on the modal analysis results [26]. 
For the high-order modal analysis, the meshing accuracy of 
the mesh has a great influence on the modal analysis results. 
In the low-order modal analysis, the accuracy of meshing can 
be slightly lower to increase the speed of the calculation; while 
in the high-order modal analysis, we should try to improve the 
accuracy of meshing to obtain more accurate results.

CONCLUSIONS

In this paper, mesh division is carried out under different 
precisions in a welding machine for offshore platform, on whose 
basis the modal analysis is conducted. The main conclusions 
are as follows:

In the case that the solution accuracy meets the requirements, 
the difference between modal frequencies obtained by finite 
element modal analysis in different precision levels is small, 
and the modal formation is basically the same.

When the finite element method is used in low frequency 
modal analysis, the number of meshes can be appropriately 
reduced to improve the computational efficiency in the 
conditions to meet the accuracy requirements.

When the finite element method is used in high frequency 
modal analysis, it is necessary to increase the number of 
meshes to improve the precision of solutions without failing 
the accuracy requirements.
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ABSTRACT

The reliability and safety of offshore platform are an important research aspect in marine engineering. The jacket platform 
is mainly used for oil development and submarine drilling, and the long-term work in the marine environment will 
be subjected to different loads, which will lead to the damage of the structure part of the offshore platform. It affects 
the structural strength of the platform. For the repair of jacket damage, grouted reinforcement technology is adopted, 
which has the advantages of simple underwater installation and low cost. The reinforcement technology of the grout 
hoop has been applied to the engineering projects abroad, but the stress and serialization design of the hoop in the 
marine environment need further study. This paper will combine the ocean current and wave force to carry out the 
research of underwater work and prevent loosening, and put forward the parametric design method for the specific 
size of the hoop. Two types of experimental models are designed: short bolt form clamp and long bolt form clamp. The 
mechanical experiment of the long bolt clamp is carried out, and the relationship between the slipping force and the 
bolt preload is analyzed, so as to verify the theoretical analysis.

Keywords: Offshore Jacket, Grouted Clamp, Parameterized Design, Mechanics Experiment

INTRODUCTION

Nowadays, people turn their eyes to the ocean and 
have entered a new era of comprehensive exploitation and 
utilization of the ocean. In recent years, in the new discovery 
of global oil and gas resources, most of them are concentrated 
on the sea, and the share of marine oil reserves and production 
in the global oil production is increasing [1]. According to 
statistics, there are more than 6000 platforms in the world 
continental shelf. Since 1930s, the world ocean platform has 
flourished and developed from small to large, from wooden 
structure to steel structure, from shallow sea to deep sea[2], 
and the deepest platform has been working in the deep sea 
of thousands of meters[3]. The jacket offshore platform is the 
most widely used in the steel pile foundation platform. The 

jacket offshore platform has the outstanding characteristics 
such as large volume, expensive cost, complex structure, 
complex marine environment and so on [4]. At the same time, 
the jacket offshore platform is in the marine environment, 
which will be subjected to severe and harsh sea wind, sea 
current and so on[5]. Once the accident happens, it will 
cause serious marine environment pollution, influence the 
marine environment, bring inestimable economic losses 
and casualties, and cause unimaginable consequences and 
cause bad social impact [6, 7]. Therefore, higher engineering 
requirements and security challenges are put forward to the 
offshore platform of the jacket.

In recent years, the repair and reinforcement of offshore 
platform partial damage structure has become a hot research 
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topic at home and abroad, and is still a challenging research 
topic. On the basis of considering the safety and reliability 
of the jacket offshore platform, this paper studies the 
maintenance and reinforcement technology of the partially 
damaged components of the underwater jacket offshore 
platform, and designs a set of devices which are simple and 
feasible, and the cost of maintenance and reinforcement is 
low. The grouting clamp reinforcement technology is widely 
used in the maintenance and reinforcement engineering of 
the offshore platform because of its advantages of convenient 
operation, low cost and good strengthening effect. Therefore, 
this paper focuses on the design and analysis of the local 
damaged structure grouting clamp reinforcement device for 
the offshore platform.

In 1989, Shuttleworth and others summarized and 
summarized the maintenance and reinforcement methods 
for the local damaged components of more than 60 offshore 
platforms in the world. The static test and fatigue life test 
were carried out for the T type joint grouting clamp with the 
grouting clamp reinforcement method and the mechanical 
clamp reinforcement method [8].

In 2007, the British Found Ocean Company designed 
a variety of grouting clamp [9], the grouting clamp used 
to repair and strengthen the offshore platform, such as 
pretension pinch clip and tighten tight clamp. This is similar 
to a grout clip. Grouting is injected into the annular space 
between the clamp and the existing joint. The grouting reaches 
the predetermined strength before exerting external force.

In 2008, the Advantech agency and Subsea developed a 
grouting three pipe, and used the grouting three pipe for 
the field operation of the submarine pipeline in the United 
States. The device was applied to the submersible area and 
the ultimate goal was used in ultra-deep waters [10].

In 2015, Australia advanced composite structure Co., Ltd. 
combined with Malaysia national oil company to develop 
polymer composite clamp [11]. The use of composite clamp 
instead of metal clamp has important advantages in small 
relative density, light quality, corrosion resistance and so on. 
The design method of these composite hoops is successfully 
demonstrated.

In 2015, Shi Xiang and others of Ocean University of China 
carried out a test on the short bolt type expansion self-stress 
grouting clamp [12], and found that the performance of the 
short bolt type expansion self-stress grouting clamp is better 
than the long bolt traditional structure.

In 2016, Sum W S and Leong K H, a researcher at the 
National Petroleum Corporation of Malaysia, proposed a 
new method [13], which uses a composite clamp to repair 
leakage or other damaged metal pipes, which uses a uniquely 
designed resin into the compound clamp. In 2016, CNOOC 
Zhang Yong engineer and others repaired the cracks at the 
cross strut of the cross - strut of the deep HZ21-1A jacket 
platform on the seabed [14].

In 2018, Shi Xiang and others of Ocean University of China 
tested the bearing capacity of the actual size of the marine 
application of self-stress grouting clamp, and carried out 

laboratory and marine experimental studies on two hoop 
models respectively [15].

The reinforcement and repair technology of the grout hoop 
has been applied to the engineering projects abroad, but the 
stress and serialization design of the hoop in the marine 
environment need further study. This paper will combine 
the ocean current and wave force to carry out the research of 
underwater work and prevent loosening, and put forward the 
parametric design method for the specific size of the hoop. 
Two types of experimental models are designed: short bolt 
form clamp and long bolt form clamp.

ANALYSIS OF HYDRODYNAMIC LOAD 
OF GROUTING CLAMP ON WAVE AND 

CURRENT

DETERMINATION OF WAVE FORCE ON GROUT HOOP

In view of small scale structures, such as isolated pile 
columns, various pipelines, and seabed risers, the method 
proposed by Professor Morrison and others at the American 
University of Berkeley, 1950, is called the Morison method 
[16].

The Morison equation assumes that the existence of the 
small structure column does not affect the wave propagation. 
Because the grouting clamp on the jacket belongs to the small 
size component (the diameter of D is 3.45 m), the Morison 
equation is used to calculate the hydrodynamic force, which 
is mainly composed of two parts: the inertia force and the 
drag force.

On the seabed with a depth of d, a grouting clamp with a 
diameter of D is set on the jacket, and the wave height of H 
propagates along the sea surface, Hf  is the horizontal force 
of the grout hoop at the height of Z, as shown in Fig. 1.

Fig. 1. Diagram of wave action of jacket hoop

The Morison equation divides the horizontal a force Hf  
acting on the Z height of the grouting clamp into two parts 
[17]. 

1) Horizontal drag force is: 1
2D D x x
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2) Horizontal inertia force is: 0
x

I Mf C V .

Combined with the above two formulae, the horizontal 
wave force of the grout clamp can be obtained. When the 
height is z, the wave force of the length dz is shown below:

0
1
2

x
H D I D x x M            (1)

Select a unit, assuming that its height is one,
2

01 , / 4A D V D  When / 0.2D L , the horizontal 
acceleration of wave water quality point can be replaced by

x

t
. For the clamps on the seabed, the wave forces received 

are different from those of other locations, and the wave 
forces they are subjected to can be written as:

21
2 4H D x x M

xD
t

C            (2)

The Morison equation is a semi empirical and semi 
theoretical formula. The most important parameters are CD 
and CM when solving the wave forces acting on the grouting 
clamp. They will vary with the Reynolds number, without a 
fixed value. In addition, due to the complexity of the velocity 
and acceleration of the wave, it is difficult to get directly from 
the existing technology. So, when calculating the value, the 
wave theory should be used to simplify the treatment of CD 
and CM. In this paper, CD was selected as 1.2 and CM was 2.

The magnitude of horizontal wave force will be affected by 
many factors, including water depth d, wave height h, cycle 
t and so on. x  and x  are the main parameters of wave 
force. Analysis of wave loads by linear wave theory

According to the velocity potential correlation theory, the 
velocity of the wave water point can be obtained (the next 

 is replaced by the  ), in which the velocity 
of the horizontal and vertical directions is shown as Eq. (3) 
and Eq. (4), respectively.

ch
cos

shx
H

   (3)

sh
sin

shz
H

   (4)

At the same time, the acceleration of wave water points 
can be calculated. The horizontal and vertical accelerations 
are shown in Eq. (5) and Eq. (6) respectively.

2.

2

ch2 sin
shx

Hv                (5)

2.

2

sh2 cos
sh

z
H

           (6)

In order to facilitate calculation, the wave is simplified 
and calculated by regular wave. The regular wave height is 
1.5 m, the wave period is 10 s and the wavelength is 150 m.

From Eq. (3), (4), (5), (6), the velocity and acceleration of 
water points under different depths can be obtained, as shown 
in the following Fig. 2 and 3.

Fig. 2. Maximum horizontal velocity of water point in different water depths

Fig. 3. Maximum horizontal acceleration of water point in different water 
depths

Under wave conditions, the maximum horizontal velocity 
of water quality decreases with the increase of water depth. 
Get the maximum at the sea level. When the water depth 
exceeds a wavelength of two, the maximum horizontal 
velocity of water quality is almost zero. It can be seen from 
Fig. 2 and 3 that the maximum horizontal acceleration of 
water quality is consistent with the horizontal velocity in the 
vertical direction, and decreases with the increase of water 
depth. Thus, it is possible to obtain the maximum wave force 
on the surface of the clamp.

The horizontal wave force at the height of z and the length 
dz of the grate hoop are shown in Fig. 1, and the force is 
obtained as follows:

2

2

2

2

ch( ) cos cos
sh( )

2 ch( )

1
2

4
sin

sh( )

H H D

M
D

z

C

      (7)
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Since the origin of the coordinate changed, and the 
previous still water surface changed to the bottom of the 
sea, z instead of z+d was needed.  in the form.

By integrating the Eq. (7), the horizontal wave force on 
the grit clamp can be obtained as follows:

0

2

2

1

2

cos cos

sin

2

8

H H D

M

gDHF f C K

g D HC K

           (8)

In the Eq. (7)

1
2 sh(2 )

8sh 2( )
K                                (9)

2 tanh( )                                   (10)

Therefore, the maximum horizontal drag force and the 
maximum total horizontal force acting on the grouting clamp 
can be obtained by the Eq. (8).

2

max 12HD D
gDHF C K                            (11)

2

2

m 8HI ax M
g D HF C K                         (12)

DETERMINATION OF FLOW FORCE IN SHANGHAI 
WITH GROUTED CLAMP

The situation inside the sea is very complicated. There are 
not only waves but also ocean currents. Generally, we think 
that the large-scale non periodic motion of sea water in the 
horizontal direction is called the ocean current, which is 
mainly divided into periodic and short-term flow, cold current 
and warm current, compensation flow and wave flow [18]. 
The grouting clamp is also affected by the sea flow force in 
the sea water.

Because the ocean wave usually takes several months, it can 
be considered that for a given sea condition, the current does 
not change with time. At the time of calculation, the current 
force is considered to be a constant value. Ocean currents and 
waves will be affected. It is generally considered that ocean 
currents only change the wave velocity, while the effect on 
wave amplitude can be ignored. The Morison equation can 
be used to calculate the wave forces acting on the grouting 
clamp. It is generally considered that the force acting on the 
cylinder is limited to the drag force [19].

According to the method of calculating the force of 
pure sea current in the API standard (American Petroleum 
Association), the calculation of the force of sea current, that 
is, the force Fc of the current force on the unit length of the 
grouting clamp, is calculated by the simple calculation of the 
force of the sea current:

1
2c D c c                                (13)  

If waves and currents exist simultaneously, waves and 
currents should be chosen to act in the same direction as 
conduits and grouting clamps. The motion characteristics of 
water quality points should consider the combined action of 
wave and flow, so wave and flow should be simulated in the 
same load condition. The combined effect of ocean currents 
and waves greatly increases the drag force of seawater on 
marine engineering structures, FHD.At this time, the pulling 
force of the unit length of the grouting clamp is combined 
as follows:

1 ( )
2HD DF C D c cV V V V                   (14)

In the Eq (14): 
V -- the velocity vector of the wave, m/s;

cV -- the velocity vector of the ocean current, m/s.

Due to the steady flow of the current, the velocity and 
direction of the flow do not change with time. Therefore, the 
acceleration caused by the motion acceleration of the water 
point has no effect on the inertia force of the grout hoop, 
and the inertia force is still used in the wave load analysis. 
Therefore, the integral force of the grouting clamp can be 
applied to the total wave force on the grouting clamp.

2 .1 ( ) V
2 4H D M

DF C D Cc cV V V V      (15)

The velocity direction of ocean current is the same as the 
horizontal movement direction of wave water quality point:

ch
cos

shx c c
Hv v v v        (16)

The drag force FHD on the length of the pipe and the grout 
clamp is the following:

1 cosh( ( )) cos
2 sinh( )

cosh( ( )) cos( )
sinh( )

D c

c

HDF =
         (17)

In this paper, the current velocity of the sea cV  is 0.6m/s, 
and the environmental depth of the pipe and grouting clamp 
is d 100m, the wave period T is 10s, the wave height H is 1.5m, 
the wavelength is 150m.

HYDRODYNAMIC LOAD CALCULATION OF CLAMPS

1) Vertical clamps subjected to wave combined forces
The impact of the duct on the vertical conduit is shown 
in Fig. 4. Under the action of wave, the water quality 
points both in the horizontal direction and in the vertical 
direction, and the wave water points in different directions 
both have speed and acceleration at the same time, so 
the wave force of the hoop on the vertical guide pipe is 
mainly composed of the following four forces: horizontal 
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direction drag force, horizontal direction inertia force, 
vertical direction drag. The force and the vertical force in 
the vertical direction, as shown in Fig. 5.

Note: Ux is the horizontal velocity of wave water quality, Uz is the vertical 
velocity of wave water quality point, and Vx is the horizontal velocity of ocean 

current.

Fig. 4. Diagram of wave flow in vertical direction clamp

Fig. 5. Variation of wave force component of vertical hoop with depth of water

Besides the wave force, the vertical clamp is also affected 
by the current force. In this paper, the force of the uniform 
current on the hoop is mainly studied, so the horizontal drag 
force of the current only needs to be considered. The Morison 
formula can be obtained:

2
1

1= 2899.72 N
2

F C DV h                    (18)

Combined wave force and ocean current force, the 
maximum horizontal force can be obtained under the 
combined action of wave and current, as shown in Fig. 6.

Fig. 6. The joint force of the wave flow in the hoop

The vertical force of the vertical hoop at 0 m and 100 m 
can be obtained as follows Tab.1.

Tab. 1. Vertical clamps subjected to wave combined forces

Depth of water 0 m 100 m

Axial force 15677 N 0 N

Radial force 24450 N 3553 N

2) Horizontal clamps subjected to wave combined forces
When the pipe is in a horizontal state, it is necessary to 
consider the force of the current and wave from the axial 
and radial to the clamp, as the position of the clamp is 
different, as shown in Fig. 7 and 8.
(1) Axial flow

Note: Ux is the horizontal velocity of wave water quality, Uz is the vertical 
velocity of its ocean current.

Fig. 7. Diagram of wave flow in horizontal direction clamps

Fig. 8. Wave forces in different directions of clamps under different depths of 
water

Besides the wave force, the axial flow clamp is also affected 
by the ocean current force. In this section, we mainly study 
the effect of uniform current on horizontal hoop, so we 
only need to consider the horizontal drag force of current. 
The Morison formula can be obtained:

2
1

1= A 1504 N
2

F C V                        (19)
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Combined wave force and ocean current force, the 
maximum horizontal force can be obtained under the 
combined action of wave and current, as shown in Fig. 9.

Fig. 9. The joint force of the wave flow in the hoop

The horizontal force of the horizontal hoop at 0 m and 100 
m can be obtained as Tab.2.

Tab. 2. Horizontal clamps subjected to wave combined forces

Depth of water 0 m 100 m

Axial force 17188 N 1979 N

Radial force 21540 N 0 N

(2) Radial flow
Besides the wave force, the hoop is also affected by the 
current force, as shown in Fig. 10.

Fig. 10. Wave forces in different directions of clamps under different depths of 
water

Besides the wave force, the hoop is also affected by the 
current force. In this paper, the force of the uniform current 
on the hoop is mainly studied, so the horizontal drag force 
of the current only needs to be considered. The Morison 
formula can be obtained:

2
1

1= 2899.72 N
2

F C DV h                (20)

The horizontal force amplitude can be obtained under the 
combined action of wave and current under different wave 
depths, as shown in Fig. 11.

The combined force of the horizontal hoop at 0 m and 100 
m can be obtained as Tab.3:

Tab. 3. Horizontal clamps subjected to wave combined forces

Depth of water 0 m 100 m 

Axial force 0 N 0 N

Radial force 89102 5512

Considering the influence of the hoop gravity and buoyancy, 
the gravity buoyancy of the hoop and the combined force 
vector of the wave current are added to the resultant force 
of the hoop in the sea water. Because the loosening of the 
hoop is due to the axial force of the hoop, all the axial 
forces of the clamp are superimposed on the axial force, 
and the axial force of the clamp is calculated, and the data 
of the analysis of the slipping and the determination of the 
pretension are provided [22]. As the analysis of the slipping 
of the clamp requires the maximum resultant force under 
different conditions, Tab. 4 is the resultant force of the 
clamp in the three working conditions.

Tab. 4. Axial joint force of clamps under three operating conditions

H
oo

p 
co

nd
iti

on

Vertical clamp
Horizontal clamp

Axial flow
Horizontal clamp

Radial flow

100m 0m 100m 0m 100m 0m

A
xi

al
 fo

rc
e

535476 N 551153 N 1979N 17188N 0N 0N

In this section, the force of the grout clamps under different 
wave conditions is determined. The analysis of the combined 
force of the wave flow can provide the design data for the 
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subsequent analysis of the loosening of the hoop and the 
pre-tightening force of the bolt.

THE PARAMETERIZED DESIGN OF THE 
MAIN STRUCTURE OF THE GROUT HOOP

DETERMINATION OF THE AXIAL DESIGN LENGTH 
OF THE GROUT HOOP

The parametric design method is designed according to 
the strength of the local defect of the jacket and the size of the 
defect. The force of the offshore jacket in the depth of 100 to 
500 meters is analyzed. The actual size of the vertical guide 
jacket is Φ 1828x25mm, for example, the radial stress of the 
jacket is 1 MPa and the stress under the combined action of 
the wave flow when the water depth is 100 meters deep, and 
the stress of the combined action of the wave flow under 
the 100 meter water depth is 158 Pa for the size of the jacket 
under the 100 meter depth of water [23]. The combined force 
of the current is very small and negligible. The axial force 
of the jacket is the gravity of the offshore platform, and the 
weight of the platform is shared on the four jacket. The force 
value on each jacket is multiplied by a safety factor, that is, 
the axial force, which is 150 MPa. The material of the jacket 
is DH36, the yield limit is 355 MPa, and the safety factor is 
ns=1.5. The maximum should be as follows:

355= =237 MPa1.5                          (21)

The diameter of the defect is 300 mm to 1200 mm, and a 
value of 100 mm is taken from each other. As shown in Fig. 
12, the simulation result of the defect of 1200 mm diameter 
in ANSYS is shown in Fig. 12.

In the ANASY, the stress size of different color regions is 
set. The red area in the diagram is that the stress is greater 
than the allowable stress, which is the dangerous area near 
the tube defect, and the axial distance of the danger zone 
is measured [24]. The following is a simulation diagram of 
the different sizes of defects in the jacket at the depth of 
100 meters. It can be seen that the range of stress exceeding 
allowable stress is gradually expanding, as shown in Fig. 13.

Fig. 12. Diameter 1200mm defect simulation cloud map

Fig. 13. Simulation diagram of 100 meter water depth defect tube frame

The range of the dangerous area is butterfly type, the axial 
stress near the defect is smaller, and the circumferential stress 
is the largest. When the size of the clamp is designed, the axial 
length of the clamp is larger than the axial length of the danger 
zone, and the stress concentration part is covered while the 
defect is covered [25]. A safety factor of 1.5 is obtained for 
the axial distance of the dangerous area, and the axial length 
of the clamp design is obtained. Therefore, the axial size of 
the hoop should be calculated according to the size of the 
dangerous area corresponding to the different water depths 
and different defect sizes.

In order to get the change law of the design size of the jacket 
with the defect diameter under different water depth, the data 
are synthesized to obtain the change law of the design size 
of the clamp with the defect diameter, as shown in Fig. 14.

Fig. 14. Design length of clamp for different defects in different depths
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In order to form a parameterized form for hoop design 
and improve the efficiency of the hoop design, the data of 
each point in the graph are synthesized, as shown in Fig. 15.

Fig. 15 the relationship between the axial length of the hoop and the size of the 
water depth and defect

1) The corresponding relationship between the design 
dimension of the clamp axis and the defect diameter is 100 
m depth.

-3 2 -6 3703.4 3.33 7.79 10 2.33 10P x x x x      (22)

2) The corresponding relationship between the design 
dimension of the clamp axis and the defect diameter is 200 
m depth.

-3 2 -7 3

2 -5 3
316.21 0.56 2.8 10 6.24 10 ( 800)

53232.8 137.6 0.127 3.75 10 ( 800)

x x x xP x
x x x x

  (23)

3) The corresponding relationship between the design 
dimension of the clamp axis and the defect diameter is 300 
m depth.

-3 2 -6 3

-3 2 -7 3
176.25 3.46 7.06 10 7.54 10 ( 600)

3603.89 1.14 1.4 10 4.99 10 ( 600)

x x x x
P x

x x x x
  (24)

4) The corresponding relationship between the design 
dimension of the clamp axis and the defect diameter is 400 
m depth.

-3 2 -6 3

2 -6 3
201 4.245 7.75 10 8.7 10 ( 500)

7919.21 12.02 0.0145 4.54 10 ( 500)

x x x x
P x

x x x x
  (25)

5) The corresponding relationship between the design 
dimension of the clamp axis and the defect diameter is 500 m 
depth.

ANALYSIS OF SLIPPING OF GROUT HOOP

According to the slippage of the hoop, the bolt is pre- 
tightened. The compression of the hoop in the expansion 
process of the cement slurry will offset the load of a part of 
the bolt and reduce the pre-stress on the outer wall of the 

inner tube, which should be taken into account in the design 
process [26].

1) Taking the saddle plate as the research object, according 
to the pressure balance between the cement slurry ring, the 
bolt and the saddle plate, the interface pressure of the inner 
surface of the cement slurry ring and the clamp is P0[20]:

0
0

=
2

P
R L

                                            (27)

2) According to the transfer of pressure between the inner 
cavity of the hoop and the outer surface of the cement slurry 
ring, the strain equivalent relation Eq. (4-9) of the cement 
slurry ring and the inner tube is obtained by combining 
the strain boundary condition and the strain equilibrium 
relationship. The interface pressure of the cement slurry ring 
and the damaged inner tube can be solved by the data of P.

0, , ,P R P R P R            (28)

In the Eq. (28): R is the inner ring radius of the grouting 
ring
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In the Eq. (29-31):
R1 -- Inner wall radius of inner tube, mm;
Es -- The modulus of elasticity of the steel, G`Pa;

s -- Poisson ratio of steel;
Eg -- Cement modulus of elasticity, GPa;

g -- Poisson’s ratio of cement.
The relationship between P0 and P is as follows:

0P P                                               (32)

In the formula:  is the pressure transfer coefficient.
3) From the interfacial pressure between the cement slurry 

and the damaged inner tube, the sliding stress of the hoop on 
the jacket can be obtained according to the empirical formula 
of the self-stress and the sliding stress of the clamp [21]. The 
design formula is as follows:

10.95 0.35
1 0.13 1 12s s

sa
b f

c c P S Tf SF SF D D             (33)

In the Eq. (33):
fsa --The allowable sliding stress of the clamp, Mpa;
Cs, Cs1 -- The surface coefficients of cement paste and 
friction part were Cs=0.6 and Cs1=1, respectively.
SFb -- Bond safety factor, take 4.5;
SFf -- Friction safety factor, take 1.7;
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S -- The contact length of the inner pipe with the cement 
slurry, mm;

D -- Inner diameter of cement slurry ring, mm;
T -- Inner tube wall thickness, mm.
4) The allowable sliding stress of the clamp is obtained by 

introducing the interface pressure P between the damaged 
inner pipe and the mud ring into the Eq. (33). The slipping 
stress of the hoop under external loads is fs, and the formula 
is as follows:

Fx
sf DS

                                  (34)

In the Eq(34):
Fx -- Axial load of grout hoop, N.
The axial force of the vertical jacket is the joint force of the 

wave flow, the vector of gravity and the buoyancy, and the 
horizontal jacket is acted by the axial force at the position 
of the axial flow, and the axial force is the joint force of the 
wave flow.

When fs  <  fsa, the hoop will not slip, thus reducing the 
pre-tightening force of the single bolt when the hoop is not 
slippage. The results are as follows:

Vertical jacket: deep in 0 meters of water, F >19688.4815 N;
Deep in 100 meters of water, F >19128.46 N;
Horizontal jacket: deep in 0 meters of water, F >6211.143 N;
Deep in 100 meters of water, F >715.235 N.
In order to select the type and preload of the bolt, the 

design process of the hoop is finished by referring to the 
minimum pretightening force of the bolt. The main steps of 
parameterized design is shown in Fig. 16.

Fig. 16. Main steps of parameterized design

EXPERIMENT OF STRAIGHT TUBE LONG 
BOLT HOOP SLIPPING

The slipping test of the hoop is carried out by WDW3100 
micro controlled electronic universal testing machine. The 
maximum loading pressure is 10 t. In order to make the side 
of the bolt plane, the bolt is designed into the form of the long 
square, and the strain gauge of the bolt is used to measure 
the strain of the bolt [27]. The gluing form of the strain gauge 
on the bolt side is shown in Fig. 17.

Fig. 17. Long bolt form grouting clamp and strain gauge on the side of bolt

The slipping force of the hoop is tested with a circular end 
cover so that the hoop is detached from the inner tube, and the 
force exerted on the clamp from the inner tube is determined 
as the slipping force of the clamp. Three computers were 
used to measure the pressure and displacement of the press 
respectively, the strain of the bolt and the strain of the inner 
tube, as shown in Fig. 18.

Fig. 18. Hoop slippage axial compression test

A certain pre-tightening force is applied to the 
bolt. The strain value of each bolt can be obtained 
by the computer connected with the strain gauge 
of the bolt. The pre tightening force of the bolt is 
adjusted, until the strain value of the eight bolts is 
almost stable and the difference of the value of each 
bolt strain is small, and the first group pre-tightening 
force of the bolt is obtained, as shown in Tab. 5.
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Tab. 5. First pre-tightened strain stress values of each bolt

Number of 
bolts

1 2 3 4 5 6 7 8

strain 216 79 227 251 203 217 203 120

Stress/MPa

44
.4

9

16
.2

7

46
.7

6

51
.7

0

41
.8

1

44
.4

8

41
.8

1

24
.6

The bolt is M8 coarse tooth bolt, and the stress of the eight 
sets of bolts is 311.959 MPa, and the bolt preload is:

0= sF A
The As is the nominal stress cross section of the bolt, and 

the As for the coarse tooth bolt of M8 is 36.6 mm2. The pre-
tightening force of the first pre-tightening bolt is calculated 
to be 11417.7 N.

When the axial pressure is applied, a mark is made on 
the inner tube at the edge of the hoop. As shown in Fig. 19 
and Fig. 20, the axial pressure is applied to the clamp. The 
slipping and moving of the clamp can be judged according 
to the position of the clamp on the edge of the clamp and the 
pressure and displacement curve of the press on the computer.

Fig. 19. Before the first pre-tensioning slipping

Fig.20. After the first pret-ensioning slipping

Compared with Fig. 19 and Fig. 20, it can be seen that 
the clamp edge coincides with the drawn line after the first 
preload slipping. When the clamp is relatively slipping, the 
force of the press reaches 5.85 KN, and the pressure value 
changes abrupt.

Tighten the bolt again, observe the strain value of each bolt, 
adjust the pre-tightening force on each bolt until the value of 
each strain is close, and Tab. 6 is the stress and strain value 
of the second pre tightened bolts.

Tab. 6. Second pre tightened strain stress values of each bolt

Number of bolts 1 2 3 4 5 6 7 8

strain 430 305 453 504 406 434 406 240

Stress/MPa 88.6 62.8 93.3 103 83.6 89.4 83.6 49.4

The pre-tightening force of the second bolt is 23960.85 N. 
The line drawn on the second preload slipping is completely 
blocked by the edge of the clamp. The pressure exerted on 
the press reaches 10.22 KN.

Tighten the bolt again, observe the strain value of each bolt, 
adjust the pre-tightening force on each bolt until the value 
of each strain is close, and Tab. 7 is the third pre tightening 
strain stress value of each bolt pre-tightening.

Tab. 7. Third pre tightened strain stress values of each bolt

Number of 
bolts

1 2 3 4 5 6 7 8

strain 441 313 465 516 415.5 436.9 420 240.4

Stress/MPa 90.84 64.48 95.79 106.2 85.59 90 86.52 49.52

The pre-tightening force calculated for third times is 
24487.047 N. Axial pressure is applied to the clamp to observe 
the slipping of the clamp again and record the pressure 
exerted by the press when sliding.

Before the third slippage experiment is re marked, it can be 
seen from Tab.7 that the clamp is sliding downward towards 
the marking line. When the hoop slips, the pressure exerted 
on the press changes abrupt. When the clamp is slipping, the 
pressure value is 12.34 KN.

The pretension of the long bolt on the three slip test clamp 
is 11417.7 N, 23960.85 N and 24487.047 N respectively. The 
corresponding slipping force is 5850 N, 10220 N and 12340 
N respectively. The equivalent friction coefficient can be 
calculated to be 0.512, 0.427, 0.504, respectively, as shown 
in Fig. 21. The pre tightening force of the bolt and the slip 
force of the clamp are linear, and the equivalent friction 
coefficient is 0.481.

Fig. 21. The equivalent friction coefficient of different slip forces 

According to the relationship between the slipping force 
of the clamp and the bolt preload, the reliability of the 
experimental results can be proved. Therefore, when the 
clamp is designed, the minimum pre tightening force required 
by the bolt can be calculated according to the axial force of 
the clamp under a specific working environment, so the bolt 
selection can be made.
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CONCLUSIONS

In this paper, the combined force of wave and current 
under different working conditions is calculated to analyze 
the loosening of hoop and the pre-tightening force of bolts. 
The axial distance of the dangerous zone near the defect 
is determined by simulation analysis, and the axial design 
length of the clamp is determined, and the parameterized 
design mode is formed, and the parameterized design process 
of the whole structure of the hoop is summarized. The 
relationship between slipping force and bolt pre-tightening 
force is obtained through experimental analysis of hoop 
slippage.
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