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ABSTRACT

Due to the high exploration cost, limited number of wells for source rocks drilling and scarce test samples for the Total 
Organic Carbon Content (TOC) in the Huizhou sag, the TOC prediction of source rocks in this area and the assessment 
of resource potentials of the basin are faced with great challenges. In the study of TOC prediction, predecessors usually 
adopted the logging assessment method, since the data is only confined to a “point” and the regional prediction of the 
source bed in the seismic profile largely depends on the recognition of seismic facies, making it difficult to quantify 
TOC. In this study, we combined source rock geological characteristics, logging and seismic response and built the 
mathematical relation between quasi TOC curve and seismic data based on the TOC logging date of a single well and 
its internal seismic attribute. The result suggested that it was not purely a linear relationship that was adhered to by 
predecessors, but was shown as a complicated non-linear relationship. Therefore, the neural network algorithm and 
SVMs were introduced to obtain the optimum relationship between the quasi TOC curve and the seismic attribute. 
Then the goal of TOC prediction can be realized with the method of seismic inversion.

Keywords: Huizhou sag; Source rock; TOC; Separate-frequency inversion; Geophysical prediction

INTRODUCTION

Owing to the high cost of drilling in the offshore basin, 
most of the prospect wells are placed in the high position of 
structure where source rocks lack, leading to limited number 
of wells encountered in the drilling of source rocks, limited 
proper source rock samples and restricted distribution in 
the region. Since it costs much to analyze the Total Organic 
Carbon Content (TOC) of source rocks based on the 
geochemical method, and the traditional geologic research 
method cannot obtain continuous TOC of the region, it is 
difficult to predict on the area of source rocks. It has become 
a difficulty in offshore basin research how to economically, 
efficiently and accurately predict source rocks with existing 

data. The research results show a mathematical relationship 
between various logging parameters and TOC (Meyer B.L. 
et al. 1984). An appropriate quantitative prediction model 
can be established based on this relationship to quantitatively 
predict the single well TOC of source rocks (Fertl W.H. et al. 
1988). The advantage of source rock logging evaluation lies 
in the definition of the “point”. The regional source rock 
prediction mostly stresses on the recognition of seismic facies 
in sedimentary facies that mainly develop dark mudstones and 
shale. Not all dark mudstone and shale will turn to effective 
source rocks that are rich in organic carbon and contribute 
to hydrocarbon reservoirs. The advantage of the source 
rock prediction in seismic facies lies in that it can roughly 
confirm the area rich in source rock plane distribution, but it 
cannot quantitatively and precisely predict regional TOC. The 
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geophysical inversion method combined with logging-seismic 
data is currently seldom adopted in the regional quantitative 
prediction of TOC.

In this article, firstly, the geophysical responses 
characteristics of source rocks are quantified based on the 
advantage of logs’ longitudinal magnification in “point” 
(Herrson S.L. 1988). Then, the relationship between the 
TOC of testing samples and logs is established (Mann U.P. 
et al. 1988). At the same time, the well-seismic relationship is 
employed to transform the seismic data from the “point” into 
the “line”, to attain the goal of predicting the regional TOC.

THE GEOLOGICAL CHARACTERISTICS 
OF SOURCE ROCKS IN THE HUIZHOU SAG

The Huizhou sag is located in the middle area of the Zhu 
I Depression in the Pearl River Mouth Basin. The Zhu I 
Depression, which lies in the northern depression, develops 
as a slim sag that is distributed in the NE direction (Fig. 1). 

Fig.1. The Location and Structure Map of the Study Area

The Pearl River Mouth Basin is an extensional basin 
fractured in late Cretaceous, and the result of the expansion 
of the Southern China Sea. The Huizhou sag mainly develops 
two groups of effective source rocks, including the Eocene 
Wenchang Formation and Eocene-lower Oligocene Enping 
Formation. During the fault-subsiding period of the deposited 
Wenchang Formation, it is featured with a depositional 
environment of shallow and mid-deep lacustrine facies 
and lacustrine-shore and lithological characters mainly of 
a set of thick dark mudstone. The source rocks are mainly 
distributed in the southwest and east of the Huizhou sag, with 
the maximum thickness of the Wenchang Formation in sag 
reaching 1,000 – 2,000m, where the proportion of mid-deep 
lacustrine dark mudstone exceeds 60%, compared to others 
that occupy less than 40%. The Enping Formation deposited 
mostly in an environment of shallow lacustrine or fluvial or 
delta-plane facies, while it is more extensively distributed 
than the Wenchang Formation, with a maximum thickness 
between 1,100 – 1,600m in the sag. It mainly consists of silt and 
sandstone, intercalated with coal seams and carbon-bearing 
mudstone, with the grain coarser in an ascending order. The 
thickness of source rocks is 140-800m, and the proportion of 

dark mudstone ranges between 20 and 30% (Gong Zai Sheng 
et al. 2004). According to the preparatory evaluation of oil and 
gas resources, the hydrocarbon generation of source rocks 
which developed from the mid-deep lacustrine dark mudstone 
in the Wenchang Formation is greater than that from the 
lacustrine-paludal source rocks in the Enping Formation. 
The Wenchang Formation is the main source of hydrocarbon 
in this area.

ANALYSIS OF THE GEOPHYSICAL 
RESPONSE OF SOURCE ROCKS

THE RESPONSE CHARACTERISTICS OF THE SOURCE 
ROCK LOGS

The difference of the organic carbon content and the fluid 
in source rocks will definitely lead to the difference of the log 
response characteristics. Therefore, the effective source rocks 
can be identified through the difference of the log response 
(Beers R.F. 1945).

Logging identification and evaluation of hydrocarbon 
in the source rocks is based on the different logging curve 
response of organic carbon content and the physical properties 
of filling-pore fluid. Generally, source rocks that are rich in 
organic carbon are characterized by low density and strong 
adsorption characteristics. Source rocks rich in organic 
carbon are composed of rock matrix, solid organic matter 
and pore fluid, while the non-source rocks are only composed 
of rock matrix and pore fluid (Fig. 2A). The pore space of 
immature source rocks is only filled with the formation water 
(Fig. 2B), but mature source rock converted part of organic 
materials into liquid hydrocarbon that fill in the pores, with 
its space pore filled with both the formation water and liquid 
hydrocarbon (Fig. 2C).

Fig. 2/ Hydrocarbon Source in Rock Model

The research reveals the following logging response 
characteristics of source rocks:
1) Radioactivity of source rocks

Source Rocks generally contain rich shale content and 
organic materials. As the mud enjoys strong adsorption 
ability for radioactive elements, the uranium content and 
organic content in the source rock strata hold a positive 
correlation, with the natural gamma ray spectrometry value 
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higher than non-source rocks. The higher natural gamma 
ray spectrometry and the uranium content are employed to 
identify the source socks (Schmoker J.W. 1981).
2) Conductivity of source rocks

The mudstone is featured with a good electrical conductivity 
(as the rock matrix and pore water layer are all electrically 
conductive), resulting in low resistivity of the strata (excluding 
calcareous strata). However, the mudstone layer richer in 
organic materials holds a resistivity always smaller than the 
same types of formation without organic materials, due to 
kerogen, oil and gas with poor conductivity. 
3) Density of source rocks

Since organic materials are low in density (about 1g/cm3), 
compared to the density of the framework of clay minerals 
reaching approximately 2.7g/cm3, the formation density will 
decrease when the source rocks replace the rock skeleton.
4) Interval transit time of source rocks

Generally, the interval transit time of mudstone and shale 
decreases along with the increase of its burial depth (when 
the formation compaction degree increases). However, in 
the case that the formation contains organic materials or oil 
and gas, the greater content of organic materials in the rocks 
will lead to greater interval transit time since the P-wave 
velocity of organic materials is significantly smaller than 
the rock skeleton.

Based on the logging response characters of 178 geochemical 
tested samples that achieve the standard of effective source 
rocks of the Wenchang formation in the Huizhou sag, the 
logging response of source rocks in the Wenchang formation 
is presented as “three medium and one low”: medium AC: 
70-90, medium GR: 50-90, medium density: 2.5, and low SP: 
about -15 left and right.

SEISMIC RESPONSE CHARACTERISTICS OF SOURCE 
ROCKS

The seismic line crossing LF-A well is located in the 
east half graben of the Huizhou sag, where the maximum 
thickness of the Wenchang Formation is up to 1,800m. The 
Wenchang formation at the LF-A well is 92m thick, mainly 
composed by gray tuffaceous shale and siliceous shale, with 
a small amount of fine sandstone and muddy sandstone at 
the bottom. From bottom to top, the strata becomes finer 
and finer, while the overall environment is constituted of the 
semi-deep lacustrine facies. The measured TOC value of the 
well shows that the Wenchang formation of dark mudstone 
in the deep lacustrine facies consists of effective source rocks.

From the seismic profile of the LF-A well (Fig. 3), we can 
see the seismic facies of deep lacustrine facies, dark mudstone 
source rocks are featured with low frequency and continuous 
strong reflection. The lower section of the sag of the LF-A 
located well is corrugated based on the low frequency, 
intermittence and low amplitude reflection, belonging to the 
shore shallow-deep lacustrine facies, while the upper presents 
the sub parallel/parallel low frequency, continuity and high 
amplitude reflection, mainly suggesting the deep lacustrine 
deposition. It shows that the water body becomes deeper from 

bottom to top and the sedimentary environment transforms 
from fluvial facies to the shallow lacustrine facies - semi deep 
lacustrine facies. The disorder reflection at the fault edge 
place near the NW direction shows a small Delta deposition. 
Based on the characteristics of seismic facies, the medium 
and deep lacustrine facies of “low frequency, continuity and 
high amplitude reflection” in the subsag is extensively and 
continuously distributed. The medium and deep lacustrine 
facies with the above reflections are widely distributed in the 
Huizhou depression, while the seismic response characters 
reflect that the Huizhou sag enjoys favorable sedimentary 
conditions for the development of effective source rocks.

Fig. 3. Seismic Response Characteristics of Source Rocks Crossing XJ-A 
Seismic  Line

PREDICTION METHODS 
OF SOURCE ROCKS

TECHNICAL IDEAS

The geophysical prediction method of the organic carbon 
content, means to establish the mathematical relation 
between the measured organic carbon content value and 
the different logging data based on mathematical algorithms, 
mainly based on the Total Organic Carbon Content (TOC) 
value tested by a few single wells in source rocks, apply 
the mathematical relationship to evaluate and predict the 
organic carbon content of source rocks in other wells not 
having been measured (Herron S.L. 1987). The advantages 
of TOC evaluation method of the logging source rocks lie 
in the accurate prediction of TOC values, but the method 
can only be adopted to well points and is difficult to predict 
source rocks in regional area.

Regarding the organic carbon content seismic prediction, 
the commonly used method was to directly establish the 
linear relationship between the measured TOC value and GR 
value, then conduct the acoustic curve fitting through the GR 
curve, establish the relationship between the pseudo-wave 
impedance and TOC value, and finally complete the inversion 
of source rocks TOC profile. Although it is rapid and direct, 
this method also reveals evident disadvantages. Firstly, the 
direct linear relationship between the measured TOC value 
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and GR does not exist in many cases, which will result in the 
low accuracy of the base value before inversion extrapolation 
and thus lead to the non-accuracy of the inversion results. 
Secondly, this method directly establishes the reconstruction 
of the acoustic curve and considers that there is a simple 
linear relationship between the wave impedance and TOC 
value. However, in the actual research done by the author, 
the linear correlation between the impedance value and the 
TOC value is found to be low. Then, the TOC value directly 
obtained through the linear solution from the original seismic 
data is not as true as predicted.

During the research on the geophysical prediction of the 
source rocks in the Huizhou sag, the technical routes have 
been formed as below (Fig. 4).
1) Based on the log response characteristics of source 

rocks, apply multiple logging curves to establish several 
mathematical relationships between the few measured 
TOC values and logging curves and build the quasi TOC 
curve of a single well.

2) Extract various seismic internal attributes from the original 
seismic profile of the borehole side, including instantaneous 
frequency, time frequency, filtering, derivative, integral, 
time and other property types, and compare the seismic 
internal attributes to the quasi TOC curve correlation, 
and select the dominant seismic internal attributes.

3) Two following methods are respectively applied in the 
TOC value prediction of seismic inversion.
Method I: Select multiple attributes from the seismic 

internal attributes that are the most relevant to the quasi 
TOC curve. Apply the neural network algorithm to establish 
mapping between seismic attributes and quasi TOC curve. 
Finally, the inversion prediction on TOC is made through 
the relationship based on the original seismic data.

Method II: Establish the relationship between the quasi 
TOC curve and a different frequency-band attribute, and 
build the non-linear mapping relationship between the 
frequency attributes produced upon the original seismic data 
and the quasi TOC curve based on the algorithm of SVMs, 
and conduct inversion forecast of the TOC value.

Fig.4. Geophysical Prediction Technology Roadmap of Organic Carbon 
Content Value

CALCULATION METHOD OF THE QUASI TOC CURVE

1) Natural gamma ray spectrometry method
Compared to the sandstone stratum, the sand-shale 

stratum is featured with stronger radioactivity and displays 
a higher numeric value in GR, no matter whether it contains 
organic materials or not. If the radioactivity of the strata is 
determined by the shale content in the formation, the natural 
gamma ray spectrometry curve often corresponds to higher 
TH content, when the abundance of the radioactive U element 
is lower than TH. If the high radioactive formation is based 
on the presence of organic materials, the U content in the 
formation will increase, compared to the lower abundance of 
TH, due to the proportional relation between the radioactive 
nuclides of U and the organic content. Therefore, we can 
define a parameter to describe the relative abundance of U 
and TH in the strata, which is called U/TH (FERTL W.H. 
et al. 1980).

Natural gamma ray spectrometry, i.e. the gap between 
the total GR and excluding-U GR, not only provides the 
abundance of 3 radioactive nuclides series in the strata 
(potassium, uranium and thorium content), but also provides 
the counting rate of total GR and excluding-U GR in the 
formation. The difference between the total GR curve and 
excluding-U GR is related to the content of U in the strata, 
while the greater difference suggests the higher content of U 
in the formation, and vice versa. According to the relationship 
between the uranium content and organic materials, it can be 
inferred that the difference of two gamma curves is related to 
the organic content in the strata. The difference is denoted as:

GR SGR CGR
Where:
SGR – Total GR value; 
CGR – Excluding-U GR value.

In order to eliminate the effect of borehole enlargement, 
GR / SGR  and GR / GRC  can also be used. Obviously, 

the higher the content of the radioactive nuclides of U in 
the formation the greater numerical value of GR  and 

GR / GRC . In case of a large amount of rich-potassium 
minerals in the formation, the total radioactivity is higher in 
the strata, and the counting rate of excluding-U GR is higher; 
correspondingly, the GR is lower.

The 4,250m-4,320m section of the HZ-A well has SGR and 
CGR logging curve. The GR / SGR curve upon the fitting of 
the SGR and CGR curve can reflect the variation of organic 
carbon content in source rocks in the formation. A linear 
relation can be established based on the fitting curve and the 
organic carbon content in the measured core sample value, i.e.

2TOC GR / SGR R 0.146 R 0.852

Then, the linear relationship can be applied to calculate 
TOC values, as shown in Fig. 5. The TOC value curve and 
the quasi TOC curves obtained are highly related to the 
measured TOC values. The thickness of the high-quality 
source rocks can be categorized according to the high-quality 
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source rock classification standard of the offshore basins in 
case of TOC ≥ 3, and the thickness of the high-quality source 
rocks reach 34 m. 

Fig. 5. GR / SGR  Evaluated Method of Source Rock for the HZ-A Well

2) logR Technology
Passey et al. proposed a logging evaluation method of 

source rocks, which can calculate the TOC value under 
different mature conditions (Mohammad Reza Kamalia et al. 
2004). This method overlaps the acoustic logging curve of the 
arithmetic coordinate and resistivity curve of the logarithmic 
coordinate, and the two curves can be considered as the 
baseline when both reach “consistent” at a certain depth. 
After the determination of the baseline, the distance between 
the two curves on the coordinate of resistivity log is read 
as logR , which is the key point of the logR  technique 
application for the identification of effective source rocks. Its 
characteristics of logging response indicate that the interval 
transit time and resistivity should not overlap, shaped like a 
discontinuous triangular unit in the vertical direction (Passey 
Q.R. 1990).

In the method that calculates the organic carbon of source 
rocks based on overlapping log curve of resistivity and interval 
transit time, the following formula is applied to calculate

logR :

baseline baselinelog R lg R / R 0.02 t t

Where:
logR: The logging curve gap on the coordinate of resistivity;

R: Resistivity, m ; 
t : Value of acoustic travel time, /s ft ; 
baselineR : Resistivity value of non source rock baseline 

corresponding to the 
baselinet

As shown by the overlapping curve of the LF-A well 
(Fig. 6), the neutron and sonic curves coincide well in the 
non source rock section, and the overlapping section of two 
logging curves of the 3,110m-3,140m section of the LF-A 
well constitutes the baseline. The logR and TOC value can 
be calculated through the above formula, for the fitting of 
the relationship between the measured TOC of the LF-X 
well and logR.

2.298 0.1665log 10 RoTOC R (Ro: maturity of organic matter)

According to the calculation error analysis between the 
organic carbon content of measured samples and the TOC, 
the calculated values agree well with the measured values of 
the LF-X well, with the errors ranging from 2.23% to 11.22%, 
which reflects the high reliability of the calculation. When 
TOC ≥ 3, the curve of interval transit time and resistivity do 
not overlap, but shaped like a discontinuous triangular unit 
in the vertical direction, featured with a response character 
of a high organic carbon content value. It reflects that with 
greater content of organic carbon, the response of logging 
data to logging source rocks become more significant, 
demonstrating a better response to high-quality source rocks 
(effective source rocks). Based on the evaluation of the high-
quality source rocks upon the calculated TOC value, the 
high-quality source rocks of LF-X enjoy a thickness up to 26m.

Fig.6. ΔGR/SGR Evaluated Method of Source Rock for the LF-X Well

3) Solving the multiple regression formula of TOC value
A mathematical mapping relationship exists between the 

organic carbon content in source rocks and various logging 
parameters, which enables the more precise quantitative 
prediction of organic carbon from single logging data. 
Previously, various simple equations, bivariate equations or 
variable multiple regression equations have been proposed 
as the empirical quantitative mode with the total organic 
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carbon content as dependent variables, and with single or 
multiple logging parameters such as the U and U/K ratio, 
density, neutron porosity, interval transit time and resistivity 
as independent variables. This method overcomes the 
shortcoming that a logging curve singly responds to physical 
properties of the source rocks and more comprehensively 
takes physical properties of rocks into consideration. In 
the practical research, we analyze the cross correlation of 
logging parameters and the TOC value of a measured sample, 
take into account the influence of the weight index on each 
logging curve and TOC value, integrate the natural energy 
spectrum method and Log R method, thus establish the 
multiple regression equations of the organic carbon content 
in the source rocks of a single well and the interval transit 
time (AC), density (DEN), GR / SGR  and logR , calculate 
the TOC value as the dependent variable, consider the four 
logging parameters as independent variables and solve the 
multiple regression equations of TOC value:

2 2 .297 0.1688RoTOC 0.452 GR / SGR R 0.146 0.386 logR 10

0.213 AC 0.159 DEN 0.323     

(A, B, C, D and E are constants)

By solving the multiple regression equation, it can avoid the 
uncertainty in the TOC value calculation based on a single 
logging curve, effectively improve the correlation between 
the logging curve and forecast of TOC value and enhance 
the prediction accuracy of the TOC curve.

In practical application, the author measured the organic 
carbon content value, the interval transit time (AC), the 
density (DEN), GR / SGR and logR  in the same depth of 
113 samples from 6 wells, and conducted a multiple regression 
analysis from a single parameter to multi parameters and 
multi compositions. Compared with the single parameter, the 
forecast of the organic carbon content based on the fitting of 
four parameters is more accurate, which raised the correlation 
coefficient of the organic carbon content prediction and the 
measured values from 0.72 (based on a simple parameter) to 
0.78 and lowered the error standard from 1.72 to 1.52. This is 
the optimum method to predict the organic carbon content 
of a single well.

MULTI-ATTRIBUTE INVERSION METHOD FOR TOC 
VALUE PREDICTION

1) Method and Principle
The previous seismic prediction of the TOC value believed 

that there was a direct linear relationship between the TOC 
value and acoustic curves. In most cases, the TOC curve was 
directly transformed into the pseudo acoustic curve, and 
then the TOC value was predicted through the inversion of 
the original seismic data into the pseudo wave impedance 
profile (Russell B.H. 2004). Based on the crossplot of the quasi 
TOC curve of the single well and the impedance (Fig. 7), it 
is discovered that the TOC value and wave impedance show 

low linear correlation, so the previous method could result 
in a significant prediction error (Fu L.Y. 2004).

During this research, we selected the seismic multi-
attributes inversion method to predict the TOC value, which is 
a process for transforming the seismic internal attributes into 
the lithologic character curve. The seismic internal attributes 
mainly include the instantaneous attributes, time-frequency 
attributes, filter sections, derivative, integral property and 
time (linear gradient) etc. (Robinson E.A. 1957; Robinson 
E.A. 1980). Firstly, we selected the seismic attributes that 
present best fitting advantages with the quasi TOC curve, 
then, applied the neural network algorithm to establish the 
non-linear relationship between various selected attributes 
and the quasi TOC curve, utilized this relationship to 
extrapolate seismic attributes, and finally got the prediction 
of the TOC profile.
2) Application

Fig. 7. Crossplot of the Quasi TOC Curve and the Wave Impedance Value

Regarding the selection of seismic attributes, the 
crossplotted correlation recognition should be conducted 
for the quasi TOC curve and multiple attributes generated 
from the seismic trace by well. Different seismic attributes 
have different physical significance and also show differences 
in the response of predicted characteristic curve, so it requires 
repeatedly extracting the seismic attributes and calibrating 
the relationship errors, to find out the optimum properties. 
The single attribute presents a relatively single response to 
the characteristic curve, while the combination of multiple 
attributes can improve the correlation with the quasi TOC 
curve. The optimal combination of multiple attributes can 
be determined with the optimization of the training process 
(Fig. 8). The optimal combination of seismic attributes consists 
of the amplitude envelope, 25/30 - 35/40 filter section, average 
frequency and trace integration.



POLISH MARITIME RESEARCH, No S2/201710

When the relation between the combination of seismic 
multi-attributes and the quasi TOC curve is established, 
the multivariate regression algorithm and neural network 
algorithm (Simon Haykin 1999; Lim J.S. 2005) are generally 
adopted. The multiple regression algorithm directly 
applies the linear weighted model to acquire the linear 
relationship between the predicted characteristic curve and 
seismic multiple attributes. However, the seismic attributes 
combination and the predicted characteristic curve do not 
simply constitute a linear relationship, but a complex non-
linear relationship. During the practical research, we applied 
the neural network algorithm and established the non-linear 
mapping relationship between seismic attributes and quasi 
TOC curve through independent learning. Then, after the 
fitting based on the neural network algorithm, the correlation 
between the borehole side seismic attributes and quasi TOC 
curve attains 0.87, with an average error of 0.59%. The obvious 
consistency suggests the effectiveness of this method.

Fig. 8. Seismic Multi-attribute Selection and Fitting Results

Fig. 9. Multi Attribute Inversion Prediction of TOC Profile Crossing HZ-A

As shown in Fig. 9, the TOC frequency-divided inversion 
profile crossing the HZ-A well reflects that the organic 
carbon content of the deep lacustrine facies in the Wenchang 
formation is higher than that of the upper part of the Enping 
formation, the TOC value of the Wenchang formation ranges 
from 2-3.5%, and the Wenchang formation develops most 
of the hydrocarbon. The set of effective source rocks are 
steadily and continuously distributed, with great potential 
of resources.

FREQUENCY-DIVIDED INVERSION METHOD FOR 
TOC PREDICTION

1) Method and Principle
Seismic data has certain frequency bandwidth, and the 

seismic trace gathering contains high, medium and low 
frequency components. For a wedge model, a series of 
synthetic seismic profile can be obtained from the different-
frequency wavelet deconvolution, so as to acquire the curve 
of amplitude and thickness at different frequencies, as 
shown in Fig. 10-left. Transforming Fig. 10-left, you can get 
various relationships between the frequency and amplitude 
in different time thickness (AVF) as shown in Fig. 10-right.

By studying the relationship between the amplitude of 
vibration and frequency of different thickness (AVF), the 
AVF can be introduced into the inversion as independent 
information. The rational utilization of the seismic 
information of high, medium and low frequency band can 
reduce the uncertainty of the inversion of the thin layer and 
obtain an inversion result in a high resolution. The frequency-
divided inversion is firstly applied to form the frequency 
bodies, then adopts the SVM technology to establish the 
mapping relationship between the division and the curve 
of the target well, and then changes the frequency into 
characteristic curve through inversion. The advantage of 
frequency-divided inversion lies in no extracting wavelet 
during the establishment of the relationship between 
amplitude and frequency of different thickness strata, not 
depending on the initial model and the non-linear inversion 
with high resolution (Zeng Hongliu et al. 2000).
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2) Application
1. The effective frequency range can be determined through 

the analysis of the frequency of seismic profile crossing the 
LF-A well (Fig. 11-left), showing that the seismic profile 
gathers three main frequency components, 20HZ, 30HZ 
and 50HZ.

Fig. 11-left. Analysis of the Seismic Profile and Dominant Frequency of Semi-
deep Lacustrine Facies Crossing the LF-A Well

2. The wavelet frequency division technology is employed 
to complete the frequency division of the original seismic data, 
which obtains three bands of divided bodies and extracts its 
instantaneous attributes.

3. The Quasi TOC curve is processed by median filtering. 
Being a kind of non-linear signal processing technology that 
inhibits noise, this method will protect the edge signal of 
the TOC curve, eliminate sharp noise, effectively realize 
smoothing processing and meanwhile maintain vertical 
resolution of the quasi TOC curve after filtering. 

4. Main stages of source rocks are featured with low 
frequency and continuous and high-amplitude reflection. 
According to the frequency analysis on the deep lacustrine 
facies with the above reflection characteristics in seismic 
profile, the frequency of source rocks reaches 20HZ 
(Fig. 11-right). When establishing the relationship between 
the spectrum attributes and the quasi TOC value curve, the 

weight influence coefficient of the 20HZ frequency attributes 
is increased to highlight the TOC value response characters 
and enhance the accuracy of TOC prediction. 

5. The SVM algorithm is employed to calculate the 
relationship between the amplitude and frequency of the 
different thickness based on the seismic attributes after 
frequency division. The relationship is introduced into the 
inversion to establish a non-linear mapping relationship 
between the pseudo TOC curves and seismic waveform. 
Eventually, after the introduction of the frequency attributes, 
the mapping relationship between the body and the TOC 
prediction target based on SVM is finally adopted to form 
the inversion body of the TOC value.

Fig. 11-right. Analysis of the Seismic Profile and Dominant Frequency of Semi-
deep Lacustrine Facies Crossing the LF-A Well

Fig. 12. TOC Frequency Inversion Profile Crossing the LF-A Well

As shown in Fig. 12, according to the profile of the 
frequency-division inversion prediction of TOC value of the 
LF-A well, the Wenchang formation contains comparatively 
higher content of organic carbon, while the overall set of 
effective source rocks are continuously distributed in the 
region. The TOC value is higher at the deep sag of the seismic 
profile and exceeds 2. It reflects that the sag is the center for the 
generation of hydrocarbon, featured with high TOC values.
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CONCLUSION

In the evaluation process of source rocks in the offshore 
basin of the Huizhou sag, we established a whole set of TOC-
based geophysical prediction method, from the measured 
TOC value of samples, the calculation of the quasi TOC value 
curve and the seismic inversion of TOC value, which realized 
the stepwise prediction from “kind”, to “point” to “line”.
1) Summarize the characteristics of source-rock logging 

and seismic response based on the analysis of the physical 
characteristics of source rocks.

2) Several logging curves are introduced during the 
calculation of the quasi TOC value curve to establish the 
multiple regression relationship, thus to acquire more 
accurate evaluation of the TOC value.

3) During the seismic inversion of the quasi TOC curve, 
a complicated non-linear relationship is found between 
the TOC value and seismic attributes, so the algorithm 
of neural network and SVM algorithm can better fit the 
correlation between the two. The multi-attribute inversion 
and the frequency inversion method are respectively 
employed to conduct the TOC value inversion.

4) The geophysical prediction makes up for the limited 
quantity of sample, ensures the economic and rapid TOC 
value prediction, offers more accurate and quantitative 
prediction of the seismic facies, provides the evaluation 
on the hydrocarbon potential in the Huizhou sag and can 
be applied as the basis for exploration.

REFERENCES

1. Meyer B L,Nederlof M H.: Identification of s-ource rocks on 
wireline logs by density/resis-tivity and sonic transittime/
resistivity crossplo-ts[J].AAPG Bulletin.1984, 68:121-129.

2. Fertl W H,Chillnger G V.: Total organic car-bon 
content determined from well logs[J].SPE Formation 
Evaluation,1988,3(2):407-419.

3. Hester T C,Schmoker J W,Sahl H.: Log-deriv-ed 
regional source-rock characteristics of theWoodford 
shale, Anadarko Basin,Oklahoma [J]. U S Geological 
Survey,Bulletin1866D,1990:1-38.

4. Herrson S L,Letendre I,Dufour M.: Source ro-ck evaluation 
using geochemical information from wireline logs and 
cores[J]. AAPG Bulle-tin.1988,72:1007.

5. Mann U P,Muller J.Source rock evaluation b-y 
well log analysis (Lower Toarcian,Hils Synli-ne).: 
Advances in organic geochemistry 1987[J]. Organic 
Geochemistry,1988,13:109-129.

6. BEERS R F.: Radioactivity and organic cont-ent of some 
Paleozoic shales[J]. AAPG Bulle-tin,1945,29(1):1-22.

7. Schmoker J W.: Determination of organic co-ntent of 
appalach-I an devonian shales from formation-density 
logs[J]. AAPG Bulletin,1979,63:1504-1537.

8. Schmoker J W.: Determination of organicmat-ter content 
of appalachian devonian shale fr-om gammaray logs[J]. 
AAPG Bulletin,1981,65:1285-1298.

9. Schmoker J W,Hester T C.: Organic carboni-n bakken 
forma-tion,united states portion ofeil-liston basin[J].AAPG 
Bulle-tin,1983,67:2165-2174.

10. Herron S L.: A total organic carbon log for source rock 
evaluation[J].The Log Analyst,1987,28(6):520-527.

11. Passey Q R,Creaney S,Kulla J B,et al.: A pr-actical model 
for organic richness from poro-sity and resistivitylogs[J].
AAPG Bulletin,1990,74(12):1777-1794.

12. Mohammad Reza Kamalia,Ahad Allah Mirsha-dy.: Total 
or-ganic carbon content determine-d from well logs using 
ΔlogR and Neuro Fu-zzy techniques[J].Journal of Petroleum 
Scienc-e and Engineering,2004,45:141-148.

13. Lim J S.: Reservoir properties determination using fuzzy 
logic and neural networks[J]. Jou-rnal of Petroleum Science 
and Engineering,2005,49:182-192.

14. FERTL W H, RIEKE H H.: Gammaray spec-tral 
evaluation techniques identify fractured s-hale reservoirs 
and source rock characteristi-cs[J]. Journal of Petroleum 
Technology,1980,31(11):2053-2062.

15. Gong Zai sheng, Li Si tian.: Dynamic Resear-ch of Oil and 
Gas Accumulation in Norther-n Marginal Basins of South 
Chin a Sea[M].Beijing: Scien ce Press, 2004: 9-25.

16. Zeng Hongliu,Charise K.: Amplitude versus 
fr-equence-application to seismic stratigraghy a-nd 
reservoir characterization[A].Society of E-xploration 
Geophysicists,International Expositi-on and Seventieth 
Annual Meeting [C].Calga-ry,2000(8),6-11.

17. Simon Haykin.: Neural networks:a comprehen-sive 
Foundation.Second edition,1999.

18. Zeng Hongliu,Charise Kerans.: Amplitude vers-us 
frequency-applications to seismic stratigra-phy and reservoir 
characterization.SEG,2000.

19. Robinson E A.: Predictive decomposition of t-ime series 
with application to seismic explor-ation.Geophysics, 
1954,32:418-484.

20. Robinson E A.: Predictive decomposition of s-eismic traces.
Geophysics, 1957,22:767-778.



POLISH MARITIME RESEARCH, No S2/2017 13

21. Robinson E A, Treitel S.: Geophysical SignalAnalysis. 
Prentice-Hall, Inc, 1980.

22. Saggaf MM, Robinson E A.: A unified frame-work for the 
deconvolution of traces of non-white reflectivity.Geophysics, 
2000,65:1660-1676.

23. Fu L Y. Joint lithologic inversion. In: WongP, Aminzadeh 
F,Nikravesh M eds.: Soft Com-puting for Reservoir 
Characterization and Mo-deling. Springer-Verlag 
Publishers, 2002. 511-530.

24. Fu L Y.: Joint inversions of seismic data foracoustic 
impedance.Geophysics, 2004,69: 994-1004.

25. Russell B H.: The application of multivariatestatistics and 
neural networks to the predicti-on of reservoir parameters 
using seismic attri-butes[D].Calgary:Department of Geology 
andGeophysics,Canada,2004.

26. Chopra S,Blias E,Manerikar A,et al.: Simultan-eous 
acquisition of 3D VSP data-processing and intergration[J].
SEG Technical Program E-xpanded Abstracts,Society of 
Exploration Ge-ophysicists,2002,21:2337-2340.

CONTACT WITH AUTHOR

Wei Yang
e-mail:87390538@qq.com

tel.:15680051268

School of Geoscience and Technology 
Southwest Petroleum University  

Chengdu
China



POLISH MARITIME RESEARCH, No S2/201714

POLISH MARITIME RESEARCH Special Issue 2017 S2 (94) 2017 Vol. 24; pp. 14-21
10.1515/pomr-2017-0059

NUMERICAL ANALYSIS ON RIB-TUBES OF SEAWATER OPEN RACK 
VAPORIZER WITH THE SPOILER LEVER 

Su Houde
College of Petrochemical Engineering, Lanzhou University of Technology, Lanzhou, Gansu, China
Gansu Lanpec Technologies Co. Ltd. , Lanzhou, Gansu, China
Yu Shurong
College of Petrochemical Engineering, Lanzhou University of Technology, Lanzhou, Gansu, China 
Fan Jianling,
Shanghai University of Engineering Science, Shanghai, China
School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou, Gansu, China
Wei Xing
Gansu Lanpec Technologies Co. Ltd. , Lanzhou, Gansu, China

ABSTRACT

In order to explore a more reasonable structure and operating parameter, guide the design and improve the gasification 
of seawater Open Rack Vaporizer (ORV), Research on the rules of seawater that flows and heat transfer in the ORV 
tube was studied in this paper. By simplifying the model, heat transfer tube model with spoiler lever was obtained and 
simulated, the distribution of temperature field, gas ratio, velocity field and press field in rib tube were analyzed, and 
different inlet velocity of LNG, roughness of the tube wall both effected on the overall gasification, the results shows 
that the actual gasification efficiency from heat transfer tube is higher than normal, small difference of gas ratio outlet, 
velocity and temperature are both lower, LNG could be easer gasified at operating temperature between -162°C~+3°C 
than that between -162°C~+0°C.

Keywords: The spoiler lever; Open Rack Vaporizer(ORV); Rib-tubes;Numerical simulation

INTRODUCTION

Liquefied natural gas (LNG) -a kind of clean energy, has 
been developed and utilized by more and more people. At 
present, the domestic product of LNG is mostly air-heated 
vaporizer and heat water-bath vaporizer. During the research 
of laboratory studies and numerical simulation, domestic and 
foreign scholars have done a lot of work to the traditional baffle 
heat exchanger[1,2,3]. They have proposed the conception 
of porous volume rate, surface permeability, distributing 
resistance and heat-source distribute, and continuous 
improvement of the calculation model can calculate its 
flow and heat transfer process more accurately, analyze the 

influential parameters and performance parameters. Besides, 
a new type of heat exchanger structure has been proposed[4]. 
While there are few studies about such efficient vaporizer as 
seawater open rack vaporizer.

Research on rib-tubes of seawater open rack vaporizer with 
spoiler lever is on the basis of deepening the investigation 
and digestion. Study the rules of seawater that flows and heat 
transfer in the ORV tube through the methods of combining 
theoretical analysis and numerical simulation to explore 
a more reasonable structure and operation parameters, that 
can provide references for practical engineering application, 
guide the design and improve the gasification of seawater 
Open Rack Vaporizer (ORV).
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VAPORIZER STRUCTURE AND WORKING 
PRINCIPLE

VAPORIZER STRUCTURE

Open Rack Vaporizer (ORV) is a kind of heat exchanger 
using seawater as heat source. Structure diagram as shown 
in Fig.1[5].

Fig. 1. Structural diagram of seawater ORV

WORKING PRINCIPLE

Open Rack Vaporizer (ORV) is generally fixed with 
aluminum alloy holders. The basic cell of ORV is tube. 
There are several heat-exchange tube forming a tabular 
arrangement, both ends of which welded to the gas/liquid 
collector tubes to form a tubesheet, then these tubesheets 
constitute the vaporizer [6]. LNG flows into from the bottom 
pipe with a vertical upward mobility in the bundle, then 
seawater transfers the heat to LNG to make it gasification. 
There is a spray device on top of the ORV, which let seawater 
spray from top to bottom. After entering through the upper 
distribution, seawater flows down as film shape along the tube, 
and have LNG heated and gasified[7,8,9]. Working principle 
as show in Fig.2. 

Fig. 2. Schematic diagram of seawater ORV

As Open Rack Vaporizer (ORV) has no moving parts and 
few instrument elements, switch of which can be remote 
controlled, and ORV can be hang on the scaffold, all these 
features make it easier to maintain. As long as altering the 
seawater flowing to the spray system and LNG through the 
tubes, the alteration of the operation loads can be easier. The 
ORV is consist of several independents, that can isolate parts 
of the bundle to reduce the loads[10].

MODEL ESTABLISHING AND NUMERICAL 
ANALYSIS

Parameters and Meshing of the Pump model

In actual manufacturing, the rib-tubes are generally 
with baffle rods, the baffle rods inserted into the tube is 
an effective way to enhance the heat transfer of fluids. This 
structure has several advantages such as simple structure, 
stable performance, easy installing and removing[11,12]. So 
establishing a rib-tube model with the baffle rods can simulate 
the work situation more actually.

Basic model structure of the baffle rods as shown in Fig.3. 
Crossing windings, whose thickness “b” is 1.2 mm. Length of 
the section crossing turning around 360 is 300 mm, and total 
length is 6000 mm, i.e. the length of the heat-exchange tube.

Fig. 3. The basic structure of the baffle rods

Using UG software to establish the model of flow field for 
the tube with baffle rods, corresponding to the real fitting 
length, tube side direction is “Z”axis. Fig.4(a) shows the UG 
model of flow field for the tube with baffle rods; Fig.4(b) 
shows the flow shape of the inner tube with inserter baffle 
rods when liquid passing by.

a) Calculation model of heat pipe 
flow field with baffle rod

b) Model diagram of 1/4 the inner 
tube with baffle rod

Fig. 4. Calculation model of heat pipe flow field with baffle rod

Increased baffle rods cause pipe flow field to be rather 
complex, so non-structural tetrahedral meshing is adopted 
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for this project. Calculation results without baffle rods show 
that temperature distribution of the outer wall changes a little. 
In this case, irregular shape of the outer wall can be simplified 
to cylindrical surface in same diameter, that out-wall meshing 
can be generated by COPPER which ensure the grid quality 
and reduce the total number of grids. The rest of the inner 
grids are generated by the way of TGrid with a total number 
of 3699320. Fig.5(a) and Fig.5(b) shows the grids diagram 
of heat pipe with baffle rods; Fig.5(c) shows the end-grids 
diagram of heat pipe with baffle rods.

a) Grid diagram of heat pipe flow field with baffle rods

b) Local grid diagram of heat pipe c)End-grids diagram of heat pipe

Fig. 5. Local grid diagram of heat pipe flow field with baffle rod

Numerical method

In the heat pipe of the seawater open rack vaporizer, 
mixture model is selected for the gas-liquid 2-phases flow 
processes, and the calculation equation is as follows:

Continuity equation:

( ) ( )
t m mm v mρ ρ

⋅∂ + ∇⋅ =
∂  

(1)

“m” means the mass transfer of user defined mass source; 
mv , mρ  describe the average velocity and mixture density of 

the mass respectively, can be required by formula (2)
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Here, ka  is volume fraction of the “k” phase;
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Here, “n” means the phase, Fmeans the volume force, mu  
means the mixed viscidity

Energy Equation:
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Here, keff means the effective thermal conductivity, first 
item of the left side of the equation represents the energy 
transfer due to conductivity. SE contains all volume heat 
sources.

As the simulation involves phase transition, flow and 
conductivity. Firstly, solving the adiabatic flow, i.e. iteration 
of no coupling energy equation, and take this convergent flow 
field into the energy equation for the solution, finally you 
will get the exact solution after the computed convergence. 
Residual of the convergence criteria is less than 10-3 , while 
residual of the energy equation among which is less than 
10-6, that it can ensure the stability of outlet’s velocity and 
temperature.

SIMULATION RESULTS AND ANALYSIS

Analysis for operation temperature: -162°C~0°C

Through the numerical simulation of the heat pipe model 
with baffle rods and heat transfer, it can be obtained the 
velocity field distribution, temperature field distribution, 
pressure field distribution and LNG outlet parameters, LNG 
outlet velocity is 2.125562m/s, and the average temperature 
at the outlet is T = 266.8662K. Actual flow state and heat 
transfer can be easily observed from these calculation results.

Temperature field distribution rules

Fig. 6. Temperature distribution in actually the pipe symmetry plane
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Fig.6 shows the temperature field cloud diagram. It can 
be seen from the diagram that with the temperature of LNG 
along the tube side rising continuously, the increased baffle 
rods is equivalent to increase the flow path of the fluid in the 
heat pipe, as the LNG endothermic process increased, the 
gasification process would be enhanced correspondingly. 
It can also be seen from Fig.6 that the temperature has no 
obvious gradient changes of rather a long tube at the top, 
indicating that the heat has achieved a balance provided by 
the out wall heat source, temperature increase indicating that 
two-phase fluids have generated, low-temperature area stating 
liquid abounds, higher temperature area stating gas abounds 

Fig.7. Temperature contours of spoiler lever wall

Fig. 7 shows the temperature distribution cloud diagram 
of the baffle rods wall. Seeing from the diagram, the bottom 
spoiler surface along radial direction has temperature 
gradient, which increases gradually along the tube side. 
The closer to the top of the outlet, temperature distribution 
presents more uniformly, and top baffle rods has no obvious 
gradient along the radial direction.

Study of gas phase composition distribution

In order to clearly reflect the gasification process of the 
actual heat pipe model, multiple crossing sections have been 
intercepted to observe each crossing section’s gas content 
distribution changes. As shown in Fig.8(a)~(f)

a) Z=0m b) Z=2m

c) Z=4m d) Z=5.5m

e) Z=6m

Fig. 8. LNG volume fraction contours

Seeing from Fig.8, gasification process of LNG in the 
annular space is faster than that in the inner tube. In 
evaporation section(below 2.5m), the gasification process 
doesn’t show an obvious reinforcement, the slow gasification 
mainly because the fluid disturbance caused by the baffle 
rods improved the inner wall heat transfer coefficient, heat 
incoming from outer wall being absorbed by the LNG of 
inner tube, which leads to a slow heat absorption of LNG in 
the annular space. After entering into the heating section, 
two parts of fluids mixes, and with the effects of baffle rods’ 
disturbance, mixing degree hightens and gas content ratio 
distributes uniformly, gas content ratio at the outlet is higher 
than that of no-baffle rods model, that can reach to 0.99984, 
so it can be considered that gas at the actual heat pipe outlet 
is of LNG.

Velocity contours regulation

Fig. 9. Velocity contours of actual heat transfer tube symmetry plane 

Fig.9 shows the velocity contours of actual heat transfer 
tube symmetry plane. Seeing from this plane, the actual 
velocity distribution inside the annular space of actual pipe 
is basically the same with that inside the annular space of 
non-baffle rods model, the only difference is the velocity 
distribution in the inner tube, effects of baffle rods brings 
a radial velocity of the fluid in the inner tube, which would 
enhance the flushing effects of the inner wall and improve 
the heat transfer coefficient.
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Pressure contours regulation

Fig.10. Pressure contours of actual heat transfer tube symmetry plane

Fig.10 shows the pressure contours of actual heat transfer 
tube symmetry plane. It can be seen from Fig.10 that pressure 
contours is basically the same with non-baffle rods model. 
As the pressure decreases gradually, the distribution shows 
uniformly. As the actual heat pipe model added with spoiler 
parts, fluid losses increase.

ANALYSIS FOR OPERATION TEMPERATURE: -162°C~3°C

Temperature field distribution rules

Fig.11 shows temperature  distribution in actually the pipe 
symmetry plane, F-g.12 shows temperature distribution in 
turbulence pole wall.

Fig. 11. Temperature distribution in actually the pipe symmetry plane

Fig. 12. Temperature distribution in turbulence pole wall

Seen from Fig.11 and Fig.12, combined with Fig.6 and 
Fig.7, temperature distribution of the actual pipe symmetry 
plane and that of the baffle rods surface contrast with the 
temperature of -162 0 , the variation tendency reach 
to a consistency. It has a larger temperature range for the 
operation temperature of  -162 3 than -162 0 , 
with a same maximum, the minimum operation temperature 
of -162 3 is lower than that of -162 0 .

Study for gas phase composition distribution 

Fig.13 shows the gas fraction in the pipe cross section.

 Fig.13. Gas fraction in the pipe cross section

Seen from Fig.13, gas fraction, which increases along the 
pipe cross section, changes slowly at the top and bottom of the 
heat pipe, and increases sharply in the middle section, these 
mainly because the baffle rods’ reinforcing and mixing effects 
make the gasification speed up and gas fraction increase after 
passing through the heat pipe.

Velocity distribution in actually the pipe

Fig. 14. Velocity distribution in actually the pipe

Fig.14 shows the diagram of the velocity distribution in 
actually the pipe. Combined with Fig. 9, It has a larger velocity 
range for the operation temperature of -162 3 than 
-162 0 , while the velocity variation is nearly the same 
at all positions, which indicating that changes of temperature 
only have effects on velocity’s value instead of distribution.
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Study for pressure distribution in actually the pipe top 
symmetry

Fig.15 shows the pressure distribution in actually the pipe 
top symmetry.

Fig. 15. Pressure distribution in actually the pipe top symmetry 

Fig. 16. Pressure distribution in turbulence pole

Compared with the calculated point at the former boundary 
conditions (operation temperature: -162 0 ), no obvious 
changes appear, the only outlet temperature and velocity 
changes are all within a reasonable range.

ANALYSIS OF FACTORS INFLUENCING 
THE GAS FRACTION

EFFECTS OF GAS FRACTION AT THE INLET

Under the condition of unchanging the pipe model, 
numerical stimulations were respectively taken for the inlet 
velocity of 0.3m/s 0.5m/s 0.76447m/s 0.9m/s, the required 
LNG gas fraction distribution in actual the pipe each section 
under different velocity is as shown in Fig.17.

 Fig. 17. LNG gas fraction distribution in actual the pipe each section under 
different velocity 

Seen from Fig.17, the lower of the LNG inlet velocity, the 
fuller of the LNG gasification process, this mainly because 
as the drop of inlet velocity, the heating time of LNG in tube 
is relatively longer, and the gasification process is fuller. 
Compared with the gas fraction at the height of 2m section, 
gasification degree of the gas fraction has obvious discrepancy 
under different flow rate. At the speed of 0.3m/s and height 
of 2m, the gas fraction can reach to nearly 0.9. While at the 
inlet speed of 0.9m/s, the gas fraction just reach to 0.2 at the 
same position, so the inlet velocity has a great influence over 
the whole gasification for the baffle-rods model.

EFFECTS OF INNER WALL ROUGHNESS ON GAS 
FRACTION

If other conditions are the same, considering the effects of 
inner wall roughness on gas fraction, respective calculation at 
the condition of these roughness:10(Ra 0.2), 9(Ra 0.4) 8(Ra 
0.8) 7(Ra 1.6) give the gas fraction distribution in actual 
the pipe each section under different roughness as shown 
in Fig.18.

Fig. 18. LNG gas fraction distribution in actual the pipe each section under 
different roughness

Seen from Fig.18, the whole gasification of the actual 
heat pipe is basically the same for different roughness, 
increasing along the tube side. In evaporation zone of the 
heat pipe(before 2.5m), gas fraction varied obviously as the 
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variation of roughness, after then which varied slowly as the 
variation of roughness. Since at the tube side before 2.5m, 
with the inner pipe roughness increased, the tube wall’s effects 
on the fluids increased, gas fraction of each cross section 
increased and the gasification quicken. And because of the 
increased baffle rods of the actual pipe model, the flow mixing 
and gasification increase quickly. At the tube side after 2.5m, 
gas fraction appears an obvious variation when Ra=1.6, but 
the amplification if not great, since the gas fraction has already 
been closer to 100%.

EFFECTS OF BAFFLE RODS ON GAS FRACTION

Fig.19 shows the void fraction distribution of heat pipe 
cross section.

Fig.19. Void fraction distribution of heat pipe cross-section 

Seen from Fig.19, the whole gasification process is increasing 
gradually along the tube side, with the rising of temperature, 
gasification and gas fraction is increasing gradually. From 
inlet to the height of 1.5m, gas fraction is 0, because the low 
temperature LNG endothermic process needs a certain period 
of time, only reach to the phase transition, can gasification be 
processed properly and can have LNG. It would appeared a 
period with gas fraction sharply rising between 2m and 3m, 
that indicating the fluids mixing even more sharply at the 
connection of the actual pipe evaporation and heating area, 
the gasification process and the whole gasification increased.

CONCLUSION

(1) Under the same boundary conditions, the gasification 
efficiency is higher for the baffle-rods heat pipe, gas content 
at the outlet differs a little, velocity and temperature are both 
lower[13].

(2) If other conditions are the same, gas fraction varies a 
little alone the tube side, with the increase of the inner wall 
roughness, gasification of the model with baffle-rods that 
increases in the evaporation zone along the tube side and 
increases slightly at the heating section.

(3) Outlet velocity at the operation temperature: -162
+3 is higher than that at the operation temperature: 

-162 0 by 7.233%, average temperature at the outlet 
increased 0.59855%, gas fraction reaches to 0.999913, these 
indicates a total gasification.
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ABSTRACT

Based on the thoughts of cognitive radar, Fractional Fourier Transform (FrFT) is used to generate a rotatable waveform 
libraries of Frank coded/Barker coded waveform in this paper. Then, the ambiguity function is used to analyze the 
delay resolution, Doppler resolution, delay side-lobe level, and Doppler side-lobe level of the waveform libraries 
and orthogonality of them is also analyzed. Furthermore, we proved theoretically that there is a fixed coordinate 
transformation between the waveforms of library and its origin waveform. Therefore, the Cramér-Rao low bound (CRLB) 
of motion parameters can be computed easily using the waveforms of the libraries, which facilitate the subsequent 
waveform scheduled work. Simulation results show that the library waveforms can reduce delay resolution to satisfy 
the different situations and can bring significant benefits for delay resolution, orthogonality and reuse interval. 

Keywords: Fractional Fourier Transform; Ambiguity Function; Barker; Frank; Waveform Libraries

INTRODUCTION

The cognitive radar is a new radar system for target 
detection, tracking, imaging and recognition [1]. Different 
from the fix transmitted waveform used in the traditional 
radar, it can schedule the different transmitted waveform 
adaptively according to the prior information provided 
by a feedback system interacting with the surrounding 
environment [2]. And the key parts of it are optimization and 
selection of the transmitted waveforms. Waveform optimizing 
and selecting adaptively has been used for such organism 
as bats and dolphins for hundreds of years [3]. However, 
the limitation of hardware devices in the transmission 
terminal such as the ADC limits the technologies of waveform 
optimization and selection [4]. With the development of 
software radio technology, software-drive waveform generator 
has been developed in recent years and [5]. Therefore, more 
and more researchers have paid attention to the waveform 
optimization and selection. Although in the practical radar 
system or even in the experiment platform, the software-drive 

waveform generators have not been used yet, a number of 
research and simulation results show that the performance 
of target detection and tracking has been greatly improved 
in varieties of occasions by using it [6]. Lack of real-time 
knowledge about the information state and specificity of 
the performance goal is mitigated by creating a library 
sufficiently rich that it is highly likely to contain a waveform 
providing good performance for every real-time performance 
criterion and every information state that will be encountered 
in actual real-time operation. The goal of offline waveform 
library design is thus to produce a waveform library that 
is parsimonious, yet sufficient to provide a choice of high-
performance waveform against operational measure of 
effectiveness that vary across a range of possible environments 
and unknown target states. 

Nowadays, Xia Hongen [6] presented that by constructing 
the linear frequency modulation (LFM) can improve the 
target tracking performance greatly in radar. Yu Daobin 
[7] constructed a waveform library including the triangular 
impulse signal, modulation Gaussian pulse signal and 



POLISH MARITIME RESEARCH, No S2/2017 23

the gauss linear modulation pulse signal. He verified that 
the algorithm combined waveform scheduling indeed 
improve the performance of target tracking. Reference 
8 used Fractional Fourier Transform (FrFT) to modulate 
an OFDM signal. This technique reduced the interference 
between the subcarrier, improved SNR and tolerated the bit 
error rate (BER). Jinbiao [9] designed the rotating waveform 
library based on rectangular pulse waveform using FrFT and 
analyzed the relationship between the rotating waveform 
library and the rectangular pulse waveform. C.Clemente 
[10] designed the rotating waveform library of phase coding 
signals, and analyzed the waveform performances such as the 
delay resolution and the side lobe level and so on.

Inspired by reference 10 and 11, the paper constructs 
a rotating waveform library based on Frank coded and Barker 
coded signal using FrFT. And the performance of the 
generated waveforms in waveform library is analyzed in detail 
using the ambiguity function. Research and simulation shows 
that the rotating waveform library using FrFT can be easily 
and flexibly implemented. And there is a linear transformation 
between the waveforms in rotating waveform library and the 

traditional waveform, which is cos sin
2sin cos d

u
fv

. 

Thus, the Cramér–Rao bounds (CRLBs) of motion parameter 
estimation for the waveforms in rotating waveform library 
will be calculated easily. And it is convenient to the waveform 
scheduling. At the same time, the simulation results show 
that the delay resolution of the waveforms in rotating 
waveform library can meet the demand of different scenarios. 
And they have the good features of orthogonality and 
multiplexing. The rotating waveform library can be applied 
in the fields such as the frequency reuse Doppler tracking 
system, the low probability of intercept radar and multiple 
input multiple output (MIMO) system.

FRACTIONAL FOURIER TRANSFORM 
(FRFT)

FrFT was applied in signal processing as a kind of time-
frequency representation [11,12,13]. FrFT of ( )x t is defined 
as follow:

( ) { [ ( )]}( ) ( , ) ( )X u F x t u K u t x t dt (1)

Where is the rotation angle and ( , )K u t , named FrFT 
kernel, is defined as follows: 

2 2
( cot csc )

21 cot ,
2

( , ) ( ), 2
( ), (2 1)

t uj jutj e n

K u t t u n
t u n

(2)

Thus:

2 2
( cot csc )
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1 cot ( ) ,
2

          ( ), 2
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t uj jut

X u F x t K u t x t dt

j e x t dt n

x t n
x t n

(3)

Where,
2

p , when 1p equation(3) is just Fourier 
transform, while 1p , it is just inverse Fourier transform, 
where p  is the fractional transformation order.

CONSTRUCT WAVEFORM LIBRARIES 
BASED ON FRFT

First a basic signal (e.g. =13 for Barker 13 code ) and 
the sampling rate r are defined to construct waveform library 
using FrFT. Therefore, the total length of the digital signal 
is =N r .Using Barker code as an example, the original 
signals can be written as:

1
( ) ( )

N

k
k

s n c n k (4)

Where 1 2 3[ , , ,..., ]Nc c c c c is supposed to be N samples of 
the original signals. 

Then, the FrFT is applied to (4):

1

1

( ) r [ ( )] r [ ( )]

= [ ( )]

N

k
k

N

k
k

S u F FT s n F FT c n k

c FrFT n k
(5)

Due to: 
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Introducing the formula (6) into the formula (5), we get:

2 2
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2

1

( ) r [ ( )]
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2

k uN j juk

k
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S u F FT s n

j c e (7)
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From formula (7), the rotating waveform can be seen as 
a group of weighted waveforms of traditional waveform. 

Different fractional order p  is correspond to a different 
angle . And different angle  is correspond to different 
waveform. Therefore, by replacing u with t  in formula (7), the 
waveforms 

1 2
=[ ( ), ( ),S S t S t

 
... , ( ),S t  ... , ( )]

L
S t constitute the 

rotating waveform library. Where, [0, 2]p and L represents 
the number of waveforms in the library.

CONSTRUCT WAVEFORM LIBRARIES 
BASED ON FRFT

Ambiguity function of waveform in libraries is defined as:

2*( , ) ( ) ( ) dj f t
df S t S t e dt (8)

Supposed the traditional signal is ( )x t , its ambiguity 
function can be written as:

2*
0 ( , ) ( ) ( ) dj f t

df x t x t e dt (9)

According to the translation and symmetry propertiesof 
FrFT kernel function [12, 14]:

2
- sin cos + sin* * 2( ) ( cos ) ( , )

j jz
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Introducing formula (10) into formula (9), we get:
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According to the exponent properties of FrFT [15]:
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Supposed cos sin
2sin cos d

u
fv

formula (13) can 

be rewritten as:

*
0 ( , )= ( ) ( ) j v

df S S u e d (14)

Thus:

*
0 ( , ) = ( ) ( ) = ( , )j v

df S S u e d u v (15)

From formula (15), ambiguity function of the waveforms in 
the rotating waveform library can be calculated on ambiguity 
function of the traditional waveform.

We assumed that target location in delay-doppler plane is
0 0[ , ]Tu v , which is correspond to the maximum of ( , )u v . 

Then the Fisher matrix is:

0 0

0 0

0 0

0 0
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u u u u
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u u u u
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J
u v u v

v u v

(16)

Where, is signal-noise ratio. Reference 16 indicated 
that the CRLB is the inverse of the Fisher matrix. Thus, the 
covariance matrix of the observation noise can be written as4:

1( ) T
kR TJ T

In (17) k represents received signal at k moment and

0
2

0
2 c

c

T c
f

is transformation matrix, c and cf  represent the 

electromagnetic speed and carrier frequency respectively.

According the above analysis, the relation between 
waveforms in rotating waveform library and the traditional 
waveform is shown in Fig.1.Fig.1 indicates that CRLBs of the 
motion parameters estimation of the target for different 
waveforms in the rotating waveform library can be computed 
easily based on the traditional waveform. And according to 
the reference 4, CRLBs can be set the covariance matrix of 
the observation noise and it is likely to get the optimal solution 
of waveform parameters for waveform secluding.



POLISH MARITIME RESEARCH, No S2/2017 25

0 (t)s
0

2*
0 0

( , )

( ) ( - ) e d

d

j f t

f

s t s t dt

0 0

0 0

0 0

0 0

2 2
0 0

2

0 2 2
0 0

2

( , ) ( , )

( , ) ( , )
d d d d

d d d d

d d

d
f f f f

d d

d d
f f f f

f f
f

J
f f

f f

1
0 0

TR TJ T

0
2(t) FrFT (t),s s

-1cos sin
-sin cos

cos sin
=

sin cos

T

0
TJ T J T 1 1

0 ( )TR T R T

Fig.1. Relation between waveforms in the rotating waveform library and traditional

PERFORMANCES ANALYSES 
OF WAVEFORM 

Ambiguity function is a kind of math tool for analyzing 
waveform performance effectively [17, 18]. In this section, the 
ambiguity functions of waveforms in the rotating waveform 
libraries on polyphase codes (e.g. Barker 13 and Frank 16) are 
computed using mathematical derivation in section 3.And the 
performance of waveforms in the rotating waveform libraries 
is analyzed. The corresponding parameters are defined in 
table 1.
Tab 1. Definition of performance parameters 

Delay resolution
2

2

( ,0)

(0,0)

d
A

Doppler resolution
2

2

(0, )

(0,0)d

d d
f

f df
A

Delay side lobe level the level of the first side lobe in 

( ,0)

Doppler side lobe level the level of the first side lobe in 
(0, )df

The corresponding parameters of Ambiguity function 
calculation are shown in table 2. In table 2,  The amount of 
samples per bit is the parameter r . Other parameters are 

bF M t , which represent the product between the 
maximum frequency shift, the sequence length and the bit 
duration, the total sequence duration is T, as well as N and 
K are the total amount of delay and Doppler shifts respectively. 
The phase shifts of Barker 13 and Frank 16 are
0,0,0,0,0,1,1,0,0,1,0,1,0   and 0,0,0,0,0, , , ,0, ,0, ,0, , ,

2 2 2 2  respectively. Performance parameters of waveforms in 
rotating waveform library based on Barker 13 and Frank 16 
such as delay resolution, Doppler resolution are shown in 
Fig.2 and Fig.3 respectively. And x-coordinate and 
y-coordinate represent fractional order p and parameter

      
    

parameters of waveforms in waveform libraryratio
parameters of traditional waveform

 respectively.

Tab 2. Parameters of waveform analysis

parameters Barker 13 Frank 16
r 50 100 200 50 100 200

F×M×tb 20.02 24.96
T 1 1
N 130 160
K 50 50

Fig.2 shows the performance of waveforms in rotating 
waveform library on Barker 13. Compared with canonical 
signal ( 0p ), many factors affect the performance of the 
waveforms. Subfigure (a1) shows that the delay resolution 
will improve with increasing the order p. Moreover, the 
sampling rate r also affects the delay resolution. In the interval 
0 0.7p , the delay resolution performance is improved 
significantly with increasing the sampling rate. Subfigure 
(a2) shows that in the interval 0.2 0.6p , the Doppler 
resolution can be slightly improved with increasing the order 
p. However, compared to the canonical waveform (p= 0), for  
Delay side lobe level and other important parametersthe 
fractional modulation  causes lower performance in subfigure 
(a3). What’s more, changing sample rate r make no difference 
for Doppler SLL in (a4).
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Fig.2. Performances ratios for frBarker (a1: Delay resolution; a2: Doppler 
resolution; a3: Delay side lobe level; a4: Doppler side lobe level)

Fig.3 shows the performance of waveforms in rotating 
waveform library on Frank 16. Compared with canonical 
signal ( 0p ), many factors affect the performance of the 
waveforms. Subfigure (a1) shows that the delay resolution 
will improve with increasing the order p. Moreover, the 
sampling rate r also affects the delay resolution. In the interval 
0 0.8p , the delay resolution performance is improved 
significantly with increasing the sampling rate. Subfigure 
(a2) shows that in the interval 0.1 0.6p , the Doppler 
resolution can be slightly improved with increasing the order 
p. However for other important parameters, such as Delay 
side lobe level, the fractional modulation results in lower 
performance compared to the canonical waveform (p = 0) 
in subfigure (a3). What’s more, changing sample rate r make 
no difference for Doppler SLL in (a4).
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Fig.3. Performances ratios for frFrank (a1: Delay resolution; a2: Doppler 
resolution; a3: Delay side lobe level; a4: Doppler side lobe level)

Through the above analysis, compared to the canonical 
waveform (p=0), the delay resolution of waveform in rotating 
waveform library is improved significantly.

ORTHOGONALITY ANALYSES 
OF WAVEFORMS

This section is mainly to verify orthogonality between 
the waveforms in rotating waveform library. We assume 
that any two waveforms with different order p in rotating 
waveform library are orthogonal when their Peak Side Lobe 
Ratio (PSLR) of cross-correlation is lower than the PSLR of 
canonical waveform. The PSLR [19] is defined as:

2

2
0

max[ ( )]
10lg{ }

(0)
sR m

PSLR
R

(18)

In (18), sR represents the signal cross-correlation. SLLs of 
Barker 13 and Frank 16 used as thresholds in the analysis 
are shown in table 3:

Tab 3. SLLs of Barker 13 and Frank 16

Sequence SLL(dBs)

Barker 13 -22.28

Frank 16 -21.07
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From Fig.4 and Fig.5,the number of orthogonal waveforms 
in the rotating waveform library on Frank 16 is more than 
the number of orthogonal waveforms of in the rotating 
waveform library on Barker 13.That is at same fractional 
order p, orthogonality of the waveforms in the rotating 
waveform library on Frank 16 is better than that on Barker 
13. And the orthogonality will be better with increasing the 
sampling rate r. 

The higher values of r the number of chirped components in 
(4) subjoins,the mismatching between waveforms of the same 
libraries modulated with different fractional orders ,resulting 
in a higher reuse factor, becomes stronger,leading to the 
influence above. In modern radar systems, a digital arbitrary 
waveform generator (AWG) can apply this framework. By 
using high speed D/A converters , the influences of the higher 
samples per chip rate r can be addressed.
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Fig.5. Orthogonality for frFrank (a1: r=50; a2: r=100; a3: r3=200)

Reuse interval is defined as the scope that make PSLR of 
waveforms at different order p less than SLL of canonical 
signal.Fig.6 and Fig.7 show the reuse interval of the rotating 
waveform library on Barker 13 and Frank 16 respectively. 
Whether the rotating waveform library on Barker 13 or Frank 
16, the reuse interval will increase with the increase of the 
sampling rate. It means that the waveform library S is consist 
of more orthogonal waveforms with increasing r . Maximal 
reuse intervals of canonical signals for Barker 13 and Frank 
16 are shown in table 4. Table 4 shows that orthogonality of 
the rotating waveform library on Frank 16is better than that 
of the rotating waveform library on Barker 13. In some cases, 
such as reuse interval of 0.8,  table 4  indicates that () for 
a given code sequence, .more than 20 orthogonal waveforms 
can obtained  
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Tab 4. Reuse interval of canonical waveform for each sequence

Sequence r=50 r=100 r=200

Barker 13 0.29 0.7 0.85

Frank 16 0.65 0.79 0.89
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Fig.6. Reuse interval for frBarker (a1: r=50; a2: r=100; a3: r3=200)
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Fig.7. Reuse interval for frFrank (a1: r=50; a2: r=100; a3: r3=200)

CONCLUSIONS

In this paper based on the thoughts of agile radar 
waveform, we use FrFT to generate a rotating waveform 
libraries on Barker 13 or Frank 16. Then, the ambiguity 
function is used to analyze the performance of the waveforms 
in rotating waveform library such as the delay resolution. 
The orthogonality of the waveforms in rotating waveform 
library is analyzed too. The results show that the rotating 
waveform library introduces significant  benefits  fordelay 
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resolution, orthogonality and reuse interval to meet the 
needs of different scenarios. Potential applications of the 
rotating waveform library are in the field of frequency reuse, 
agile tracking-Doppler systems, low probability of intercept 
radar and MIMO radar systems.  For instance an arbitrary 
waveform provided by the novel libraries can be used by a 
LPI Radar. Moreover, because radar lacks of knowledge from 
the interceptor of fractional order used by the transmitter to 
increase its covertness,
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ABSTRACT

The bulk commodity, different with the retail goods, has a uniqueness in the location selection, the chosen of transportation 
program and the decision objectives. How to make optimal decisions in the facility location, requirement distribution, 
shipping methods and the route selection and establish an effective distribution system to reduce the cost has become 
a burning issue for the e-commerce logistics, which is worthy to be deeply and systematically solved. In this paper, 
Logistics warehousing center model and precision marketing strategy optimization based on fuzzy method and 
neural network model is proposed to solve this problem. In addition, we have designed principles of the fuzzy method 
and neural network model to solve the proposed model because of its complexity. Finally, we have solved numerous 
examples to compare the results of lingo and Matlab, we use Matlab and lingo just to check the result and to illustrate 
the numerical example, we can find from the result, the multi-objective model increases logistics costs and improves 
the efficiency of distribution time.

Keywords: Maritime logistics warehousing center mode; Precision marketing strategy optimization; Fuzzy method; Neural network model; 
Polarity reversal

INTRODUCTION

Manufactories, customers and suppliers are important 
members in a supply chain. To some extent, the success of 
a manufactory depends on its ability to link these members 
seamlessly. In the real logistics systems, it often requires 
some distribution centers to connect manufactories and their 
customers for the improvement of product flow.

In China and under the condition of socialist market 
economy, with the gradual perfection of market economy 
system, and gradually forms a large market, the pattern of 
circulation, the commodity circulation scale is expanded. 
The system of China’s commodity circulation of commodities 
trading market [1], represent the future development 
direction of the domestic spot commodity trading market, 
the rise and development of commodity trading market are 
an inevitable trend, so it is important and meaningful to 

study the circulation of commodities, is also in line with 
the current trend of commodity circulation. It was widely 
believed that the source of corporate profits mainly includes 
two aspects: namely, the reduction of material consumption 
and raising labor productivity, and now, the industry 
generally believe that the modern logistics is the third profit 
source of commercial area for storing mining. Especially in 
today’s society has become a highly developed information 
society, all kinds of management thoughts, management 
concept has been widely spread and development, including 
the development and popularization of the supply chain 
logistics management, supply chain logistics management 
at present has become an effective way for enterprises to meet 
the competition between scholars, once said “competition 
is not the competition between enterprises, but between 
supply chain and supply chain competition” [2-3]. Supply 
chain logistics is the advanced stage of the development 
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of logistics management, it is not only confined to like the 
past, only to consider how to make better use of logistics 
resources, how to more effectively on distributed geographic 
market and business activities, modern logistics supply chain 
management, gives the thought and connotation of the 
update, the need to form the logistics the logistics network 
resource has become the key to the efficient operation of the 
supply chain. China’s traditional commodities trading market 
is not starting from the concept of the whole supply chain, 
the overall optimization of the logistics network is not, this 
will make the commodity logistics costs are too high, thus 
affecting the overall operating costs. Related activities of the 
logistics distribution center have a very large impact on the 
modern supply chain logistics, logistics distribution center 
for the effective utilization of logistics resource, effectively 
promote the logistics network [4].

OVERVIEW

The upgrading of technical equipment and logistics 
service quality improvement, as well as improving logistics 
investment environment, promoting the growth of the third 
party logistics enterprises will play a decisive role; its goal is 
to facilitate the transport of goods as soon as possible toward 
the development of efficient, integrated and modernized 
direction. Therefore, to realize the integrated and efficient 
management of commodity circulation, to accelerate China’s 
commodity circulation, promoting market prosperity, plays 
a vital role5.

The supply chain management is the transformation 
of goods from raw materials sites to processing facilities, 
component fabrication plants, final products assembly plants, 
distribution centers, retailers and customers. The supply 
chain management further entails the decisions about (1) 
what quantity of goods to hold in inventory at each stage 
of the process, (2) where to produce, what to produce, and 
how much to produce at each site, (3) how to distribute the 
products to the customers, (4) where to locate plants and 
distribution centers.

In recent years the location problems have received 
considerable attention from academics and practitioners 
for many public sectors (e.g. clinics, ambulances, etc.) and 
private organizations (e.g. warehouses, plants, banks, etc.). 
These problems have a complex decision making process for 
many reasons, for example:

The problem of distribution centers is also complex because 
of inefficient location will result in excess costs, being incurred 
throughout the life time of the facilities, no matter how well 
the production plans, transportation options, inventory 
management and information sharing decisions optimized 
in response to changing conditions. However, a realistic 
analytical model is difficult to formulate this problem6.

Vehicle routing and inventory decisions are generally 
secondary to facility location in the sense that facilities are 
expensive to construct and difficult to modify.

The difficulties of managing a number of service vehicles, 
the realization of interventions in a time of minimal paths 
for different sectors of the service region and the satisfaction 
of requests produced in time and space make the location of 
emergency facilities very complex.

I have an interest in this research work for locating 
warehouses and distribution centers, indeed. In the last few 
years the increase in production economies of scale and the 
decrease in transportation cost have focused attention on 
distribution center. Distribution center (DC) is viewed as 
the competency that links an enterprise with customers and 
suppliers. In order to reduce transportation cost, enforce 
operation efficiency and logistic performance, evaluating and 
selecting a suitable warehouse and DC location one of the 
most important decision issues for distributions industries. 
Figure 1 shows the basic logistical model.

MODEL AND ALGORITHM

The solution of vehicle transportation problem, as the key 
point in modern logistics intelligent system, is the NP-Hard 
problem. The optimization of transportation service network 
and vehicle scheduling can not only reduce the operating 
costs greatly but also help solving the problem of environment 
and traffic [7-8].

The method of evaluation function and goal programming 
(non-intelligent) are often used to solve the multi-objective 
problem to a specific practice vehicle transportation problem 
in logistics, I have researched by using the method of neural 
network model, fuzzy method and fuzzy programming 
method, which showed a good effect in making the planning 
table. However, it seems to be under-powered to solve 
a more complicated model. The other way is to find all the 
efficient solution. Based in genetic algorithm, Meng and Liu 
proposed a method called “Multi-agent genetic algorithm 
“to solve a multi-objective optimization problem, which test 
on some test function and find some compromise solution 
that distributed in the Pareto frontier uniformly with less 
mount of running time. Zhang and Liu proposed the multi-
objective method of smooth homology [9-12]. Liu analyzed 
the convergence of the trace of particle and PSO method 
and proposed two improved single-objective PSO and two 
improved multi-objective PSO [13-14]. According to the 
study of the weakness of traditional PSO, Li designed an 
adaptive mutation particle swarm optimization algorithm, 
which achieves good results. However, there are the defects 
of slow convergence speed in the method above to a specific 
vehicle programming problem. After a long research work, 
a new proposed Multi-Population Particle Swarm Algorithm 
(MPSA) has been adopted to a large vehicles transportation 
problem (with 54 variables), which perfectly solve it.

Take TC as total cost and TT as total time, considering 
the choice of warehouses, a large vehicle transportation 
programming model can be like this:
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Fig. 1. The basic logistical model
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To obtain the inverse local fractional Hilbert transform, 
write again Eq. (4) as
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The equation of motion is as follows:

( ) 0j ijkl k l kij k iC u e u (8)

Under the linear theory, that is:

 ( ) 0j ijkl k l kij ke u (9)

Figure 3 shows the calculation flow of PSO. The analysis 
of some change summary of logistics distribution in the 
electronic commerce mode: e-commerce logistics distribution 
center location has the tradition of expenditure cost oriented 
began the transition to the distribution efficiency oriented; 
In the traditional logistics distribution center to costs or 
expenses to minimize the location condition, this algorithm is 
mainly based on the distribution of maximizing the efficiency 
of location, in the storage area is no longer the decision role 
in the case, a detailed analysis of the electronic commerce 
logistics distribution center and the factors affecting the 
change in level analysis with appropriate weight to each effect 
factor analysis of ways to find more suitable location scheme 
under the model of electronic commerce, provides a new 
idea for the logistics distribution center under the electronic 
commerce site.

To improve the logistic distribution center under 
electronic for GDPE, some factors of general logistics 
distribution center location should be pay more attention in 
the process of selecting the location of logistics distribution 
and Long term electronic trading rules from stock. Figure 3 
shows scheduling result by using the fuzzy method of the 
average operator (PP).
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Fig. 2. The calculation flow of PSO

Transaction mode exchange has the following characteristics:
1 electronic trading system to focus the national or the region 

of the majority of buyers and sellers, to form a unified-big 
market, reduce intermediate links and widen the channels 
of business, and ultimately reduced transaction costs, 
trading gains and efficiency.

2 avoid the risk of price fluctuation: the buyer can control 
the cost of raw materials, to circumvent the impact raw 
material price fluctuations on enterprise production 
activities. The seller can be determined in advance of 
product sales price, locking the product production profit.

3 strong financing supports. In order to solve the plastic 
trading of short-term liquidity difficulties of both sides, 
the exchange introduced the settlement bank financing 
Guarantee Corporation and professional to provide 
delivery of warehouse receipts pledge to provide plastic 
dealers and other services.

4 credit guarantee. All electronic transaction mode, not 
only can reduce the transaction costs of enterprises, but 
also provides the delivery of credit guarantee, avoid debt 
disputes.
In the reality, many other factors except cost and time need 

to consider such as inventory cost, vehicle routing problem 
(VRP), public satisfaction, social benefit, covering scope 
of distribution center and etc... Therefore, next work is to 
concentrate on establishing a multilevel logistic warehouse 
distribution mechanism under vehicle routing problem and 
detailing selecting model.

Fig. 3. Scheduling result by using the fuzzy method of the average operator (PP)

RESULTS AND DISCUSSION

The paper uses VENSIM PLE to set model and emulate. 
System Dynamics can predict higher order complex time-
varying systems of nonlinear and time-delay applicator 
qualitative and quantitative to solve the social, economic and 
other complex large system problems. VENSIM simulation 
software is an important part of System Dynamics, so the 
paper uses VENSIM PLE to meet the needs of this study. The 
flow chart is shown as Figure 4.

The remanufacturing process makes the enterprise 
logistics, cash flow and information flow to form closed-
loop supply chain. Remanufacturing, however, preserves the 
shape and added value of products since the remanufactured 
product should be used for the same purpose it had during its 
original lifecycle, since the remanufacturing process preserves 
part of the raw materials and value added to the product 
during its fabrication, allowing companies to increase their 
productivity and profitability, however, it is difficult to achieve 
an integrated and systematic vision of all the issues involved in 
remanufacturing. Remanufacturing is a complex business due 
to the high degree of uncertainty in the production process, 
mainly caused by two factors: the quantity and the quality 
of returned products. In view of this, the quality control of 
remanufacturing priority closed-loop supply chain research 
has realistic significance.

Nowadays, big data has become an important direction of 
development of modern information technology, and sharing 
and analysis of big data would not only bring immeasurable 
economic value, but also play a significant role in promoting 
the development of society. Big Data-as-a-Service (BDaaS) 
is a new data resource usage pattern and a new form of 
service economy, by encapsulating heterogeneous data; it 
can provide ubiquitous service consumers, standardization, 
and on-demand services, including search, analysis or 
visualization.

Through a comprehensive analysis of underground logistics 
system and user needs, underground logistics monitoring 
system based on internet of things technology should have 
the following features: 
1) Acquisition and display name logistics, area, location, 

traffic conditions near fees and billing methods, the 
surrounding traffic and other data transfer methods. 

2) Logistics managers need to understand the use of 
logistics spaces per vehicle entry / open a case, enter basic 
information about vehicle logistics, logistics reservation 
information, traffic information. Underground car parks 
are major convenience manager’s logistics lot to maintain 
order and ensure safety of vehicle logistics, a timely change 
and adjust management strategies, improve operational 
efficiency. 

3) Every car logistics shall have a uniform means of 
identification (eg RFID tags), the owner of the information 
is correct logistics of vehicles, vehicle information, logistics 
information logo. 

4) A variety of information gathering nodes with data 
collection and transmission capabilities to facilitate 
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installation and post-inspection, maintenance, data to 
be able to achieve rapid and effective treatment to ensure 
reliable access to information. Table 1 shows the evaluation 
index system of warehousing logistics transportation 
responsibility.

5) To have a full range of monitoring systems, as well as real-
time monitoring of environmental quality in a car park, 
and the logistics lot to the user managers to provide better 
service and work environment. 

6) To finally achieve cars and cars, people and cars, people 
and people contacted, user-friendly logistics and pick up 
the car, easy to manage scheduling managers to create 
better indoor logistics traffic order, to ensure safety. Table 
2-4 shows the experiment result.
In behavior analysis area, it still faces four challenges: 

1) There is no standardized, user experience based BDaaS 
architecture which can shield the complexity of data 
sources and operations; 

2) The lack of generic unstructured data model which reflects 
user behavior characteristic, made BDaaS for unstructured 
data difficult to build; 

3) Existing data model follows the Web services model, 
however, so far, holistic BDaaS service model with the 
characteristics of big data has not yet appeared; 

4) There is no appropriate solution in providing data retrieval, 
analysis and visualization services and optimizing service 
capacity.

The objective of TT and TC are contradictory seen in 
essence, thus the best solution should be replaced by the 
no inferior solution, which could not be better without 
consideration of the cost of other objective. Figure 5 shows 
the search sketch of double objective TT&TC. This method 
produces a set of non-inferior solution or approximate one 
by MPSA. The decider chooses the most satisfactory non-
inferior solution by themselves. To get a set of non-inferior 
solution (Pareto Frontier) for such a double objective function, 
an adaptive technique can be established to compel the 
initial solution to the Pareto Frontier. After the update of 
the populations (S1, S2, S3...), it will approach the Pareto 
Frontier. Two important issues should be considered in 
designing the algorithm; the first one is, guarantee of the 
diversity of the population, the second one is to control the 
evolutionary direction. Measures should be made to prevent 
the population from converging into one solution, in order to 
keep the diversity of non-inferior solution. Figure 6 shows the 
sketch map of Multi-Population Particle Swarm Algorithm 
with random parameters (MPSA).
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Fig. 5. The search sketch of double objective TT&TC

Fig. 6. Sketch map of Multi-Population Particle Swarm Algorithm 
with random parameters (MPSA)

It is a critical issue to deal with the constraints well when 
we use PSO. The most widely used methods are based on the 
penalty function method currently. However, the best values 
of the new objective function adding the penalty factor are 
rely on the choice of penalty factor. When we choose a smaller 
one, the best value of the new objective function may not be 
the right one; when we choose a larger one, too much locally 
optimal solution may occur outside the feasible region.

Penalty function method is adopted in this model. We add 
one large M to the particulars which it does not satisfy per 
constraint. For every equality constraint, we eliminate one 
variable by adding one inequality constraint for that variable 
equally. Solution space has a lot of non-feasible solution 
because of the constraint and we can take some measures to 
narrow the search-range according to the observation of the 
constraints, or the convergence speed will be slow.

Compare the three methods, we find that MPSA is more 
effective overall while fuzzy method can give result based on 
the satisfaction of decision-maker, which is much more based 
on experience. MILP is good as well, but the applicability 
become worse once the objective function gets more complex. 
No matter which method applied, optimal results are better 
than the company’s initial data. Through the virtual peer 
to frontier in figure 7, it seems that MPSA is better than the 
fuzzy method. Finally, under the framework of electronic 
logistics optimization system, taking MPSA as the basic 
optimization method, a software called E commerce logistics 
system was developed through Matlab-GUI environment. 

Decision- maker not only can get the static optimization plan 
but also can change the basic information of the suppliers, 
warehouses and customers in dynamic condition.

Before using the method-Multi-Population fuzzy algorithm 
proposed in section 3, we can see how ordinary PSO algorithm 
performs to solve such a transportation problem. Take the 
total time TT by a single population of particle swarm 
optimization (PSO) algorithm as example. Figure 8 and Figure 
9 are convergence graph of TT of product PP, computing 
twice, respectively. For Figure 8 and Figure 9, it shows the 
discreteness of single population PSO and particle swam 
traps into local optimum after a few times of iterations. I once 
solve the problem by linear programming of simplex method 
to the same vehicle transportation problem, one of which 
is weight method. Run the program by Matlab by taking 
different weight values, we can get the exact Pareto frontier 
Electronic-commerce logistics system refers to combining all 
the moving goods, transport machine, storage equipment, 
personnel contact and communication in a certain space to 
be an organism which has special function. It aimed to do 
the logistics system programming, managing, and control, 
and can choose the best logistics scheme or find the approach 
that can improve economic performance and reduce logistics 
cost in it.

Fig. 7. Comparison of [TT, TC] of company data, Fuzzy method and MPPSA

Fig. 8. Convergence graph of TT of product PP in case 1



POLISH MARITIME RESEARCH, No S2/201736

The common analysis method of system optimization 
includes optimization method and simulation method. The 
former approach achieve by mathematical programming 
methods or intelligence algorithm, such as the proposed 
multi-population particle swarm Algorithm with random 
parameters. However, in addition to the static optimization 
calculation, a dynamic and revisable system for decision-
maker also needs to be established for achieving managing 
systematically.

Electronic-commerce logistics system designed in this 
paper consist of (1) data input module (with data check and 
change), (2) algorithm module (based on multi-population 
particle swarm Algorithm), (3) result displaying module. 
Generally, objective entities related in this model is suppliers, 
warehouses, customers and vehicles. Data needs are the 
values of this entities, preparing basic data such as address 
information, geographic position, demand information, 
routing information etc. including, which from management 
information system in enterprise. This part forms the whole 
logistics network optimization data part of master data. 
Data import function is in charge of the input information 
of electronic commerce logistics network system, and it 
provides a fast and easily update-able interface for user in 
the meantime.

Tab. 1. The evaluation index system of warehousing logistics transportation responsibility

Responsible for all the stakeholders The evaluation index Calculation formula

responsibility for creditors quick ratio (current assets- inventory) / current liabilities

Responsibility for shareholders profit rate of net asset net profit/{ (beginning owners’ equity + ending owners’ equity) ÷ 2 }

responsibility for employees Employee wage growth rate (total wages in current period - total wages in previous period) / total 
wages in previous period

responsibility for customers
growth rate of prime business (prime business revenue in current period - prime business revenue in 

previous period) / prime business revenue in previous period

cost rate of prime business prime business cost ∕ prime business revenue

responsibility for providers
velocity of accounts payable prime business cost + ending inventory - beginning inventory / 

average balance of accounts payable

cash accounts payable rate net cash flow from operating / accounts payable

responsibility for government taxes on asset total corporate tax / average total assets

responsibility for community
employment growth rate (number of employees in current period - number of employees in 

previous period) ∕number of employees in previous period

public donation expenditure rate donation expenditure / current sales

Tab. 2. Inspection model: Name and Meaning of each variable

Variable nature variable name variable symbol calculation method

explanatory variable The previous asset value-added  rate VAPAit-1 (Employees’ salary + Interests + Tax + Dividend + Retained 
earnings)∕Average total assets,

explained variable Corporate social responsibility CSRit
Synthesizing an indicator with the help of all the indicators and 
the weight given to each stakeholder can reflect corporate social 
responsibilities 

Fig. 9. Convergence graph of TT of product PP in case 2
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Tab. 3. Regression results of the overall sample panel data model and corresponding statistical test results

Explanatory variables Coefficient estimates ß   P values Adjusted R² F statistics

VAPAit-1 0.667 0.001 0.181 9.125

Note: *, **and*** represent the significant correlation when the value is 10%, 5% and 1% respectively. The table shows the results after calculating.

Tab. 4. Regression results of the warehousing logistics transportation panel data model and corresponding statistical test results

public undertaking commerce real estate industry integrated industry

Coefficient estimates ß 0.182 0.248 0.322 0.287 0.341

P values 0.000 0.002 0.001 0.002 0.003

Adjusted R² 0.391 0.189 0.265 0.136 0.124

F statistics        16.463 11.125 13.254 9.825 7.213

Note: *, **and*** represent the significant correlation when the value is 10%, 5% and 1% respectively. The table shows the results after calculating.

CONCLUSION

The location of logistics distribution center as an 
important part of logistics system planning, received more 
and more scholars and enterprises. The development of 
e-commerce logistics distribution mode with the change, 
but also has significant influence on the location of logistics 
distribution center. How to make reasonable planning of 
logistics distribution center has the important meaning to 
the development of the whole logistics system and logistics 
industry. In this paper, through the analysis of the influence 
of logistics distribution center under the environment of 
e-commerce site factors change, using MILP, Fuzzy method 
and swarm intelligent program to study the logistics 
distribution center location problem. The traditional 
logistics center location is based on the characteristics 
analysis of change of logistics distribution under electronic 
commerce, for example for site selection and validation. The 
Multi-Population Particle Swarm Algorithm (MPSA) with 
random parameters has a good trait of convergence. Further 
conclusion that MPSA suits for any complicated objective 
function can be made due to the fact that it get a good Pareto 
frontier in linear case. The further study can be the logistics 
mechanism, from which the more realistic model can be 
made. Solving that model by the new proposed MPSA will 
help forming a more advanced model.
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ABSTRACT

With the rapid development of electronic technology, network technology and cloud computing technology, the current 
data is increasing in the way of mass, has entered the era of big data. Based on cloud computing clusters, this paper 
proposes a novel method of parallel implementation of multilayered neural networks based on Map-Reduce. Namely 
in order to meet the requirements of big data processing, this paper presents an efficient mapping scheme for a fully 
connected multi-layered neural network, which is trained by using error back propagation (BP) algorithm based on 
Map-Reduce on cloud computing clusters (MRBP). The batch-training (or epoch-training) regimes are used by effective 
segmentation of samples on the clusters, and are adopted in the separated training method, weight summary to achieve 
convergence by iterating. For a parallel BP algorithm on the clusters and a serial BP algorithm on uniprocessor, the 
required time for implementing the algorithms is derived. The performance parameters, such as speed-up, optimal 
number and minimum of data nodes are evaluated for the parallel BP algorithm on the clusters. Experiment results 
demonstrate that the proposed parallel BP algorithm in this paper has better speed-up, faster convergence rate, less 
iterations than that of the existed algorithms.

Keywords: Parallel implementation; Multi-layer neural network; Cloud computing

INTRODUCTION

With the rapid development of electronic technology, 
network technology and cloud computing technology, the 
current data is increasing in the way of mass, has entered 
the era of big data. Real world data, such as digital images, 
the gene expression patterns, face data set or web page text, 
usually have the characteristics of high dimension and 
large data volume. For traditional technologies of artificial 
intelligence and pattern recognition and so on, are all faced 
with the challenge of how to implement the data processing 
in the era of big data. For example, in the classification of 
a large scale of face data sets, a computer or workstation is 
very difficult to adapt to the actual requirements because of 
the lack of speed and storage capacity. Therefore, it is very 

necessary to study how to implement the technologies of 
artificial intelligence and pattern recognition based on multi-
computer clusters in large data environment. When using 
the neural network in artificial intelligence to deal with the 
related data, if the number of size of training samples is not 
large, generalization ability and running time of single neural 
network are relatively ideal. However, with the increase of 
the identification number of categories, the structure of the 
neural network will also become more complex, lead to neural 
network training time become longer, convergence speed 
become slower, being easy to fall into local minimum and 
have the worse generalization ability and so on. In order to 
eliminate these problems, it can consider designing Hybrid 
Neural Networks (HNNs) composed of multi single neural 
network to replace the complex single neural network. In 
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addition, it proposed a  novel semi-supervised learning 
algorithm – deep learning approach using Deep Belief 
Network embedded with Soft max regress (DBNESR) as 
a classifier.

With the advent of “big data” era, the traditional 
standalone serial-based training machine learning has been 
difficult to meet the needs of “big data” applications. To this 
end, this paper discusses and has realized neural network 
learning algorithm based on cloud computing and an affective 
computing research based on cloud computing clusters. 
Namely with the help of a cloud computing platform through 
network circulation and combination to provide computing 
power as super computer to realize parallel training and 
classification recognition application of RBF neural network 
and the relevant algorithm, so that to make neural network 
and the relevant algorithm can study and process mass, high-
dimensional data by cross-platform.

OVERVIEW ON CLOUD COMPUTING

Cloud computing involves a large number of computers 
connected through a communication platform such as the 
Internet. It is similar to utility computing. Cloud computing 
is also defined as a large-scale distributed computing model. 
Here, the cloud providers and users can have their own private 
infrastructure, and several types of services can be provided 
to clients using virtual machines hosted by the providers. It 
in- eludes utilization techniques for improving the efficiency 
of the system. These include: Network Utility, Disk I/O utility, 
CPU utilization of a system as well as available memory for 
performing operations. Cloud Computing is a term that 
renames some common technologies and techniques that 
we know in IT. It can be understood to mean data center 
hosting [1-2]. The principal concept of computing goes back 
to the 1950s. 

At this time, large-scale mainframe computers became 
available, accessible via thin clients or terminal computers. 
These were referred to as “static terminals” because they were 
used for communications but had no internal processing 
capacities. To make a more resourceful use of high cost 
mainframes, a technique evolved which allowed multiple 
users to share physical access to the computer from multiple 
terminals just as the CPU time. Cloud computing providers 
offer their services in several fundamental models. These 
models include: infrastructure as a service (IaaS), platform 
as a service (PaaS), and software as a service (SaaS). Here, 
IaaS is the simplest and highest model which extracts details 
from the lower models [3-5]. It shows the architecture of cloud 
computing layers. Additionally, there are three layers that are 
not provided as user services.

This includes things like the processing power resources 
on each node and bandwidth resources on the links that the 
embedding must fulfill. For example, to run an experiment, 
a researcher may need 1 GHz of CPU for each virtual node and 
10 Mbps for each virtual link. Added to these requirements 
are the constraints on location and any link propagation 

delay problems. In another example, a gaming service needs 
virtual nodes in many cities, as well as virtual links with 
very small propagation delays. These combinations of node 
and link constraints would make the embedding problem 
computationally difficult to approach and solve [6-7]; figure 1 
show a simple virtual network request and how it was mapped 
on a substrate network.

PARALLEL IMPLEMENTATION MODEL 
AND BP ALGORITHM BASED ON CLOUD 

COMPUTING
Parallel implementation is a worldwide cooperation of 

developers and cloud computing technologists producing the 
universal open source cloud computing platform for public 
and private clouds. The Parallel implementation project aims 
to bring solutions for all types of clouds. The goal here is to 
make it simple to implement, scalable, and rich in features. 
Open- Stack technology contains a series of unified projects 
working together to deliver various components for cloud 
infrastructure solutions. Over 200 companies joined the 
Parallel implementation project. Some of these companies 
included leading IT Companies like Arista Networks, Brocade 
Communications Systems, AT&T, AMD, Canonical, EMC, 
Ericsson, FS Networks, Hewlett-Packard, Go Daddy, Cisco, 
Dell, Groupe Bull, IBMNEC, NetApp, Nexenta, Rackspace 
Hosting, Red Hat, Inktank, Intel, SUSE Linux, Oracle, 
VMware and Yahoo. This technology consists of a series 
of interrelated projects which control pools of processing, 
storage, and networking resources. It is able to be managed 
and provisioned through an interface dashboard. In the last 
few years, Parallel implementation has evolved from just 
a joint venture between NASA and Rackspace to build cloud 
infrastructure on product hardware, to ad hoc development 
projects for the factory industry. 

In 2012, the parallel implementation community was 
deeply involved in core technology development, as well as 
deploying and managing parallel implementation projects 
[8]. Currently, parallel implementation consists of seven 
core components: Compute, Object Storage, Block Storage, 
Network, Dashboard, Image Service and Identity. Few studies 
or research has conducted to test the usage and the benefits 
of implementing virtual network embedding strategies 
within the Parallel implementation cloud operating system 
architecture. Currently, there is much need for this type of 
research since Open-Stack is a new and emerging Internet 
technology, and as such, is facing a resources al- location 
problem. Parallel implementation is the leading cloud 
computing technology and it has now received attention 
from members of the scientific community. 

In this section, I provided a brief introduction to Parallel 
implementation, including its components, development, 
and research status. I also provided a brief introduction into 
the current research and study implications for connecting 
Parallel implementation and virtual networking. In this 
paper, I will discuss the virtual network embedding problem 
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and the existing strategies for solving this problem. Parallel 
implementation is a cloud operating platform which controls 
resources of computing, networking and storage throughout 
a datacenter, in which all are managed through a dashboard 
that gives administrators control and authorizing their users 
to use resources through a web interface (dashboard). The 
goals of the Parallel implementation originality are to sup- 
port cloud services and allow businesses to build cloud 
services in their own data centers. Parallel implementation 
is available under the Apache 2.0 license freely, referred knows 
as “the Linux of the Cloud” and also comparing to Eucalyptus 
and the Apache Cloud Stack projects. Parallel implementation 
has a modular architecture that currently has three main 
components: compute, storage and image service [9-10]. 

Parallel implementation Compute (Nova) – a controller 
for cloud computing and managing large networks of virtual 
machines (VMs) is important. Parallel implementation Object 
Storage – a storage system that provides support for both block 
storage and object storage is also important. Image Service – 
Service which provides discovery as well as registration for 
visual disk images. Among many Parallel implementation 
services and projects (the list is growing with every re-lease), 
only Compute is considered within this paper. Compute or 
“Nova” is the service responsible for providing a compute 
provisioning function to clouds. It can be considered as 
a management layer which operates on top of a free option of 
supported hypervisors, exposing a REST API for the purpose 
of management and provisioning. It consists of a set of service 
binaries that work together to accomplish one common goal. 
They all interact directly through messaging and through 
a shared state which is stored in a central database. This is 
shown in figure 2. To interact with other services, we can 
directly target the REST API or use the python language 
provided by in the python-Nova client library. This also 
includes a command-line client. Other interfaces, such as 
the web-based Dashboard, use this as client libraries for 
interacting with the different Parallel implementation services 
as well. Pro-visioning requests, which enter the API and then 
pass the initial authorization and verification, will step before 
being sent out to the Nova- scheduler to decide which one of 
the available compute nodes should be handling the request. 
Our main focus of this section is the customization of the 
Nova Parallel implementation main component. The actual 
code for the Nova services are in. /nova and the corresponding 
unit tests are in the related directory under ./nova/tests. The 
following represents a short explanation of the Nova source 
directory structure.

The basic equation of key algorithm is shown as the 
equation (1) [11-12]:

( , ) (1 )kN sk Key (1)

This formula is used to generate file checksum parameter 
which is denoted by:
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Then finally export (N, sk) in Tag algorithm, we can get 
the optimization equation (5):
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Consider an infinite situation; we have the equation (5) 
in the following:
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Consider the propagation, instead the equation (11) with 
the following form:
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Then we have equation (13) to (14):
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1 0 , 1 0                        (14)

For such kind of material, general form of equation (10) 
is expressed as following equation (15-17):
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Parallel implementation consists of a modular architecture 
along with various codes for the components. It also has several 
shared services which extend the three main components 
(compute, storage and networking). This makes it much easier 
to implement and operate on your own cloud. These services 
integrate the Parallel implementation components with each 
other along with external systems to deliver an integrated 
experience for users.
1. Parallel Implementation Computer nova is a cloud 

computing controller (considered the IaaS system’s main 
component). It uses Python language as well as many 
external 1ibraries like Event let, Kombu (for AMQP 
communication), and SQL Alchemy (for database access). 
Nova’s architecture is designed to be scaled horizontally 
on substrate hardware with no additional hardware or 
software requirements. It simultaneously pro- vides the 
ability to integrate with current legacy systems and third 
party technologies. Nova is designed to manage pools 
of computer resources and it can work with almost all 
available virtualization technologies. It can also work with 
high-performance computing (HPC). 

2. Parallel Implementation Object Storage (Swift) is a scalable 
storage system in which objects and files are written 
to multiple disks in the data center servers. Parallel 
implementation will ensure data replication and integrity 
across the cluster. Storage clusters scale simply by adding 
new servers. If a server or a hard driver fails, Parallel 
implementation replicates its content to new locations in 
the cluster. Due to the fact Parallel implementation uses 

software logic to ensure data replication and distribution 
across different devices, inexpensive servers and hard 
drivers can be used. 

3. Parallel Implementation Block Storage (Cinder) provides 
the software to create and man- age a service that 
provisions storage in the format of block devices known 
as Cinder volumes. Cinder provides persistent storage to 
guest virtual machines (instances) which are managed 
via Parallel implementation Compute. It can also be used 
independently with other Parallel implementation services. 

4. Parallel Implementation Network (Neutron) provides 
virtual networking service for the compute module. The 
networking module can manage IP addresses which allows 
for dedicated DHCP or IPs. Network module suits the 
requirements of applications or user groups. 

5. Parallel Implementation Dashboard (Horizon) gives users 
and administrators an interface to access, automate and 
provide cloud resources. The design makes it easy to plug in 
as well use third party products and services. This includes 
such things as monitoring, billing, and management tools. 
The dashboard can be customized for service providers and 
vendors who desire to use it. Dashboard is also a way to 
interact with Parallel implementation software resources. 

6. Parallel Implementation Image Service (Glance) provides 
location and delivery for services for disks and server 
images. It has the ability to snapshot and copies a server 
image and stores it away. This is a something very useful 
about the Parallel implementation cloud operating system. 
The stored snapshots and images can be used to get servers 
mining faster and more consistently. It also can be used 
to catalog and store many backups. 

7. Parallel Implementation Identity (Keystone) controls 
the central directory of users mapped to the Parallel 
implementation services and can access it. It works as 
an authentication system across every part of the cloud 
operating system and can be integrated with already 
existing backed directory services such as LDAP. The 
Keystone module supports many types of authentication, 
including username and passwords credentials, as well as 
AWS-style and token based systems. 

Fig. 1. Virtual Network Embedding
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Fig. 2. Parallel implementation Compute architecture overview

EXPERIMENT AND DISCUSSION

The Hardware Layer and the Virtualization Layer are 
operated by the cloud services provider, while the Client 
Layer is provided by the end users. Basically, clouds can be 
defined in three ways: 
1) Private Clouds: where data and processes are managed 

in the organization without security exposures and legal 
require- menu; 

2) Public Clouds: where a set of computers and computer 
network resources, in which a service provider provide 
resources (like storage and applications) is available to 
the general public over the Internet; 

3) Hybrid cloud: a combination of two or more clouds 
(private, public and community) that remain different 
entities but bound together. These provide the benefits 
of multiple cloud models. Therefore, hybrid cloud means 
the ability to connect, manage and dedicate services with 
cloud resources. A hybrid cloud service crosses isolation 
boundaries so it cannot simply be categorized as a private, 
public or community cloud. Virtual network embedding 
(VNE) has been a major challenge for future Internet 
(FI). The problem of embedding virtual networks within 
a substrate network is the main resource allocation in 
network virtualization. 
Parallel implementation Compute scheduler is also known 

as the nova-scheduler service. It is responsible for mapping 
instance requests onto the physical hosts named compute 
nodes. Compute nodes will execute the nova-compute 
service on top of a hypervisor. When the scheduler service 
is launched, it will load a scheduler driver which holds the 
actual scheduling logic and policies. A scheduler driver is 
derived from a base driver class and implements interface. 
A number of simple scheduler drivers are included in Parallel 
implementation Nova. Advanced filters can be written as long 
as they able to implement the required interface of the base 
driver. In addition to defining the interface requirements, it 
also holds some of the basic requirements which are needed by 
every scheduler; this includes easy access to the global system 

state and some utility methods used by most schedulers. The 
figure 3 shows us the existing network and connected virtual 
bridges. When entering the command to view virtual bridge 
and virtual network port status we bet the figure 4. 

Fig. 3. Obtain VN information

Fig. 4. Virtual bridge status

The target of the VNE problem is the allocation of virtual 
resources in nodes and links. Therefore, it is divided in two sub 
problems: first, Virtual Node Mapping (VNoM), where virtual 
nodes are mapped in physical nodes; and second, Virtual Link 
Mapping (VLiM), where the virtual links linking virtual nodes 
have to be mapped on paths connecting these nodes in the 
substrate network. Future Internet architectures have been 
evolving to become based on the Infrastructure as a Service 
(IaaS). This is a model that divides the role of current Internet 
Service Providers (ISPs) into two new main roles: first, the 
Infrastructure Provider on P which deploys and keeps the 
network equipment operating; and second, Service Provider 
(SP). Service provider (SP) is responsible for deploying various 
network protocols and providing end to end services. For 
example, Voice over IP (known as VoIP) can run on a virtual 
network which provides anticipated performance. 

This is done by provisioning dedicated resources and 
employing routing protocols which can ensure fast recovery 
from any equipment failures that might occur. On the other 



POLISH MARITIME RESEARCH, No S2/201744

hand, online banking runs on a virtual network that pro- 
vides security guarantees. This is done through addresses 
and secure routing protocols. Making efficient usage of the 
substrate resources demands effective techniques for visual 
network embedding (a new virtual network mapping). The 
VNE problem is extremely difficult for two main reasons, the 
first of which is node and link constraints. Each VN request 
has resource limitations.

CONCLUSION

For traditional technologies of artificial intelligence and 
pattern recognition and so on, are all faced with the challenge 
of how to implement the data processing in the era of big 
data. For example, in the classification of a large scale of face 
data sets, a computer or workstation is very difficult to adapt 
to the actual requirements because of the lack of speed and 
storage capacity. Therefore, it is very necessary to study how 
to implement the technologies of artificial intelligence and 
pattern recognition based on multi-computer clusters in large 
data environment. When using the neural network in artificial 
intelligence to deal with the related data, if the number of 
size of training samples is not large, generalization ability 
and running time of single neural network are relatively 
ideal. Based on cloud computing clusters, this paper proposes 
a novel method of parallel implementation of multilayered 
neural networks based on Map-Reduce. Namely in order 
to meet the requirements of big data processing, this paper 
presents an efficient mapping scheme for a fully connected 
multi-layered neural network, which is trained by using error 
back propagation (BP) algorithm based on Map-Reduce 
on cloud computing clusters(MRBP). Experiment results 
demonstrate that the proposed parallel BP algorithm in 
this paper has better speed-up, faster convergence rate, less 
iterations than that of the existed algorithms.
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ABSTRACT

Under the bad sea conditions and weak Beidou navigation signal environment, it is difficult to locate the ship on the sea, 
and the Beidou navigation system can’t work well. Beidou pseudolite system can improve the performance of Beidou 
navigation system as a navigation signal transmitter fixed on the ground, the signal of which can improve satellite 
positioning constellation structure, and improve the system availability reliability and precision. In order to ensure 
the interoperability and non-correlation of the Beidou pseudolite and the Beidou navigation system, the pseudolite 
ranging-codes should be selected in the same code space of the satellite ranging-codes and the residual pseudo random 
code generated by the 2 taps design scheme does not satisfy the performance requirements of the ranging-codes. To solve 
this issue, a combined design scheme with 3 taps is proposed, and 12 kinds of pseudolite ranging-codes are optimally 
selected according to the optimum design parameters of ranging-codes. The waveform and correlation of the selected 
pseudolite ranging-codes are analyzed by MATLAB, the acquisition simulation is carried out by using the new pseudolite 
ranging-codes. The experimental results show that the new 3-taps based ranging codes design scheme behaves a good 
balance, correlation and spectral characteristics.

Keywords: Beidou pseudolite; Ranging-codes; Optimized; 3-taps

INTRODUCTION

The Global Navigation Satellite System (GNSS) is widely 
used in land, sea, air and space of various military and civilian 
fields, to provide global, all-weather, continuous high precision 
timing and real-time location, which has become one of the 
important national infrastructure in information age [1]. It is 
more and more important to establish an independent global 
navigation satellite system for the construction of national 
defense, economic development, aerospace industry and the 
establishment of standard time and space system [2]. The 
navigation signal is one of the important parts of the satellite 
navigation system, relate to the basic functions of the system 
positioning, time service and velocity measurement, and the 
key performance and indicators of the accuracy, compatibility 
and interoperability, confidentiality, anti-interference ability 

[3-7]. The ranging code is a major component of satellite 
navigation signals, which plays an important role in the 
satellite navigation signals, the performance of the ranging 
code is directly related to the performance of acquisition, 
tracking and demodulation, anti-jamming and secrecy 
etc. [8]. 

Beidou satellite navigation system (BD) is Chinese 
independent research and development of the global 
satellite navigation system, after more than 10 years of 
development, has been upgraded to the second generation 
[9]. So far, the system has been covering the entire Asia 
Pacific region, providing navigation, timing and short 
message communication services [10]. In recent years, 
Beidou navigation satellite system is playing an increasingly 
important role in transportation, mapping, communications, 
navigation, defense and so on. However, BD are also facing 
many problems: First, in some cities with high buildings, 
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or environments with mountains and other terrain valleys, 
pseudo range positioning accuracy is relatively low. Especially 
at present the number of satellites in the Bedouin system is 
not enough. Satellites being blocked have resulted in low-
accuracy of pseudo-range positioning, or even it is not able 
to locate [11]; second, due to the effects of the atmosphere 
and multi-path transmission, when the quality of the satellite 
data received by the receiver is not high, BD pseudo range 
positioning effect is not unsatisfactory. In this case, under the 
condition of weak signal, there is a problem that the Beidou 
receiver even can’t acquire the navigation signal; Beidou 
pseudolite system provides a solution to this problem [12]. 
Beidou pseudolite can be seen as a Beidou navigation signals 
transmitter which is fixed on the ground, the signal of it 
can improve satellite positioning constellation structure, 
and improve the availability of the system, reliability and 
precision [13]. As the ground navigation signal transmitting 
device, Beidou pseudolite system can expand the signal 
coverage of the Beidou satellite navigation system, improve 
the positioning accuracy of the navigation system, enhance 
navigation service availability and integrity [14-15]. In the 
pseudo satellite auxiliary positioning, in order to ensure 
maximum compatibility of the Beidou satellite system, it 
requires that pseudolite and Beidou satellite ranging-codes 
belong to the same code space but different phase to meet 
the requirements of CDMA technology. According to the 
contents of Beidou System spatial signal interface control 
[16], in the design of the same ranging-codes generator, apart 
from the 37 ranging codes which have been used by Beidou 
satellite, the remaining 18 ( 2

11C 37 18) types of combinations 
are unbalanced codes, and they do not satisfy the design 
requirements of navigation signal ranging-codes. According 
to the design requirements of pseudo satellite ranging-codes, 
the new tap design scheme is proposed in the paper, and 
12 kinds of optimal performance of pseudolite ranging-codes 
were selected, in order to satisfy the needs of the pseudo 
satellite system.

THE DESIGN OF PSEUDOLITE 
RANGING-CODES

Beidou pseudolite ranging-codes consist of pseudo-
random codes. In order to ensure interoperability with the 
Beidou system, the structure of pseudolite ranging-codes is 
used isomorphic mechanism with Beidou satellites of which 
the compatibility is the best. Pseudolite ranging-codes and 
satellite ranging-codes belong to the same code space, and 
to ensure non-correlation, the pseudolite ranging-codes 
should be selected from the codes which have not been used 
by Beidou satellite system. According to the Beidou ICD file, 
the Beidou satellite B1I signal ranging-codes (CB1I) generator 
mainly uses the G2 shift register to select different taps to 
achieve different phase offset. Given the design idea of the 
recent isomorphism principle, the pseudo satellite ranging-
codes should be design from the surplus Beidou satellite 
ranging-codes which are produced by the 2 tap combination. 

The G2 shift register series is known to be n = 11 which can 
produce 2047 kinds of random codes. After excluding itself, 
G2 sequence cycle is 2046 which means that G2i phase shifts is 
2046. The 2046 possible choices phase shifts can be expressed 
by the formula (1).

1 2 3 4 10
11 11 11 11 11C +C +C +C +...+C 2046  (1) 

The 37 kinds of Beidou satellite pseudo random codes 
which are generated by 2-tap combination are selected as 
the satellite navigation signal ranging-codes. The unbalance 
values of the remaining 18 kinds of pseudo random codes 
generated by 2-tap combination are shown in Table 1. From 
the balance values of the pseudo-random codes in the table, 
it can be seen that the generated pseudo-random codes 
don’t belong to the balanced codes, which don’t satisfy the 
requirements of the ranging-codes, so it can’t be used as the 
pseudolite ranging-codes.

According to the Formula (1), the 3-taps method can be 
selected to realize the phase shift. The principle work  of 
the G2 shift register 3-taps combination is shown in Figure 1. 

7 8 9 10 111( ) 1G x x x x x x x  (2) 

2 3 4 5 8 9 112( ) 1G x x x x x x x x x  (3) 

In the formula, both the initial phases of G1 and G2 are: 
01010101010.

OPTIMIZATION OF THE PSEUDOLITE 
SIGNAL RANGING-CODES

The 3-tap combination of G2 sequence can produce 
165 ( 3

11C 165) offset phases, and 12 kinds of combinations 
which have the optimal performance are selected according 
to the corresponding evaluation indicators of the ranging-
codes. The selection standards are evaluated according to 
the following rules:

BALANCE VALUE

The Gold code which is composed of the M sequences is 
divided into the balanced code and the unbalanced code. 
The balanced code has better spectrum performance and 
good effects on carrier’s suppression. If unit of the carrier’s 
suppression is dB, the balanced code will be more than 50% 
the unbalanced codes. For the Gold code, the balanced code 
is obtained when it conforms to the Formula (4).

 0
( ) 1N

i
Gold i  (4)

In the Formula (4), the ( )Gold i shows the values of the ith 
chip in the Gold code.
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CORRELATION EVALUATION

For the navigation system, the selected spreading 
code sequence of the navigation signal must utilize good 
correlations. According to the definition of the correlation, 
in the autocorrelation operation, the main lobe for the ideal 
normalized value of sequence should be 1, while on the side 
lobe the values are all zero; in the cross-correlation operation, 
on the side lobe a pair of ideal values of sequences are all 
zero. But there exists so idealized sequence in the actual 
situation, so the better performance of spreading codes should 
be chosen. The correlation can be evaluated according to the 
following parameters:
1) Maximum autocorrelation side-lobe value. This parameter 

can be expressed by the Formula (5).

0
( ; ) N

i ii
auto a a a  (5)

The smaller the better the results will be. When the value 
is smaller, it reflects that the spreading codes of the main-lobe 
have larger value in the autocorrelation, its autocorrelation 
performance is better.
2) Maximum cross-correlation side-lobe value. This value 

can be expressed by the Formula (6).

=0
(a;b; )= N

i ii
auto a b  (6) 

Tab. 1. The remaining 18 kinds of 2 - tap unbalanced combination parameters

Ranging
codes number G2 taps selection Unbalance 

values
Ranging

codes number
G2 taps

selection
Unbalance 

values

38 1 2 -63 47 2 11 -63
39 1 7 -63 48 3 7 65
40 2 3 65 49 4 7 65
41 2 4 -63 50 5 7 65
42 2 5 -63 51 6 7 -63
43 2 6 65 52 7 8 65
44 2 8 -63 53 7 9 -63
45 2 9 -63 54 7 10 65
46 2 10 -63 55 7 11 65

The smaller of the value, the better the result will be. 
When the value of the parameter is smaller, it reflects that 
the cross-correlation value of the spreading code with the 
other spreading code is smaller, and the value of the cross-
correlation interference generated is smaller.
3) Reciprocal of the linear autocorrelation quality Factor. It 

can be expressed by the Formula (7).

 L
2

0

1

( )ci

MF
R l

(7) 

In the formula, the ( )cR l  is the autocorrelation side-
lobe value, the 

2

0
( )ci

R l  is the square sum of the linear 

autocorrelation side-lobe which can directly reflect the 
statistical characteristics of the interference between the 
spread codes. Therefore, it is more intuitive to use the 
reciprocal of the linear autocorrelation quality factor as an 
evaluation index.
4) Reciprocal of the linear cross-correlation quality Factor. 

It can be expressed by the Formula (8).

L
21

c1c21

1

( )N

i N

CMF
R l

 (8) 

In the formula, the c1c2 ( )R l  is the linear cross-correlation 
side-lobe value. As the same reason mentioned above, the 
reciprocal of the linear cross-correlation quality factor is 
used as an evaluation index.

MAXIMUM SPECTRUM AMPLITUDE VALUE

Another important designing indicator of the Beidou 
pseudolite ranging- codes are maximum spectral amplitude 
value, which can be expressed by Formula (9).

 max ( ( ))Spec FT c n (9)

In the formula, the ( ( ))FT c n  is the Fourier transform of 
the ( )c n  and the value of the Spec  has direct impacts on the 
ability of anti-narrowband interference on pseudo codes. 

Since the pseudo code 
signal has a fixed transmit 
power, if the Spec become 
larger, the influence of the 
narrow-band interference 
on the pseudo-code will 
signif icantly increase 
rules, and otherwise, it will 
decrease. Therefore, when it 
needs to select the spreading 
code, it is expected to select 
the pseudo code which 
has the largest spectrum 
amplitude, to increase its 
anti-interference ability on 

the narrow band and to ensure the normal communication 
of the signals.

According to the selection standards of ranging-codes, 
the optimal selection steps of the Beidou pseudolite ranging-
codes are shown as follows:

Firstly, the G2 sequence 3 taps combination has totally 165 
kinds of offset phases, all balanced codes are selected from 
the 165 kinds of codes according to formula (2), and based on 
the MATLAB simulation, 93 balanced codes can be selected;

The second step, aiming at the 93 kinds of balanced pseudo 
random codes selected in the first step, respectively according 
to the formulas (5), (7) and (9); calculate the autocorrelation 
side-lobe maximum x, the reciprocal of autocorrelation 
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quality factor y, and the calculated results are statistically 
analyzed. The calculation results are shown in figure 2.

Then it needs to statistically sort the results. The 
optimization process is as follows:
a. Initialize three parameters, set x0 = 108, y0 = -26.8, 

z0  =  0.95, combine and extract the codes of which 
parameters are respectively less than x0, y0, z0, then make 
comparisons with each other;

b. If the three corresponding parameters of one each code 
are all less than the initial values x0, y0, z0, respectively, 
or the values y and z are less than the initial values y0, z0, 
the code should be saved into Num as a new code family;

c. Reset the three parameters, make x0 = x0 + 2, y0 = y0 
+0.5, z0 = z0 +0.05, repeat the step (a) until the number 
of code in the Num is equal to 24. The specific flow chart 
is shown in figure 3.
The third step, according to the formulas (6) and (8), by 

using the 24 codes selected in the second step, their maximum 
cross-correlation side-lobe value and the reciprocal of the 
linear cross-correlation quality factor are calculated. The code 
is optimized by comparing the value of the two parameters. 
It can be described as following:
a. Calculate the maximum value of the cross-correlation 

side-lobes of each code, extract the two codes of maximum 
and minimum side-lobe values to form a new code set S, 
then select one of the remaining 22 codes randomly, which 
equals to c, after that correlate it respectively with the two 
codes in S to obtain c1 and c2, select the bigger parameters 
of c1 and c2, that is max (c1, c2);

b. Take any one of the remaining codes, which equals to 
d, then correlate it respectively with the two codes in S 
to obtain d1 and d2, select the larger value of d1 and d2, 
which is max(d1, d2);

c. Compare the larger correlation values respectively obtained 
in the last two steps. If max (c1, c2) < max (d1, d2), the c 
code is saved in the new code set Num1, conversely the 
d code is saved in the set Num1. The filtering will not 
finished until Num1=12. The specific flow chart is shown 
in figure 4.

Fig. 1. Schematic diagram of pseudo satellite ranging-codes generator

Based on the three steps above, at last 12 ranging code 
combinations can be selected. The specific corresponding 
standard values of every code are shown in Table 2.

PERFORMANCE ANALYSIS OF 
THE OPTIMIZATION PSEUDOLITE 

RANGING-CODES
In Table 2, the ranging-codes of No.4 and No.5 are selected 

and the chip square wave diagram is shown in Figure 5.

Fig. 2. Statistical results of parameter calculation

The codes generated by 
3 taps  

The first step is to 
preference select 93 kinds of 

balance codes

Caculate maximum spectrum amplitude value 
,maximum autocorrelation side-lobe value and 
reciprocal of the linear autocorrelation quality 

Factorrespectively,then sort them

Initialization parameters 
x=108,y=26.8,z=0.95,initializi

ng A equals the size of the 
code set

Extract the codes which parameters 
less than x,y,z, and compared with 

each other

The three parameters of a certain code are respectively less than x ,y and z, 
or the last two parameters satisfy less than y and z

To keep the code and form a new set of 
codes, NUM is equal to the size of the 

current collection
Num=24

Y

N

X=X+2;
Y=Y+0.5;
Z=Z+0.05

N

Get Num=24 code group

End

Y

Fig. 3. Second step screening algorithm flowchart
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Start

The 24 optimization block group 
selected by second step 

The maximum value of every code 
cross-correlation sidelobes is 

calculated

Extract two codes which are  he 
maximum and minimum sidelobe to 
constitute a new group of codes s

Take one code  from the remaining 22 kinds of 
code, such as c, correlate it with each code of 
the S, get C1, C2, take a larger value of max 

(C1, C2)

Take other one code  from the remaining 
kinds of code, such as d, correlate it with each 
code of the S, get d1, d2, take a larger value of 

max (d1, d2)

Max(c1,c2)<max(d1,d2)

Take c to  a new group codes 
named Num

Num=12

Get Num Num=12
code group

End

Take d to  a new group 
codes named Num

Y 

Y 

N

N

Fig. 4. Third step screening algorithm flowchart

From the left panel of Figure 5, it shows the first 50 codes 
of No.4 ranging code (the top 30 bits are 11001-11101-10001-
00000-10001-11000). From the right figure of Figure 5, it shows 
the first 50 codes of No.5 ranging-codes (the top 30 bits are 
11000-10011-00010-00001-00011-01110). It can be seen that 
the two ranging-codes have orthogonal characteristics and 
satisfy the design requirements. According to the correlation 
characteristics, the normalized correlation function curve 
of the pseudolite No.4 and No.5 ranging-codes is shown 
in Figure 6. It can be known from Figure 6 that the Beidou 
pseudolite ranging-codes have good autocorrelation and cross-
correlation characteristics, which can meet the performance 
requirements of the navigation ranging codes. From the figure 
we can also know that the correlation peak characteristic is 
good, which shows that it is possible to successfully capture 
the Beidou pseudolite No.4 ranging -codes.

Fig.5. The top 50 bit codes waveform of No.4 and No.5 pseudolite ranging-codes

Fig.6. Correlation characteristic of No.4 and No.5 pseudolite ranging-codes

The ranging-codes of pseudolite and satellite belong to 
the same code space, pseudolite signal when it is transmitted 
will interfere Beidou satellite navigation signal. Because time 
division broadcast mode is employed in pseudolite signal 
transmission, the interference value is directly proportional 
to the pulse duty cycle (PDC). Based on this, when the 
pseudolite signal is transmitted, the pulse duty cycle should be 
minimized; however, the low PDC will lead to the pseudolite 
signal to fail to be captured and tracked. Therefore, it is 
necessary to select a suitable PDC in order to modify other 
receivers. Firstly, the maximum PDC value of the Beidou 
pseudolite pulse signal should be selected.

(1) Selection of maximum duty cycle
In the interference mode of “pseudo satellite signal + 

thermal noise”, the average signal to noise ratio (SNR) of 
the satellite signal is reduced, as shown in the formula (10).

avg

S S
I I P  (10)

In the Formula, the S stands the power of satellite effective 
signal, the I is the power of other satellites and thermal noise 
interference, the P represents the pseudolite interference 
power. According to the formula (10), the SNR of the 
navigation satellite signal with different duty cycle in the 
B1I frequency point can be got, which can be expressed as 
a formula (11).

typ
10

avg

S 1 dS 10log
I pd 1 d  (11)

Where, Styp = 10(s/1)typ/10, p=10(P/1)/10, the d shows PDC. The 
SNR of pseudolite signal is represented by the formula (12).

max
10

avg pl pl

S dS 10log
I p N 1 d 1 N 1 d

 (12)
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In the Formula, the Smax shows the maximum power 
available of the user receiver, the Npl shows the number 
of pseudolite. According to the formula (11) and (12), the 
simulation result is shown in Figure 7.

Fig.7. Analysis of pulse signal duty cycle

In the figure 7, the blue dashed line indicates the signal 
to noise ratio of the effective satellites signals. The red 
line indicates the tracking threshold and the green curve 
indicates the signal to noise ratio(SNR) distribution condition 
of the pseudo satellite signals under the condition of different 
number of satellites. The abscissa of the crossover point which 
is generated by the red solid line and the blue dashed line is 
the maximum value of the pseudo satellite pulse signal PDC. 
As can be seen from the graph the simulation results show 
that the maximum duty cycle is 12.7%.

(2) Modulation of pseudo satellite pulse signal
After the maximum duty cycle of the pseudolite pulse 

signal have been determined, the selection range of duty cycles 
value is further reduced, and it is also easier to choose the 
appropriate duty cycle, this provides the necessary premise for 
the further research of the pulse signal modulation. According 
to the simulation results, when the number of satellites is 
equal to 3, the duty cycle of the pulse signal PDC is equal 
to 6.25%. When the signal strength of pseudolite does not 
exceed the satellite signal 30dB, the Beidou user receiver can 
work properly. Therefore, for the Beidou satellite C-B1I code, 
the pseudolite pulse duty cycle can be set to 1/16 (6.25%). 
The cycle of B1I ranging codes is 1ms, and the length of the 
code is 2046. According to the value of the duty cycle, the 
2046 bit pseudorandom codes of the pseudolite signal can 
be divided into 16 parts according to the specific chip. In the 
first 15 milliseconds, 128 bits are sent per milliseconds, and 
126 bits are sending in sixteenth millisecond. In this way, 
one pseudolite signal chip can be completed transmission in 
16ms. Modulation mode of Beidou pseudolite pulse signal is 
shown as Figure 8.

Beidou pseudolite system uses code division and time 
division multiplexing method based broadcasting of which 
the frequency point selection is the same with the Beidou 
satellite system of which the frequency is B1. The code rate is 
2.046Mcps. The pulse duty cycle is 6.25%. The frequency is set 
as 4.092MHz; the sampling frequency is set as 16.368MHz; the 
No.4 ranging-codes are selected and the signal-to-noise ratio 
is set as -25.14 dB. After down-conversion, the acquisition 
result using the terminal perception is shown in Figure 9.

Fig.8. Modulation mode of Beidou pesudolite pulse signal

Fig.9. Ranging-codes acquisition results of No.4 pseudolite ranging-codes
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Tab. 2. Beidou pseudolite ranging-codes optimization combination

Ranging- 
codes 

number

G2 taps 
selection

Codes 
delay 

phase /
chips

Autocorrelation side-
lobe maximum /dB

Reciprocal of the linear 
autocorrelation quality 

Factor

Maximum 
spectrum 
amplitude

Cross-correlation side-
lobe maximum /dB

Reciprocal of 
the linear cross-

correlation quality 
Factor

1 3 4 5 1228 -26.6679 0.9693 116.2667 -24.3539 1.0331
2 3 4 6 760 -26.1359 1.0090 111.7251 -24.6387 1.0259
3 1 5 9 796 -26.3978 1.0372 111.0172 -23.9435 1.0366
4 1 3 8 26 -26.4869 1.0412 114.2188 -24.2149 1.0348
5 1 4 5 615 -26.0504 1.0086 106.5294 -24.2842 1.0350
6 1 8 11 246 -26.3097 1.0203 109.9418 -24.2149 1.0366
7 1 6 9 1362 -26.1359 1.0281 109.8262 -24.2841 1.0238
8 2 7 10 1361 -25.8817 1.0137 104.8326 -24.3539 1.0645
9 1 3 9 1653 -25.1608 0.9626 114.5480 -24.2842 1.0269
10 1 3 5 403 -25.1608 0.9987 111.0172 -24.2149 1.0466
11 1 4 9 1178 -25.2380 0.9692 112.3619 -23.7453 1.0455
12 2 6 7 1981 -25.4738 1.0327 112.5266 -24.2842 1.0645

CONCLUSION

In this paper, according to the design requirements of 
the Beidou navigation signal ranging codes, the generation 
scheme of Beidou pseudolite ranging-codes are proposed. 
The phase offset selection and optimization selection 
methods of the ranging-codes generator are analyzed in 
details. A correlate all 3 taps combinations are obtained by 
using the scheme, and the optimal combination are selected 
according to the parameters. Finally, 12 kinds of Beidou 
pseudolite ranging-codes combinations are obtained, and the 
performance of the optimal codes are analyzed and verified. 
From the simulation results, it can be seen that the designs of 
the ranging-codes have good balance and correlation and can 
be normally captured to meet the performance requirements 
of the navigation pseudo random spreading codes. Therefore, 
it can be used as pseudolite ranging- codes.
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ABSTRACT

With the rapid development of photovoltaic power generation technology, photovoltaic power generation system has 
gradually become an important component of the integrated energy system of marine. High precision short-term 
photovoltaic power generation forecasting is becoming one of the key technologies in ship energy saving and ship energy 
efficiency improving. Aiming at the characteristics of marine photovoltaic power generation system, we designed a high-
precision power forecasting model (WT+ESN) for marine photovoltaic power generation system with anti-marine 
environmental interference. In this model, the information mining of the photovoltaic system in marine environment 
is carried out based on wavelet theory, then the forecasting model basing on echo state network is construct ed. Lastly, 
three kinds of error metrics are compared with the three traditional models by Matlab, the result shows that the model 
has high forecasting accuracy and strong robustness to marine environmental factors, which is of great significance 
to save fuel for ships, improve the energy utilization rate and assist the power dispatching and fuel dispatching of the 
marine power generation system.

Keywords: Marine Photovoltaic Power System; Power Forecasting; Wavelet Transform; Echo State Network

INTRODUCTION

For large-scale ocean-going ships, the amount of light 
during navigation is generally adequate (non-rainy days) [1,2], 
which performs well in ship stability and wind resistance 
due to larger upper space and deck area. So it is feasible to 
install a considerable number of photovoltaic panels and other 
related equipment, at present, the photovoltaic system based 
on a variety of ship types has also been put into long-term 
experimental research or commercial operations. Large and 
medium-sized ships usually have independent power stations, 
the photovoltaic power generation system can be incorporated 
into the ship’s power grid through the inverter [3,4,5], thus 
reducing the power generation load of the power station. Due 
to the limited supply of fuel in the marine environment [6,7], 
and the influencing factors such as radiation and temperature 
fluctuate [8,9], it’s very important to forecast the power of 

the photovoltaic power generation system accurately, thus 
helping to save fuel, improve energy efficiency, and assist 
the marine power generation system of power scheduling 
and fuel dispatch.

In order to forecast the ship’s photovoltaic power generation 
accurately, we can start from two aspects: 1). Carry out more 
accurate data preprocessing. Because the photovoltaic power 
generation system in the marine environment is susceptible 
to complex factors, the power sequence often produces more 
noise. The principle of Wavelet Transform (WT) [10,11] is to 
reduce the noise in the information by using wavelet multi-
resolution [12]. And then extract the regular components in 
the low frequency band in order to separate the stationary 
signal and the random signal, so it is suitable for the data 
processing and information mining of the marine photovoltaic 
power generation system; 2). Build a more accurate neural 
network. Echo State Network [13,14,15] (ESN) first proposed 
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by Professor Jaeger of Germany in 2001 .The main feature 
of the ESN is that the dynamic reserve pool composed of 
a large number of neurons randomly generated and sparsely 
associated with each other is regarded as the hidden layer of 
the network. Compared with the traditional neural network, 
ESN has more neurons, and neurons connected randomly, 
once generated will remain unchanged [16].The network 
effectively avoids the problem that the network structure 
is difficult to be determined and the burden of computing 
is too heavy [17]. It has outstanding performance in modeling 
complexity and convergence speed, algorithm stability and 
global optimality and it is well suited for establishing time 
series models and forecasting.

Based on the WT theory and ESN, a high-precision power 
forecast model (WT+ESN) [18] for marine photovoltaic 
power generation system was designed. The experiment 
was carried out using 15kW ship PV monitoring data from 
ORNL laboratory in USA. The WT+ESN model was compared 
with the three traditional models by using the three error 
indexes RE, MAPE and RMSE. It is found that the accuracy 
of WT+ESN model is the highest, and the forecast network 
is more robust to the marine environmental factors. The 
overall performance is the best, and it is very suitable for the 
power forecast of the marine photovoltaic power generation 
system. It is of great significance to improve the energy 
efficiency of the marine power generation system.

EXPERIMENTAL

INFORMATION MINING OF PHOTOVOLTAIC POWER 
SEQUENCES BY WT

The influencing factors such as the amount of radiation, 
temperature and other factors in the marine environment will 
affect the marine photovoltaic power generation system, so 
that there will be a variety of complex information into the 
power sequence. And the regularity component is generally 
in the low frequency band of the original signal, the random 
component is generally in the high frequency band. In order 
to reduce the influence of noise on forecasting accuracy, the 
original signal was decomposed by wavelet decomposition 
technique, and the corresponding sub-sequence was de-noised 
by reconstruction technique.

We use the PV monitoring data from the US ORNL 
laboratory, collected in 2015 the annual solar radiation, 
ambient temperature and 15kW ship photovoltaic power 
generation system output power. The effective data of August 
and September were selected and pretreated by wavelet 
transform. As the photovoltaic panels usually work in the 
daily 7: 00-18: 00 power output, the remaining time the 
power output is basically zero, so sampling 432 points for 
the forecast analysis. Photovoltaic original output sequence 
is shown in Fig. 1.
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Fig. 1. Photovoltaic raw output sequence diagrams

The original power sequence P is decomposed by 3-scale 
wavelet and single reconstruction. After decomposition of 
the original power sequence, the regular components a1, 
a2, a3 and the detail components d1, d2, d3 were obtained. 
To effectively retain the useful signal in the high frequency 
signal, the d1 and d2 sequence containing more noise 
were subjected to secondary wavelet transform and noise 
reduction processing, and the high frequency part of the 
detail component was ignored. The residual components 
were reconstructed by WT, and the d1 and d2 sequences were 
de-noised. The results are shown in Fig. 2 and 3.
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Fig. 2. d1 sequence wavelet de-noising contrast 
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Fig. 3. d2 sequence wavelet de-noising contrast 

From the results of Fig. 2 and 3, it can be seen that the 
amplitude and frequency of d1 and d2 are effectively reduced 
after wavelet de-noising, and the effect of d1 is more obvious, 
which is in accordance with the characteristics of wavelet 
analysis. Fig. 4 shows the relationship between the de-noising 
of the photovoltaic original power sequence before and 
after the solar radiation, and it can be seen that the power is 
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de-noised and the radiation is closer to the linear relationship 
and the data is more concentrated.
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Fig. 4. Original power de noising before and after radiation diagram with the sun

CONSTRUCTION OF ESN

ESN is a new type of recurrent neural network, which 
simplifies the network design and training process. ESN 
structure is shown in Fig. 5 , the overall structure consists of 
an input layer, a reserve pool, and an output layer [19]. There 
is l node in the input layer, n nodes in the reserve pool, and m 
nodes in the output layer. The solid link weight in the figure 
is required for the ESN, and the dotted part of the connection 
weight is selected depending on the situation. Corresponding 
t, the input vector u(t), the internal state vector x(t) and the 
output vector y(t) of the network are expressed as Eq. (1):
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ESN reserve pool neuron update equation is as Eq. (2):

))()()1(()1( tyWtWxtuWftx backin (2)

In Eq. (2):
x(t) – The value of the internal state vector at time t;
Win – The input weight of the input signal to the reserve 

pool; 
W – The internal pool of the reserve pool weight; 
Wback – The feedback weight of the output layer to the reserve 

pool.
The output equation of ESN is as Eq. (3):

))1(),1(),1((()1( tytxtuWfty outout (3)

In Eq. (3):
Wout – The connection weight between the input layer, the 

reserve pool and the output layer to the output layer;
 fout – The excitation function of the output layer, which 

usually takes the constant value. 
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Fig. 5. The structure of ESN

ESN training is a series of processes based on the training 
sample set u(t) y*(t) t=1,2,...,s) to get the network output 
weight matrix Wout. ESN training process is divided into two 
stages: sampling stage and weight calculation stage [20]. ESN 
network training process is shown in Fig. 6.

Initialized ESN network parameters,   reserve 
pool size n, the excitation function f,  sparse 

degree (SD), the spectral radius (SR), and  input 
unit scale (SC), randomly generate the 
connection weight matrix, x (0) = 0.

The sample data is input to the network, the 
internal state vector x and the output vector 

y are calculated to update the pool state.

From a certain moment,  the internal state vector x, 
the sample input u and the sample output y* are 
recorded,  the matrix B and T are constructed.

The output connection weight 
matrix Wout is calculated.

Make training reaches a certain 
precision or frequency.

Start

End

Fig. 6. ESN network training flow chart
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WT+ESN FORECAST MODEL

Based on WT theory and ESN, a power forecast model 
(WT+ESN) for high precision marine photovoltaic power 
generation system with anti-marine environmental 
interference is designed.

As shown in Fig.7, the WT+ESN forecast model is 
divided into two steps, wavelet decomposition and single 
reconstruction of the PV sequence and ESN forecast and 
linear integration. The whole idea is to preprocess the PV 
output power using WT to generate sub-sequences of different 
scale features, which are forecasted by ESN model respectively. 
Then the PV output sub-sequence is linearly superimposed 
to obtain the photovoltaic output forecast value.

Raw PV output power PD-1 PD

Wavelet decomposition

Single refactoring

Noise reduction for D1 and D2

ESN forecasting modelSD-1 SD

TD-1 TD

Photovoltaic power output 
predictive value Y

Linear superposition

a3 d3 d2 d1

A3 D3

D2 D1

ya3 yd3 yd1 yd2

D2' D1'

Fig. 7. WT + ESN model to predict flow chart

RESULTS AND DISCUSSION

For the photovoltaic power generation characteristics, and 
ESN parameters of the selected principles, the parameters of 
the ESN network are finally set, the size of the ESN reserve 
pool is 400, the sparse degree is 5%, the spectral radius is 0.1, 
the input scale and the displacement are 0.6 and 0 respectively.

In order to evaluate the performance of the model, the ESN 
forecast model, the BP neural network model, the WT+ESN 
model and the WT + BP model were established respectively, 
and the selected samples were analyzed by wavelet de-noising 
and no de-noising. Simulation results Fig. 8 and 9 shows the 
PV power forecast in the sunny day, and Fig. 10 and 11 show 
the PV power forecast in the cloudy day.
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Fig. 8. BP with the ESN model forecasted results (sunny)
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Fig. 9. WT + BP and WT+ESN model forecasted results (sunny)

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

time(h)

0

1000

2000

3000

4000

5000

6000

po
w

er
(W

)

forecast result of ESN

forecast result of BP

actual value

Fig. 10. BP with the ESN model forecasted results (cloudy)
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The results graph show that the performance of the forecast 
model is improved obviously after the PV power sequence 
is de-noised by WT, and the forecast effect of the peak and 
the trough point of the power sequence is greatly improved, 
which shows that the wavelet transform prepares the PV 
sequence Is of great significance. ESN and BP neural network 
forecast curve comparison chart shows that, the average of 
the PV power forecasted by the ESN model is closer to the 
actual value and the forecast curve is more stable. But the 
power fluctuation forecasted by BP network is larger, which 
indicates that the forecasted performance of ESN is better 
than BP neural network, and the stability is stronger.

In order to evaluate the accuracy of the forecasting model, 
the relative error (RE), average percentage error (MAPE) 
and root mean square error (RMSE) are used to evaluate 
the forecast model effectively. The three kinds of errors are 
defined as Eq. (5), (6) and (7):
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In Eq. (5), (6) and (7):
N – The total number of data sequences;
i  – The forecasted time value, yi

*is the actual value;
yi  – The forecasted value.

The BP forecast model, the ESN forecast model, the 
WT + BP forecast model and the WT+ESN forecast model 
were evaluated by using the above forecasted model evaluation 
index. Tab. 1 and 2 show the comparison of the forecast results 
in the sunny and cloudy days respectively. Fig. 12 and 13 show 
the relative error curves of the sunny and cloudy samples 
respectively.
Tab. 1. A bolt sample four kinds of model forecast error value comparison

Original 
power 
(W)

BP ESN WT+BP WT+ESN
forecasted 

power 
(W)

RE(%)
forecasted 

power 
(W)

RE(%)
forecasted 

power 
(W)

RE(%)
forecasted 

power 
(W)

RE(%)

6285 4624 26.43 7472 -18.89 7188 -14.36 7160 -13.92

9738 10852 -11.44 10284 -5.61 8269 15.09 8716 10.5

12290 10524 14.37 11372 7.47 13449 -9.43 13510 -9.93

13876 12569 9.42 11968 13.75 16274 -17.28 14473 -4.3

14635 16401 -12.07 15790 -7.89 15984 -9.22 15763 -7.71

14613 16752 -14.64 16685 -14.18 15979 -9.35 15671 -7.24

13997 15309 -9.37 15864 -13.34 1563 -11.67 14903 -6.47

12614 14307 -13.42 12969 -2.82 13872 -9.97 13704 -8.64

10056 12989 -29.17 12609 -25.39 12559 -24.89 11595 -15.3

5666 7702 -35.94 7246 -27.89 4083 27.94 4518 20.27

MAPE(%) 17.63 13.72 14.92 10.43

RMSE 1840.16 1563.56 1636.29 1083.65
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Fig. 12. Sunny samples relative error curve

Tab. 2. Cloudy sample four kinds of models to forecast the error value comparison

Original 
power (W)

BP ESN WT+BP WT+ESN

Forecasted 
power (W) RE(%)

Forecasted 
power
(W)

RE(%)
Forecasted 

power
(W)

RE(%)
Forecasted

 power
(W)

RE(%)

691 1006 -45.64 442 36.06 387 44.05 496 28.31
2236 1513 32.32 1470 34.27 1690 24.4 1874 16.21
2668 3222 -20.76 3058 -14.63 3119 -16.87 2936 -10.03
3904 5170 -32.43 4309 -10.37 3591 8.03 3456 11.47
4424 5325 -20.36 5095 -15.17 4023 9.07 4300 2.8
2842 3736 -31.47 3479 -22.42 3445 -21.23 3334 -17.31
1236 1611 -30.3 1670 -35.13 1724 -39.48 1588 -28.46
786 1020 -29.81 940 -19.59 988 -25.76 870 -10.62
465 625 -34.31 357 23.3 343 26.19 383 17.64
148 111 25.16 118 20.36 97 34.16 105 28.8

MAPE(%) 29.36 23.03 24.92 17.17
RMSE 660.65 452.42 338.94 289.55
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Fig. 13. Cloudy sample relative error curve

Tab. 1 and 2 show that the BP neural network is accurate 
for the forecasted results of sunny and cloudy days, but the 
errors at 8 o’clock and 17 o’clock are large. The main reason 
is that the morning and evening clouds are thick clouds, 
atmospheric transparency is not very high, the temperature 
difference is relatively large, low solar radiation, the impact 
of photovoltaic output, resulting in a larger forecast error. 
Because of the dynamic reserve pool, the ESN model has 
excellent nonlinear mapping ability and is less susceptible 
to local optimum and stronger stability. Therefore, the 
forecast accuracy of ESN is higher than that of BP neural 
network. After the de-noising of the PV power sequence 
by WT, the original power was decomposed into regular 



POLISH MARITIME RESEARCH, No S2/201758

parts and random parts respectively, and the accuracy of 
the forecast model was improved. According to the error 
results of the four forecasted models, the forecast range of the 
WT+ESN model is smaller and more stable than the actual 
value. Regardless of which error index is used to evaluate, 
the forecast performance of WT+ESN is better than that of 
other three models, which proves the validity and accuracy 
of the designed model.

CONCLUSIONS

With the large-scale application of photovoltaic power 
generation technology and grid technology continues to 
mature, solar power generation has become an important 
part of the marine energy system. Based on the characteristics 
of the photovoltaic power generation system in the ship, this 
paper presented a high-precision power forecasting model 
for marine photovoltaic power generation system with anti-
marine environmental interference. Firstly, wavelet transform 
technology was used to preprocess the PV sequences in the 
marine environment to obtain the input PV components 
as the forecast model. And the ESN network structure and 
training process were built. The parameters and structure of 
the forecast model were determined by the Matlab platform 
and the collected PV data. Four forecast models of ESN, 
BP, WT+ESN and WT + BP were established. The forecast 
performance of the model was evaluated by three kinds of 
error indexes RE, MAPE and RMSE. The results show that 
the forecast curve of WT+ESN model is smaller and more 
flat, and its overall forecast performance is better than the 
other three models.
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ABSTRACT

In the process of ocean development, the technology for maritime communication system is a hot research field, of 
which information security is vital for the normal operation of the whole system, and that is also one of the difficulties 
in the research of maritime communication system. In this paper, a kind of maritime communication cryptographic 
SOC(system on chip) is introduced, and its compiler framework is put forward through analysis of working mode and 
problems faced by compiler front end. Then, a loop unrolling factor calculating algorithm based on queue theory, 
named UFBOQ (unrolling factor based on queue), is proposed to make parallel optimization in the compiler frontend 
with consideration of the instruction memory capacity limit. Finally, the scalar replacement method is used to optimize 
unrolled code to solve the memory access latency on the parallel computing efficiency, for continuous data storage 
characteristics of cryptographic algorithm. The UFBOQ algorithm and scalar replacement prove effective and appropriate, 
of which the effect achieves the linear speedup.

Keywords: Maritime Communication Encryption System, Cryptographic SOC, Compiler Frontend, Loop Unrolling

INTRODUCTION

As the attractiveness of marine resources and the awareness 
of marine sovereignty, countries in the world are continuously 
strengthening the development and utilization of sear, 
which has led to the development of marine environmental 
monitoring, deep ocean voyage and marine military. Any 
ocean-related technology is inseparable from the data 
communication, in this area a wealth of researches has been 
implemented, such as underwater local communication 
network[1][2], underwater laser communication system[3], 
watercraft communication and navigation system[4].When 
it comes to the field of data communication research, the 
security transmission of data is one of the most important 
research point[5], which is to protect the data transmission 
process from being falsified or interception, and the end of 
information security between transmitting terminals and 
receiving terminals is the basic requirements, especially in 
marine military communications. However, this is often 
neglected in the construction of maritime communication 
system, because the maritime communication system 

research is more complex, which is characteristic of wireless 
and remote transmission with mutable natural environment, 
and it is always a cross of different research fields, so most of 
the researches are focused on the stability and feasibility of the 
maritime communication system, ignoring the information 
security in the original design. Thus, it is necessary for us 
to study it. 

Encryption is the main way to realize information security, 
and the maritime communication encryption system often 
consists of encryption devices and transmission devices, 
which is shown in Fig. 1. 

Fig. 1. Structure of maritime communication encryption system
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With the development of integrated circuit, the encryption 
device is able to be implemented by SOC technology, 
which integrates GPP(general purpose processor) with 
ASIC(application specific integrated circuit), FPGA(field 
programmable gate array), ASIP(application specific 
instruction processor) into one chip[6-8]. As for the diversity 
of encryption algorithm in the maritime communication, 
encryption device should be designed with GPP and ASIP 
of SOC. The GPP takes the function of tasks control and the 
ASIP is attributed to computationally intensive operation 
such as encryption/decryption under the specific instructions. 
This heterogeneous system indicates that programs coded 
in the serial mode are not able to be executed, so a compiler 
structure for this heterogeneous system is needed to partition 
the source programs and map the codes to GPP and ASIP 
correspondingly.

In this paper, we introduce framework and workflow 
of one kind of maritime communication cryptographic 
SOC, then a compilation framework is designed for that, 
and a loop unrolling factor calculating algorithm based 
on queue theory is proposed according to the encryption 
algorithm features, which is exploited in the compiler front 
end to enhance parallel. The scalar replacement method is 
utilized to optimize the unrolled encryption codes to tackle 
the latency of memory access.

THE MARITIME COMMUNICATION 
CRYPTOGRAPHIC SOC

THE FRAMEWORK

GPP

Memory

Peripherals

DMA 
Controller

I/O

Main Unit Cryptographic 
Processing Unit

B
U

S

ASIP

General Register Files

Specific Register Files

CFU CFUCFUCFU

FIFO

General Register Files

Specific Register Files

CFU CFUCFUCFU

FIFO

Fig. 2 The framework of maritime communication cryptographic SOC

The framework of maritime communication cryptographic 
SOC is in Fig. 2, it includes the main unit, the cryptographic 
processing unit and peripherals. The main unit is mainly 
composed of GPP and Memory, and the cryptographic 
processing unit is mainly composed of the cryptographic 
ASIP with the DMA(direct memory access) controller. The 
main unit, the cryptographic processing unit and peripherals 
send/receive data by data bus, and the cryptographic ASIP 
also can transmit data through DMA.

The cryptographic ASIP is comprised of general register 
files, specific register files and cryptographic CFUs(custom 
function unit) which is designed according to the encryption 
algorithm’s computing features, and each cryptographic CFU 
operate after configurations in order to implement various 
encryption algorithms. Multiple CFUs operate together to 
do encryption in different bits length[9].

OPERATION PROCESS

The framework of the cryptographic SOC is a master-
slave structure, which requires two parts of the program, 
that is, the executable program in the main unit and the 
executable program of the cryptographic processing unit, and 
the cryptographic processing unit needs conFig. the internal 
function unit, then perform the cryptographic algorithm. The 
operation process is illustrated in Fig. 3 including four steps:
1) The GPP reads the memory;
2) The GPP initiates the DMA, sending the configuration 

information, the operation instruction and the operation 
data are sent into the input FIFO of the cryptographic 
ASIP;

3) The cryptographic ASIP disassemble the data in the 
FIFO, extracting the configuration information, the 
operation instruction and the plaintext data, then conFig.s 
cryptographic CFU and executes the operation instruction;

4) The ciphertext data are sent into the output FIFO and 
written back to the memory by the DMA controller via 
the bus.
As can be seen from the framework and workflow of the 

processor, there are two control flows in the whole process, 
so the framework of the SOC and the situation about control 
flow must taken into account in the design of the compiler.

Start
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CFUs 
configuration

Encryption 
computing

Outputing 
ciphertext 

End 

GPP initiates 
DMA

If all data packet 
are sent 

Sending data  
packets by 
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Waiting for data
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Fig. 3. The workflow of maritime communication cryptographic SOC
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THE FRAMEWORK OF COMPILER 
FOR THE MARITIME COMMUNICATION 

CRYPTOGRAPHIC SOC
Because most encryption programs are coded in serial 

mode based on the traditional processor framework, these 
programs are not able to be implemented in the heterogeneous 
framework SOC directly, and programming codes in 

compilation framework has to be designed to parallel the 
serial programs.

The compiler consists of the frontend and backend, and 
the frontend handles works which are not connected with the 
target machine, such as lexical analysis, syntax analysis; the 
backend is mainly responsible for handling the intermediate 
codes into executable code of the target machine According to 

communication cryptographic SOC, the overall framework 
of the compiler for it is shown in Fig. 4.
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Fig. 4. The framework of compiler

The frontend of the compiler separate the program 
source code into the main processing unit codes and the 
cryptographic processing unit codes, which realize the 
program source code distributed into different control 
flows, and then maps and links codes by the backend. The 
main unit processes the entire system function control, so 
its detailed analysis is not discussed in this paper. The code 
executed by the cryptographic processing unit needs to be 
analyzed and optimized by the frontend of the compiler to 
explore the parallelism of the code, which is important for 

achieving the purpose of making full use of the multi CFUs 
in the cryptographic processing unit and improving the 
efficiency of the operation. After analysis and optimization, 
The cryptographic processing unit codes are generated 
into intermediate code, and then processed by the backend 
to generate configuration information and operation 
instructions, finally the compile and link procedure generate 
executable codes files.

COMPILER FRONTEND OPTIMIZATION

ANALYSIS OF ENCRYPTION ALGORITHM FEATURES 
AND THE FRONTEND TASK

In terms of the structural and application characteristics 
of the encryption algorithm, the obvious feature is iterative 
operations in both symmetric cipher and asymmetric cipher, 
which is to achieve the purpose of Confusion and diffusion. 
Especially in the block cipher, the block length and structure 
is closely related to the iteration. This feature is based on the 
idea of Shannon product password, so the iterative feature 
is one of the important features of the encryption algorithm 
application. Thus, there are the following problems in the 
compiler frontend design: 
1) There is not a widely applicable parallel programming 

model, so the compiler frontend need to search the serial 
codes parallelism. In terms of encryption algorithms 
codes, there exist a large number of loops and the number 
of iterations is big, which causes the complexity and 
difficulties for loops optimization of the compiler frontend. 
In order to search the parallelism of the serial program 
codes, it is necessary to unroll loops, which can effectively 
improve the instruction level parallelism of the program, 
the locality of the register and the hierarchical structure of 
the storage structure[10][11]. However, the degree of loop 
unrolling is significant. The fully loop unrolling could 
make instruction parallelism to the maximum extent, but it 
will increase the pressure of the instruction RAM(random 
access memory), and the parallelism of the program is 
determined by the proportion of the serial part of the 
code in the program according to Amdahl’s law, which 
means insufficient loop unrolling will result in a decrease 
in overall program performance. All considerations above 
indicate that the determination of loop unrolling factor is 
important and need overall consideration about the target 
machine.

2) As for encryption algorithm application codes, there is 
amount of memory access instructions in the loop, which 
will consume more clock cycles than other instructions 
and cause the computing unit, such as the CFUs, to use 
some clock cycles waiting for data, interrupting calculation 
temporarily and reducing the parallelism of the whole 
program. So, the frontend is required to tackle the 
problems.



POLISH MARITIME RESEARCH, No S2/2017 63

THE LOOP UNROLLING FACTOR CALCULATING 
ALGORITHM BASED ON QUEUE THEORY

As for the key point of loop unrolling factor, if programs 
are coded in serial mode, the instructions in the loop will be 
executed line by line, which could be summarized as below:
i. every instructions of the codes will hold the computing 

function unit when it is executed;
ii. different function instruction will consume certain amount 

of clock cycle when it is executed;
iii. the unexecuted are waiting in line for executing

The three steps could be described form of formal 
specification, define:

( )
DEF

aei t the amount of executed instructions in time  
segment (0, )t ;

( )
DEF

sei t the speed of executing instructions in time  
segment (0, )t ;

DEF
T = the time that all instructions are executed;

DEF
aet(t) = the average executing time for each instructions;

DEF
N(t) = the amount of all the instructions(including the 
instructions being executed and the other instructions 
waiting in line);

So formula (1) and (2) are as below:

DEF aei(t)sei(t) =
t

(1)

0
( ) ( )

t

i
T aei i d i (2)

d(i)  is the aei(t) instructions’ time consuming at the timing i, 
formula (3) and (4) are as below: 

Taet(t)=
aei(t)

(3)

TN(t) =
t

(4)

It can be concluded: ( ) ( ) ( )N t sei t aet t , and on the 
situation that the amount of instructions is limited, there is 

lim ( )
t

sei sei t and lim ( )
t

aet aet t , [0, ]t , so formula (5) 
can be gotten:

N sei aet (5)

formula (5) indicates that the amount of instructions which 
could be executed in the processor is equal to product of the 
speed of executing instructions and the average executing 
time for each instructions if the program is able to provide 
N  parallelism, the processor could achieve the best 

instruction memory is limited and related with the unrolling 
factor, the loop expansion factor must be constrained by the 
of instructions’ number and volume.

Based on the analysis above, the UFBOQ (unrolling factor 
based on queue) is proposed as formula(6), and the following 
notations are adopted:
NL numbers of instruction in the loop
NI numbers of iteration
N the instruction throughput 
M the delay/average executing time 
R the restriction of total instructions number define by 

the programmer
UF the unrolling factor

UF = Min(NI,R/NL,N*M) (6)

If UF = NI, the loop is fully unroll, and if UF = N*M, 
N*M ≠ NI, it means the loop is unrolled according to the 
degree of parallelism. 

After the loop unrolling, the original loop boundary 
is broken which could enlarge the program basic block. 
The same operation code in a loop can be vectorized or 
parallelized to realize the parallel execution of the small 
bit width operation to achieve the large bit width operation 
effect. For example, many block cipher operations have a non-
linear S-box operation, which determines the security of the 
cryptographic algorithm. It can be regarded as a mapping 
of fixed-length data to another fixed-length data, which is 
often less than the packet length. Because there is no data 
dependency between the S-box operations within the packet 
length range, it can be executed in parallel after the loop 
unrolling to improve the operation bit width.

SCALAR REPLACEMENT

There is usually a certain number of array reading and 
writing operations in the encryption algorithm codes, and 
the cryptographic ASIP is the slave unit in the system, which 
means the ASIP need to get plaintext data from the bus. As for 
the ASIP, the bus can be regarded as an external storage device, 
so the memory access instructions can cause communication 
cost to reduce the computational efficiency. And there is data 
reuse in the round operation, so the best way is put the last 
round operation data into the register, but data reading and 
writing operation code is usually compiled as access to the 
external memory. For above considerations, it is necessary to 
optimize the memory access codes in unrolled loop. 

The scalar replacement technology is exploited to tackle 
the problem. After the loop unrolling, the array reading 
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instructions are moved out then put in front of the loop body, 
and the array writing back instructions are moved out then 
put after the loop body. Finally, array elements are replaced 
by scalars. This scalar replacement technology enables the 
compiler to allocate registers to data which need to be reused, 
instead of reading/writing data to memory by bus repeatly, 
and this optimization achieves the separation of calculation 
process and data reading/writing process. After the scalar 
replacement optimization, when the ASIP read the external 
plaintext data from the bus, the data are able to be input to the 
buffer, and then input to the general register files. When the 
encryption are finished and ciphertext data are to be written 
back to the memory, the data are written to the output buffer, 
and then to the external memory. In this mode, the plaintext 
data and the encryption data are able to be transferred to 
correspond FIFO by DMA mode. The codes in Fig. 5 is the 
example about S-box operation.

for(c=0; c<N; c++)
{
     state[c] = Sbox(state[c]);
}

(a) S-box operation codes

for(c=0; c<N; c=c+UFL)
{
   Parallel do
     state[c] = Sbox(state[c]);
     state[c+1] = Sbox(state[c+1]);

     state[c+UFL] = Sbox(state[c+UFL]);
    Parallel
}

= Sb

L]

= Sb

L]

= Sb

L]

(b) Codes after loop unrolling

X0 = state[0]

XN = state[N]
for(c=0; c<N; c=c+UFL)
{
   Parallel do
         XC = Sbox(XC);
         XC+1 = Sbox(XC);

         XC+UFL = Sbox(XC+UFL);
   Parallel
}
state[0] = X0;

state[N] = XN ;

stastasta

]

N]

]

N]

]

N]

L =LL

(c) Codes after scalar replacement 
 

Fig. 5. Optimization for S-box operation codes

In Fig.5(a), the original S-box operation codes in the loop 
contain once external data memory reading, once table 
handling and once data writing to external memory, and 
the loop body will repeat N times. 

After the loop unrolling in Fig. 4 (b), the number of table 
handling operation is still N times, but can be executed in 
parallel by UF threads in N/UF iterations which is less time 
consuming. In Fig.4 (c), the 2N times the external storage 
device reading/writing operations can be done to the DMA 
controller, and the ASIP only runs table handling operation, 
in this way it solves the latency of memory access to external 
storage device time consumption which reduces parallel 
computing effect. Because the plaintext data and the ciphertext 
data of the cryptographic operation are stored serially in the 
memory, it is very suitable for the DMA operation. In the 
optimization of scalar replacement, the volume of the buffer 
unit and register need to be taken in consideration to avoid 
data overflow.

EXPERIMENTS AND PERFORMANCE

The experiment is implemented based on the SOC which 
is manufactured in 65nm, and the ASIP’s throughput is 
1 instruction/clock, the latency is 3 clock for each instruction. 
The encryption algorithm DES AES-128 IDEA SMS4 are 
utilized in the experiment, and the performance comparison 
between non-optimized compilation and optimized 
compilation is shown in table 1.
Tab. 1. Performance comparison

Encryption
algorithm

Clocks under 
non-optimized 

compilation

Clocks under 
optimized 

compilation
speedup

AES-128 268 105 2.55

DES 695 241 2.88

IDEA 168 62 2.7

SMS4 5632 2063 2.73

According to the experimental results, it can be seen that 
the UFBOQ algorithm and scalar replacement prove effective 
and appropriate, of which the effect nearly achieves the linear 
speedup.

CONCLUSIONS

In this paper, a kind of cryptographic SOC for maritime 
communication encryption system is introduced. For solving 
the problems of the heterogeneous SOC, a compiler framework 
for it is proposed. What is more, for the problem of parallelism 
and latency of memory access operation, the optimization of 
UFBOQ algorithm and scalar replacement is presented based 
on the compiler framework and the encryption algorithm 
codes feature. The optimization searches the parallelism of the 
serial codes and tackle the latency caused by memory access. 
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The experiment is implemented with 4 classic encryption 
algorithms, and the results verifies the validity of the frontend 
optimization function of the compilation system.
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ABSTRACT

The whole process of clamping offshore well double metal composite pipe was established, Reviewing the problems that 
in the oil and gas wells the double metal composite pipes frequently get plastic damage or even fracture failure when the 
power slips hold fast to the double metal composite pipe, the effect Eq. of contact area to tooth plate and double metal 
composite pipe was deduced, and based on the elastoplastic contact analysis theory, the theoretical Eq. was verified. 
For the double metal composite pipe stress, displacement and stress of drill tooth plate, influence of slip teeth plate on 
the double metal composite pipe damage was analyzed, The plastic damage law of the double metal composite pipe was 
obtained with the influence factor of the contact surface and the influence factor of the tooth crown width. the analysis 
showed that, The double metal composite pipe can be clamped and the contact area value of the tooth plate with the 
minimum damage are fixed. Several sets of teeth were produced, and then used to carry out experiments, indoor and 
field experiments have fully proved the accuracy of the result, The research work provides a better theoretical basis 
for optimal design of slip tooth plate.

Keywords: Power slip; Double metal composite pipe; Contact area; Slip teeth; Plastic damage

INTRODUCTION

Due to the complex situation of the underground offshore 
well, in order to prevent corrosion and meet the strength 
requirements, double metal composite pipe was widely used 
in offshore wells. The compressive strength of double metal 
composite pipe lining was very low, therefore, when the pipe 
was clamped, the stress of the pipe and the clamping tool 
should be focused, the slip was used to clamp the offshore well 
pipe as a kind of commonly used and important tool, which is 
used very high frequency. In the use of the slip, slip is mosaic 
in the middle of the rotary disc, clinging to the outer surface of 
the double metal composite pipe, under the action of gravity, 
double metal composite pipe will slide down, due to the effect 

of friction and pressure, slip will slide down with the double 
metal composite pipe sliding, in this process, constrained by 
the inner diameter of the turntable, slip is gradually radial 
shrinkage and card tight double metal composite pipe. Field 
investigation found that the drilling safety and cost will be 
generated by a greater impact because of the slip teeth plate, 
at present, in the process of clamping double metal composite 
pipe, the damage of double metal composite pipe surface will 
be generated, which reduces the drilling capacity, and it is one 
of the causes of pipe failure in the drilling process. Finally, 
because of the delay of drilling and drilling tool failure, huge 
economic losses will be produced[1,2,3].

The tooth is a key part of slip, which contacts directly 
with the double metal composite pipe, The extent of double 
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metal composite pipe damage and whether the double metal 
composite pipe is clamped is determined by tooth shape 
parameter of tooth plate[4]. In the work, the clamping force is 
determined by the slip teeth in the tooth profile parameters, 
force is too small, double metal composite pipe will decline, 
the force is too large, the double metal composite pipe and 
the tooth plate will occur larger plastic deformation, resulting 
in failure[5]. Slip technologically advanced is United States 
of DEN-CON company and VARCO-BJ company, which 
ppipeuced a slip of the double metal composite pipe small 
damage, the other slips for drill damage was relatively large, 
as shown in Figure 1. Thus, reducing the slips for double 
metal composite pipe plastic damage is an issue on oil and 
gas fields need to be resolved, and dental plate contact area 
with the double metal composite pipe size is one of the key 
factors affecting the double metal composite pipe slips injury.

Fig. 1. Injury for offshore well pipe

Currently the paper of researching slips dental plate is 
relatively small, which mainly concentrated in the mechanical 
analysis of the entire system, the double metal composite 
pipe and slip damage mechanism on the double metal 
composite pipe. Hongliang Tian carried out experimental 
study for the coefficient of friction between the slips and the 
drill, who obtained changing scope and value of grooved 
slip friction coefficient, and clearly put forward the axial 
grooves, lateral grooves and slip teeth Board tooth surface 
will affect the coefficient of friction[6]; Weiliang Liu studied 
the affection of different tooth surface for the impact force, 
proposed reducing clamping system preload by changing the 
structure and shape of the tooth surface slip for increasing the 
friction coefficient method, in order to stabilize the double 
metal composite pipe clamping system[7]; Wang Yong, who 
analyzed the anti-failure mechanism of dynamic slip gripping 
zone, and further proposed measures to prevent drilling 
failure in the slip zone[8]; WHSPiri and WBReinhold studied 
the mechanism of damaging drilling by slip, and analyzed the 
double metal composite pipe bite injuries on several factors, 
such as slip tooth dental plate, pipe load[9,10]. But the work 
of the specific studying a tooth dental plate slips parameters 
affect for the drill has not yet commenced, and the affection 
of changing each slip tooth plate parameters on drill plastic 
damage is particularly large, in this paper, the double metal 
composite pipe damage for the contact area was systematically 
studied , since the contact area slips dental plate and double 
metal composite pipe slips directly determines the size of 

the hold force and friction, the work is essential to the use of 
slip, which is one of the key challenges of the double metal 
composite pipe slips injury[11,12].

CONTACT SIMULATION MODEL

SLIP DENTAL PLATE STRESS ANALYSIS

When offshore well slip was working, the double metal 
composite pipe was clamped by slip, as shown in Fig. 2. 
According to most scholars of research, we also assumes 
a uniform distribution of radial pressure, the coefficient of 
friction between the slips and drill the same everywhere[13].

Fig. 2. Contact model between double metal composite pipe and slip

In Fig. 2, R is extrusion pressure, μR is friction; G is the 
gravity of double metal composite pipe, W is reaction force 
of double metal composite pipe; α is the angle between the 
slip outer surface and double metal composite pipe outer 
surface. These parameters were meet the following Eq.[9].

)cos(sin
)sin(cos

RG
RW

(1)

Futher:

)tan/()tan1(GW (2)

As shown in Fig. 3, the overall tooth plate is on the left, 
the right is an enlarged single tooth, L represents the total 
length of the dental lamina, l represents the tooth top width, 
h represents the tooth height, β represents tooth rake angle,  
γ represents tooth posterior horn.
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Fig. 3. Slip teeth schematic

The number of teeth can be calculated from Fig. 3:

)tan/1tan/1(h
Ln (3)

The follow is surface area of each tooth addendum:

180
rls (4)

Thus, when slip was clamping double metal composite 
pipe, slip tooth stress was generated as follows:

tantan)tan(
)tan1)(tan(tan180

Lrlm
Gh

mns
W

S
W

(5)

In Eq. (5):
S  – the total area of slip teeth plate in contact with the 

double metal composite pipe;
Ф  – the angle of tooth plate rotation;
m  –  the number of teeth.
Assumed:

tantan
)tan(tan180

L
hA (6)

tan
tan1B (7)

Therefore, we also obtained:

rlm
GAB (8)

In Eq. (8):
A – the contact surface factor;
B – a radial load factor.

In the design of slip tooth plate, the stress was required 
that the smaller the better, from the Eq. (8), we can find that, 

in case of determined the tooth affecting factors of contact 
area, the larger for teeth tooth top width l, less for stress of 
tooth plate, the stress on the double metal composite pipe 
is also smaller. However, when the stress is too small, the 
friction between the tooth plate and drill is not sufficient to 
hold the hanging double metal composite pipe, double metal 
composite pipe slips tooth plate and critical contact friction 
is determined by Coulomb friction law[11]:

pcr 1 (9)

In Eq. (9):
μ1 – friction between slip tooth plate and double metal 

composite pipe;
p – the normal contact stress.

Binding Eq. (5) and Eq. (9), the frictional resistance 
in clamping double metal composite pipe by slip can be 
generated:

tantan)tan(
)tan1)(tan(tan180 1

111 Lrlm
Gh

mns
W

S
WFf (10)

The greater the friction, the greater the clamping force, thus, 
by the above Eq., we can obtain that, in case of determined 
the tooth affecting factors of contact area, the larger for teeth 
tooth top width l, more conducive for slip working. So we 
saw that from Eq. (5) and Eq. (10) , there will be an optimum 
tooth top width, it is not only reducing the stress when the slip 
working, but also to generating sufficient friction resistance 
force in order to clamp double metal composite pipe by slip.

DOUBLE METAL COMPOSITE PIPE STRESS ANALYSIS

In the process of holding the double metal composite pipe 
by slip, assuming no friction angle, the follow is the axial, 
radial, circumferential stress σx, σr, σθ, respectively[10]:
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In these Eq.s:

LS
Ww (14)
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)( 22
ioH rrS (15)

In Eq. (14) and Eq. (15):
SH – the pipe cross-sectional area;
w – double metal composite pipe extrusion stress;
ro – the outer diameter of the double metal composite pipe;
ri – the inner diameter of the double metal composite pipe;
SL – the side slip area.

We can obtain that, when the double metal composite 
pipe was clamped, frictional resistance of the outer surface 
of the double metal composite pipe slips generated as follows:

m n
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l
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The double metal composite pipe stress is generated by 
gravity:

a

io
G dx

rr
Gf

0 22 )(
(17)

In Eq. (17):
a – the length of the double metal composite pipe.

In order to be able to clamp the drill, it must be fF=fG. 
United (16) (17):

)tan(tantantan)( 22
1 GahrrwmLl io (18)

The Eq. can be written as:

)( 22
1 io rrwm

GaCl (19)

In Eq. (19):
C – the tooth top width factor.

tantan
)tan(tan

L
hC (20)

Therefore, for different tooth dental plate parameters, 
the optimal parameter with the tooth was calculated by 
the Eq. (19), for example, after the tooth rake angle, tooth 
posterior horn and tooth height were determined, we can 
calculate the optimal tooth top width, Then, Bring parameters 
into the Eq. (8), get the best of kava dental plate.

The following Eq. is the double metal composite pipe failure 
criteria, σs is the double metal composite pipe yield strength.

2222 2)()()( srxrx (21)

The drill lateral and medial can be calculated by the above 
Eq.:

422222222. 4)()(
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GS (22)

42222222 4)2()(
2

ooLioL
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If the force is too small to hold fast, it will lead to drill 
decline. And the double metal composite pipe also occurs 
decline phenomenon, this displacement consists of two parts, 
one part is drill axial tension generated by the displacement 
s1, the other part is the displacement of the double metal 
composite pipe to the pressure generated by the ring s2. 
Specific expressions are as follows[12]:

rs1 (24)

)](cosee)(cos2[
16

)(
42 xbx
Dr

Gs xbx (25)

(26)

In Eqs. (24), (25), (26):
ε – the strain drill;
D – the flexural rigidity of the double metal composite pipe;
x – the contact length between slip and double metal 

composite pipe;
b – slip length;
c – the wall thickness of double metal composite pipe.

In summary, the decline in the displacement of the double 
metal composite pipe:

(27)

CONTACT ANALYSIS

FINITE ELEMENT MODEL

Fig. 4 is the contact finite element model, It contains a top 
view and a front cutaway view. In this figure, a is slip seat, b 
is double metal composite pipe, c is slip tooth. The slip seat 
is Fully-constrained, hanging load is put at the bottom of the 
double metal composite pipe[14,15].
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Fig. 4. Finite element model

FINITE ELEMENT VERIFICATION

From Fig. 5, There are two kinds of slip teeth plate, which 
was currently being used universally. the differences between 
them was obvious, it can be seen that there was a big difference 
between the contact area of the two kinds of tooth plate.

(a)                                                                 (b) 
Fig. 5. Two kinds of slip teeth

With the slip clamping a double metal composite pipe of 
180 tons, the elasticoplasticity contact behavior of the two 
slips with the double metal composite pipe was studied, the 
results are shown in Fig. 6.

(a) 

(b) 

Fig. 6. The stress of teeth and double metal composite pipe

From Fig. 6, we can see that, two slip tooth plates on the 
double metal composite pipe damage are relatively large, there 
is little difference between the calculation results and field 
using consistent, The accuracy of the finite element model 
was proved by the results.

For the Eq. (8) and (19), radial load factor B was determined 
by the slip back taper factor and friction coefficient, slip 
system, the existence of oil and gas fields on the current, which 
slips taper angle α, monolithic slip tooth plate length L and the 

rotation angle Ф have been fixed, and the friction coefficient 
μ is based on field data can be obtained, we have obtained 
it according Eq. (28). Simulation, we need to determine 
the tooth plate contact surface slip factor A and the tooth 
top width factor C, thus, setting tooth rake angle changed 
gradually from 60° to 90°, the tooth back angle from 30° to 
60° gradually changed, tooth height from 0mm to 0.8 mm. 
After the calculations we chose the calculation results in 
Tab. 1 and illustrated it.
Tab. 1. Slip tooth parameters

NO. OA OB OC OD
Β(°) 75 75 60 60
γ(°) 35 50 30 60

h(mm) 1.8 0.7 1.3 2.0

Now, based on the previous research, which had been 
published, as shown in Fig. 7, for a variety of tooth root 
chamfer radius change with the diameter of chamfer of 
tooth top, general trend of affection to stress of double metal 
composite pipe was the same. We planned 5 kinds of tooth 
root radius. There was an optimal value, where the root which 
has the least impact on plastic damage to the double metal 
composite pipe was 0.1mm, and the tooth top semicircle 
diameter is 0.25mm[1].

Fig. 7. The stress affect of chamfer

Then, author had been studied the affect of the width of 
tooth top and tooth root chamfer to double metal composite 
pipe’s plastic damage , the result was shown in Fig. 8[1].

Fig. 8. The stress affect of coupling
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In Fig. 8, we knew that except when the tooth root chamfer 
radius was 0.1mm,width of tooth top was 0.15mm , the affect 
change to the double metal composite pipe was big .Under 
various tooth root chamfer radius, the double metal composite 
pipe stress change was rather flat as the tooth top width varies. 
Overall, when the tooth root chamfer radius was 0.1mm, the 
double metal composite pipe stress were relatively small, 
the best combination was that the tooth top width was 0.3mm, 
the tooth root chamfer radius was 0.1mm[1].

At last, we compared the finite element results with the 
calculation results of Eqs., in Fig. 9 and Fig. 10, the curve 
was marked with finite element calculations, no mark is the 
result of using the derived Eqs.

Fig. 9. Comparison of theoretical and finite element calculation results 
for slip tooth

Fig. 10. Comparison of theoretical and finite element calculation results 
for double metal composite pipe

As can be seen from Fig. 9 and Fig. 10, the results of the 
finite element results and the theoretical calculation results 
by Eq. are basically the same above the dotted line, but below 
the dotted line, the calculation result was a big gap between 
the two, the reason is that, corresponding to different tooth 

width factor, in the model above the dotted line, In the finite 
element calculation, the double metal composite pipe has been 
broken off, but the theoretical Eq. was based on the calculation 
of the double metal composite pipe will not fall off, so there 
is no consistency of the results. Therefore, we can show that 
when slip tight pipe, the theoretical derivation is correct. We 
can see from Fig. 9 and Fig. 10, below the dotted line, the slip 
tooth stress values are the same, the reason is the value of 
this section, all drill has left the slip, caused exactly the same 
final state, so there is not gap stress basically.

All simulation results were summarized, we found that the 
damage and influence law of double metal composite pipe 
by contact area between pipe and slip tooth are the same, 
when the taper angle α, chip card tile tooth plate length L 
and the rotation angle Ф were certain, the optimum contact 
area between pipe and tooth is the same, the optimal value 
is only related to the influence factor of the contact area. The 
contact area impact law on the double metal composite pipe 
as shown in Fig. 11, in the figure, strain and displacement 
trend was the opposite, which fits the Eq. (27).

Fig. 11. Effect of contact area on double metal composite pipe

We could be obtain from Fig. 11, when we designed 
slip tooth, we should be get the maximum contact area 
based on double metal composite pipe allowable maximum 
displacement. Base on both theoretical and finite element, 
we calculated the best tooth parameters, and produced some 
sets of slip tooth plates, test comparison.

EXPERIMENTAL VERIFICATION

EXPERIMENTAL DEVICE

In order to better verify the theoretical analysis results, 
after the completion of the analysis, we produced a set of best 
tooth dental plate, which is 0.3mm, while the production of 
the three sets of different tooth plate test, the experimental 
apparatus shown in Fig. 12.
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Fig. 12. Experimental device

In Fig. 12, the top is tons of hydraulic machine, the bottom 
of the cylinder is simulated wellhead, placed slip in the 
cylindrical, double metal composite pipe projected visible 
150mm upper the slip, invisible double metal composite pipe 
extends 175mm in the slip, simulated wellhead apparatus is 
provided inside sleeve, bevel of 9°27ʹ45˝±2ʹ30 ,̋ the vertical 
height of the sleeve is 323.8mm, minimum internal diameter 
simulated wellhead is 257.2mm. Observe the changes for 
tooth plate and double metal composite pipe after the test.

EXPERIMENTAL RESULT

First we observed the difference after test between tooth 
plate of designed and common tooth plate in current oil and 
gas fields, as shown in Fig. 13.

Fig. 13. Comparison of slip tooth plates

In Fig. 13, the left is currently used tooth plate in oil and 
gas fields, the right figure is calculated by analyzing the tooth 
plate, it is clear that the effect of slip tooth plate obtained by 
contacting the theoretical analysis area is much better than 
the currently used slip tooth plate.

Since we are most concerned about is the double metal 
composite pipe plastic damage, as shown in Fig. 14. From 
left to right, the first is the best slip through plastic damage 
tooth plate theory calculated, which is better than the other 
three sets of dental plate. By comparison drill Plastic Damage, 
we can fully proved, analysis and finite element theory for 
guiding the design aspects of slip tooth plate is feasible in 
this paper.

Fig. 14. Comparison of slip tooth plates

CONCLUSIONS

Impact factor of tooth top width and contact area 
was obtained by theoretical calculation, which provide 
a  theoretical basis for guiding tooth designed;

The finite element model of slip and double metal composite 
pipe was established, then, achieved a mutual verification 
through simulation and finite element model;

On the basis of theory and finite element calculations, 
verify was completed by experimental, compared to the tooth 
plate and double metal composite pipe, demonstrated the 
results of the analysis, the best tooth top, if it is semicircle, 
the diameter is 0.25mm, if flat, width is 0.3mm, the study of 
slip system was produced a very big boost.
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ABSTRACT

When an offshore oil field completed and put into production, new subsea pipelines and the new cable need to be 
established. Cable protection pipe clamp is used to fix cable protection pipe on the jacket. In order to avoid the 
problem of traditional steel structure clamp splice, counterpoint, fastening difficulty when installed cable protection 
pipe under water, reduce the risk and workload of under water, This paper develop a new type of portable connecting 
riser clamp –“backpack clamp” which solve the riser cable protection pipe difficult underwater installation problem. 
The main structure of backpack clamp used three valves type structure. The load characteristic of a clamping device 
was determined by the Morison equation which was a classical theory. Clamp device underwater mechanics analysis 
model was established. The minimum tension pre-tightening force was determined. The results show that the strength 
of the base meets the requirements after strength analysis with finite element analysis method, stability and strength 
experiments, which means the clamp based on resin matrix composite is feasible.

Keywords: Pipe clamps, Sea environmental load, Fastening mechanics,Strength analysis

INTRODUCTION

Offshore oiland gas resource development has attracted 
the attention of the whole world because of the increasing 
depletion of land oil and gas resources.Exploit advanced marine 
petroleum equipment is an important symbol of the effective 
development of offshore oil and gas resources[1]. Offshore 
oil and gas resource development are based on the offshore 
platform structure.The structure of jacket platform is large and 
complex,and the sea breeze,ocean wave,ocean currents,sea ice 
always has impact on it[2]. The offshore jacket platform will 
appear in different forms of damage which work in the harsh 
marine environment for a long term,the main damage types 
including dent,corrosion foundation erosion and sea ice[3].

With the vigorous exploitation of the world marine 
resources, ocean engineering is developing rapidly, which 
makes the ocean engineering cable needs expanding, and 
its related technology has put forward higher requirements, 
one important link is the research of submarine cable 
laying, protection and maintenance[4,5,6]. The science of 
submarine cable laying and maintenance technology can 
better use of favorable conditions and avoid unfavorable 
conditions in the marine environment. The science, 
economics economy and reliability of the submarine cable 
project are promoted and its service life is increased. This 
paper will study the new nonmetal type of vertical pipe 
clamp which based on composite material resin. Marine 
environment load and device mechanical properties are 
analyzed [7, 8. 9].
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STRUCTURE DESIGN OF BACKPACK 
CLAMPS

The backpack clamp device is mainly composed of 
compound material matrix, three clamps fastening connector 
(including long screws, pre-clamping bolts, f lat steel 
components and compressive steel plate), which is shown 
in Fig.1.

1 2 3 4

5 6 7 98

Fig.1. Overall structure of backpack clamp device 
(1- jacket 2- clamp 3- the big cable protection pipe 4-the small one 5-flat 

steel component 6-long screw 7- compressive steel plate 8-pre-clamping bolt 
9-fastening machine)

Clamp fastening need a set of special under-water fastening 
machinery - hydraulic stretching device. The backpack clamp 
matrix is adopted three valve structures, which convenient for 
installation and repair. Three groups of flat steel component 
are connected with long screws by thread. Long screw piece 
6 through matrix mounting holes advance buried and 
compressive steel plate installation holes. The backpack clamp 
is pensioned by hydraulic stretching device which ensures the 
tensioning load appropriately. The characteristic is simple, 
labor-saving and operation convenient under water. Pre-
clamping bolts are used to connect three clamp matrixes to 
cable protection pipes, which conducive to overall hoisting 
and installation under water. After six fastening nuts are 
tensions, the installation of cable protection pipes to the jacket 
is completed.

SEA LAOD ANALYSIS OF BACKPACK 
CLAMPS

Marine environment and sea conditions should be studied 
before offshore structures analysis and design, which are the 
important work in the design of marine engineering. For 
the backpack clamp device, the impact of wave load and the 

current load on the cable protection pipes and clamp device 
will be mainly researched [10].

Morrison equation is the main wave forces calculation 
method when an object is smaller than wavelength relatively 
[11]. For the coordinate system as showed in Fig.2, arbitrary 
height z of protection pipes, pipe length dz horizontal wave 
force is

21

2 4H H D x x M
xD

dF f C Du u C
u

dz dz dz
t
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fH dz
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2

Fig. 2. Cable protection pipe is subjected to wave forces  
(1-cable protection pipe 2- backpack clamp)

Where FH: the horizontal wave force of cable protection 
pipes; ux: wave particle horizontal velocity in protection pipe 
axis arbitrary position at z height; D: the outer diameter of 
cable protection pipe; ρ: the density of seawater; CD: drag 
coefficient vertical to the protection pipe axis direction 
(the reaction of the liquid viscosity effect); CM: inertia force 
coefficient (quality coefficient).

According to the actual loading of backpack clamp, Ariy 
linear wave theory is adopted in the analysis of wave motion 
characteristics. Velocity of wave particle in the horizontal 
direction is shown in equation (2) [12].

ch
cos

shx

k z dH
v kx t

x T kd
  (2)

As showed in Fig.3, the horizontal velocity of wave changes 
as the cosine law with the phase (time). With the increase of 
water depth, velocity decreases and the surface wave motion 
is the most severe. With the increase of water depth, the 
impact of the phase of horizontal velocity of wave particle 
decreases gradually, which illustrates the particle motion of 
wave mainly occurs in the surface of water.

According to the calculation of wave particle horizontal 
velocity and acceleration in motion characteristics and 
combining with the Morison equation, the horizontal wave 
force of whole root protection pipe can be gotten by the 
integral the equation (1) in cable protection pipe length.
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Fig. 3. The horizontal velocity of waves in different phase and depth
 

xv – Horizontal velocity of water particle z – depth of the water  

 – Phase angle ( kx t )

This paper is combined with the actual situation and 
consulted related to specific references in Nanhai Sea, China. 
Wave height is determined as 1.5m; Wave cycle T is 10s; the 
minimum wavelength L is 6m. Cable protection pipe diameter 
D is 0.328m. According to the specification of Chinese 
fixed offshore platform into level and construction, CD=1.2, 
CM=2.0[13]. The final maximum wave force calculation of 
single cable protection pipe is 1242N.

The horizontal wave force FH of whole root protection 
pipe changes with phase θ and relate to cycle T, wave height 
H, water depth z etc. Firstly, discuss for the condition of 
given cycle (wavelength), water depth, different wave height, 
protection pipe wave force changes, as showed in Fig.4. 

Fig.4. Cable protection pipe wave force varies with the phase angle under 
the different wave height

As showed in Fig.4, for the condition of water depth 
d=64m, wave cycle T=10 s, wave height H is 1.0m, 1.5m, 2.0m 
respectively, and wave force of cable protection pipe changes 
with the phase angle. 

Wave height H has a bigger impact on wave force. The 
wave forces increase with wave height. Referring to Fig.4, 
wave height H has a more obvious impact on wave force 
than cycle T.

Secondly, discuss for the condition of given water depth, 
different wave height, protection pipe wave force changes 
with cycle T. As Fig.5 shown, for the condition of water depth 
d=64m, wave cycle T in the range of 2~20s, wave height H is 
1.0m, 2.0m, 4.0m respectively, wave force of cable protection 
pipe changes with the wave cycle. 

Fig. 5. Maximum wave force of cable protection pipe varies with wave cycle 
under the different wave height

As showed in Fig.5, with the wave cycle T increasing, the 
impact on the maximum wave force not process consistency. 
For the reason that when H=1.0m, the maximum wave force 
FHmax is determined by the maximum inertia force and with 
the increasing of cycle T, the maximum wave force FHmax 
decrease; when H=2.0m or H=4.0m, the maximum wave 
force FHmax is determined by the maximum inertia force 
and maximum drag force together and with the increasing 
of cycle T, the maximum wave force FHmax increase. The 
cycle has a bigger impact on wave force under H=4.0m 
than H=2.0m. 

According to the formula (1), for the condition of water 
depth d=64m, the maximum wave force of cable protection 
pipe unit length changes with the water depth. As Fig.6 
showed, for the condition of the cycle T=10s, wave height 
H is 1.0m, 2.0m, 4.0m respectively, the maximum wave 
force of cable protection pipe unit length changes with the 
wave depth.
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Fig. 6. Maximum wave force of protection pipe unit length varies with depth 
under the different wave height

The origin of the coordinate is in the surface of water. The 
curve responses water depth and wave height impact on wave 
force was showed in Fig. 6. Under the condition of certain 
water depth, the maximum wave force of cable protection pipe 
unit length decreases with depth increasing. The minimum 
wave force is at the bottom of the sea; the maximum wave 
force is in the surface of water. This phenomenon is more 
obvious with increasing wave height. The greater ratio of 
wave height and depth, effect of water depth on wave force 
is more obvious.

In the actual ocean environment, not only existence the 
waves, there are still current. The cable protection pipe is 
affected by wave and current in the same direction. Motion 
characteristics of water particle should consider the joint 
action of wave and current. The joint action of current and 
wave greatly increases the drag force of seawater for ocean 
engineering structures [14]. 

The wave force calculation formula of cable protection 
pipe on unit length under the joint action of waves and 
currents for the type (4). Total wave forces on cable protection 
pipe can be solved by integral calculation. 

21
( )

2 4H D M

D
F C D C

π
ρ ρ= + + +c cV V V V V  (4)

According to the sea state data, current velocity Vc is 
0.6m/s; cable protection pipe environmental water depth d 
is 64 m; Wave period T is 10s; Wave height H is 1.5m. The 
contrast stress curve of cable protection pipe per unit length 
by the drag force alone and the resultant force is shown in 
Fig. 7.

As showed in the curve, the sea loads of cable protection 
pipe are decreased with depth increased. For the reason 
that water particle horizontal velocity caused by current is 
constant in depth. Because the current is considered to be 
a uniform flow, the inertial force caused by current is very 
small and the resultant force is mainly produced by the drag 
force in the deep sea. 

Fig.7. Contrast of protection pipe resultant force between combined wave 
current and lonely wave action

Compute the integral of FH to the depth z range from 
-64m~0m. The inertial force of cable protection pipe is 
78784N under the combined action of waves and currents.

THE STUDY ON MECHANICAL FASTENING 
PROPERTIES OF BACKPACK CLAMPS 

After backpack clamp installation is completed under 
water, in order to ensure the clamp stable and reliable work, 
the mechanical analysis of the clamp key components must 
be done.

The backpack clamp is under the action of wave force and 
current force underwater. According to the analysis of sea 
loads in the previous section, environmental loads for each 
condition act on the cable protection pipe in 8 directions. The 
Table.1 and Fig. 8 are directions of loading for the conditions 
of the corresponding reaction loading.

Fig.8. Schematic diagram of environmental load direction and clamp range
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Tab. 1. Support reaction force extremum of backpack clamp 

load 
direction

Force
(X)

Force 
(Y)

Force 
(Z)

Torque
(X)

Torque 
(Y)

Torque 
(Z)

Direction 1 37.2 33.6 0 4.97 -3.41 -3.46

Direction 2 52.8 5.27 0 3.66 -2.68 3.08

Direction 3 38.8 -33.1 0 -4.72 1.60 2.00

Direction 4 -3.89 -49.4 0 -4.36 1.78 -2.34

Direction 5 -34.5 -30.1 0 2.39 2.25 2.24

Direction 6 -53.3 3.77 0 -1.33 2.27 1.89

Direction 7 -36.8 38.3 0 2.20 -2.00 -2.27

Direction 8 -2.70 52.8 0 4.67 -2.86 -3.67

Remarks: unit of force: kN, Unit of torque: kN∙M.

The backpack clamp pre-tightening force refers to the pre-
tightening force of the clamp fasteners, which provided by the 
long bolt and fastening nut powered by hydraulic stretching 
device. In order to determine the tension minimum pre-
tightening force, the extreme load of the most easily lead to 
tension failure is taken from clamp counterforce. As showed 
in Table.2, the environment loads are set on the centroid 
position of the clamp by using the local coordinate. The 
distance of matrix centroid to jacket is h, and to the friction 
surface is d.
Tab. 2. Environmental load of backpack clamp centroid 

Load X Y Z

Force kN 55.51 56.08 0.81

Torque kN∙m 18.07 24.53 0.2

Marine environment load of clamp can be balanced by 
the friction between the clamp and jacket completely. The 
contact body of the jacket and the clamp is an arc surface. 
The positive pressure of balancing marine environmental 
impact force and torque F consists of two parts [15]: including 
the balance of impact force F1 and the balance of impact 
torque F2. The friction coefficient is experience value 0.2. The 
corresponding respectively

2 2

y z

1 x

F + F
F = + F (5)

( )y xz

2

M MM
+ +

RD D
2F = (6)

The positive pressure F is F=F1+F2, The calculated 
F=684.95kN. Positive pressure F is provided by pre-tight 
fasteners of flat and long screw. The safety factor of pre-
tight force K=1.5. There are six groups of screw on a total 
of compressive steel plate. So the minimum pre-tightening 
force T for each long screw tensioning is 

6

K F
T = (7)

The calculated T=17.12t. The pre-tightening force meets 
the minimum requirements of the tensioned preload. If the 
actual preload is greater or equal than this value, the whole 
device can be guaranteed the normal work. 

According to the mechanics of model and load parameters, 
the model is imported and analysis. The pre-tightening force 
of a single long screw is 171.2kN, so the positive pressure 
of the clamp matrix is 1027.2kN. According to Table 2, the 
extreme support reaction force is applied after considering 
safety coefficient. The safety coefficient is 1.5. The data in Table 
2 are multiplied by 1.5 after the force and moment data values 
loaded in a protective pipe. According to the analysis of the 
model load setting, Fig.9 is the final result of calculation stress 
nephogram.

Fig. 9. maximum stress and strain nephogram

As showed in the Fig. 9, the maximum equivalent stress 
appears at the contact between clamp matrix and cable 
protection pipe. Maximum equivalent stress is 72.6MPa. 
The maximum stress is less than the clamp matrix material 
allowable stress 155MPa. Clamp matrix strength meets the 
requirements. 

The load experiment of backpack clamp products uses 
experiment platform with the method of hydraulic loading 
[16]. By the calculation of positive pressure on the clamp pre-
tightening in anterior segment, the maximum thrust of wave 
and current is 78784N, which is rounded by 80kN. The safety 
factor is 3. As showed in the Fig.10, the maximum thrust of 
simulation marine conditions is 240kN, which is separated 
five directions respectively. 

The movement is expressed in “m” and stability in “s”. 
The clamp matrix and other parts are not cracked or broken 
strength failure in the process of experiment, which explains 
that the structural strength meets the design requirements. 
As showed in Table.3, it can be obtained that the force of 
clamp pre-tightening is at least 1100kN under the maximum 
thrust force of 240KN. Clamp will be stable as function 
of the current largest force and have the safety allowance of 
3 times. The clamp structure stability meets the requirements.
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Fig.10. Load experiment of backpack clamp

Tab. 3. The influence of positive force on cable protection 

The pre-
tightening 

force

The pre-tightening force 
of clamp (kN) 500 700 900 1100 1300 1500 1700

Oil pressure (MPa) 20 27.4 35.2 43.1 50.9 58.7 66.5

Total thrust 
of manual 

pump

5MPa (50kN) s s s s s s s
10MPa (100kN) s s s s s s s
15MPa (150kN) m s s s s s s
20MPa (200kN) m s s s s s
24MPa (240kN) m s s s s

CONCLUSION

This paper researched the backpack clamp of ocean jacket 
cable protection pipe and analyzed three aspects of clamp 
structure, the sea loads and pre-tightening force strength 
separately. The backpack clamp matrix is adopted three 
valve structures. The sea loading form, size and the effects 
of ocean environmental factors is studied. The minimum 
pre-tightening force is determined by establishing the 
mechanical model of the clamp. The maximum stress of is 
less than the material tensile and compression strength of the 
finite element analysis of matrix strength. Impact resistance 
of clamp resin matrix is meeting requirements underwater. 
Structural stability and strength experiments of backpack 
clamp device explain that the requirements of strength and 
stability are qualified and the feasibility of design is verified. 
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ABSTRACT

Side scan sonar measurement platform, affected by underwater environment and its own motion precision, inevitably 
has posture and motion disturbance, which greatly affects accuracy of geomorphic image formation. It is difficult to 
sensitively and accurately capture these underwater disturbances by relying on auxiliary navigation devices. In this 
paper, we propose a method to invert motion and posture information of the measurement platform by using the 
matching relation between the strip images. The inversion algorithm is the key link in the image mosaic frame of side scan 
sonar, and the acquired motion posture information can effectively improve seabed topography and plotting accuracy 
and stability. In this paper, we first analyze influence of platform motion and posture on side scan sonar mapping, 
and establish the correlation model between motion, posture information and strip image matching information. 
Then, based on the model, a reverse neural network is established. Based on input, output of neural network, design 
of and test data set, a motion posture inversion mechanism based on strip image matching information is established. 
Accuracy and validity of the algorithm are verified by the experimental results.

Keywords: side scan sonar; image matching; image fusion; neutral network; motion inversion

INTRODUCTION

Side scan sonar describes submarine topography in the 
form of grids and detects seabed morphology by recording 
and showing submarine backscatter echo of incident sound 
wave. Side scan sonar record captures a series of strip images 
without geographic azimuth information. Many difficulties 
need to be solved to form large-scale, high-precision, high-
resolution submarine landscape images. Image mosaic and 
geocoding can map the measured strip images to specified 
geographic coordinate system, thus synthesizing a whole 
regional geomorphic image. But existing processing means 
have difficulty to effectively eliminate image spots, stripe noise 
caused by noise, marine environment changes, insufficient 
navigation information accuracy, track bending, speed 

nonuniformity, unstable towfish posture as well as cracks 
and local distortion etc., caused by inaccurate image mosaic. 
These interference and distortion problems greatly hinder 
applications of automatic target detection, identification, 
seabed material classification, navigation.

In this context, we carried out research on side scan 
sonar image mosaic processing system, and established 
a new processing framework in order to improve quality of 
side scan sonar mosaic image and computational efficiency 
of corresponding operation. The processing model first 
filters spot noise and stripe noise of strip image obtained 
via side scan sonar. Then, adjacent strip image is matched 
with feature and region similarity metrics algorithm based 
on side scan sonar image characteristics. Relative position 
information of strip image is obtained by matching, so that 
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track of side scan sonar carrier platform is inverted to solve 
the mispairing and mismatch problem. Finally, the matching 
strip image is merged and embedded to obtain the whole 
seabed geomorphology of the detection area.

This paper focuses on inversion of side scan sonar track in 
the whole frame. The random variation of navigational state 
of the carrier platform is the main interference that degrades 
accuracy of mosaic image, also the main source of mispairing 
and mismatch problem of strip image. As side scan sonar runs 
in the underwater environment, it is difficult for auxiliary 
navigation tool to locate it, and its accuracy and sensitivity 
cannot be guaranteed. It is a novel, intuitive and effective 
means to judge the misplaced points, correct the mismatched 
images and amend the location information by obtaining 
navigational status of side scan sonar platform. Based on 
the theory of artificial intelligence and pattern recognition, 
motion state information of the platform can be extracted 
by self-learning and generalization process from parameters 
such as translation, rotation and scaling obtained by multiple 
strip image matching analysis, and then motion trajectory 
of the platform can be calculated.

RELATED WORKS

With the deepening of requirements for underwater 
detection and ocean surveys, early extensive measurement 
and data processing methods are no longer applicable. Due 
to special working methods and poor working environment 
of sonar in ocean survey, relevant researchers at home and 
abroad have been carrying out a lot of research on motion 
error correction method of sonar platform and have made 
many achievements. There are different approaches for 
measurement of platform motion error according to sonar 
types.

The multi-beam sonar collects amplitude and phase 
information of multi-array elements. The data values of each 
measurement point are calculated by phase control of the 
above information, which has some anti-interference ability, 
and is less sensitive to motion disturbance of the platform. 
Yonggang Zou et al. analyzed existence of leakage detection 
area in the case of platform movement when measurement 
point distribution of multi-beam sonar measurement 
coverage area is uneven [1]. Fucheng Bai et al. carried out 
motion compensation of echo data received by multi-beam 
in the assumption that posture parameters of auxiliary sensor 
measurement are accurate [2]. Fanlin Yang analyzed relative 
positional relationship between posture sensor and transducer 
by multi-beam sonar measurement results of flat experimental 
waters, and thus eliminated offset error of posture sensor [3].

The processing of synthetic aperture sonar is based on 
linear uniformity of sonar platform, and the imaging results 
are greatly affected by motion error. Therefore, research 
on motion error correction of synthetic aperture sonar 
arouses wide concern of researchers. However, there is data 
redundancy in virtual aperture measurement of synthetic 
aperture sonar, which provides sufficient data support for 

inversion of motion trajectory of sonar platform. Peng Wu 
analyzed motion error model of synthetic aperture sonar, 
considering that MD (map drift) algorithm and COA (contrast 
optimization autofocus) algorithm can only compensate 
second-order phase error, and the resolution achievable 
is limited. The PGA (phase gradient autofocus) algorithm 
estimates the phase error directly from the echo signal. It 
can theoretically compensate phase error of any order. It has 
a wide application prospect in high-resolution imaging [4], but 
requires corresponding correction for strip mode. Dongsheng 
Chen et al., on the basis of DPC algorithm, relaxed limits of 
DPC algorithm on platform speed by calculating correlation 
of two-frame signal in “virtual phase center” [5]. Wei Liu et 
al. divided large aperture into a number of sub-apertures, 
estimated and compensated internal movement error of sub-
aperture with the original echo data [6].

For the problem of motion error estimation and 
compensation of side scan sonar, there is no mature research 
reported in current literature. On the one hand, traditional 
side scan sonar is generally only used as an auxiliary means 
of measurement, which fails to undertake independent 
high-precision marine measurement tasks, so its accuracy 
requirement is not high; on the other hand, side scan sonar 
has not high data redundancy, and thus motion inversion 
and compensation are difficult for it compared to multi-beam 
sonar and synthetic aperture sonar. Weiqing Zhu et al. led 
the development of high-resolution sounding side scan sonar 
to solve sonar shortcomings in poor precision in area below 
the sonar, incapability to accurately distinguish submarine 
undulating area, shallow water area with interface impact 
and other areas with complex sound field, and thus high 
resolution of seabed topography and geomorphology can 
be obtained [7]. Multi-beam side scan sonar [8], multi-pulse 
side scan sonar can significantly improve mapping efficiency 
of submarine landform [9]. Interference side scan sonar [10] 
receives more phase diversity of sub-array receipt signal to 
obtain depth information of seabed features. Research on joint 
detection and even data, image fusion with side scan sonar 
and other ocean exploration systems such as multi-beam 
system has also achieved some success [11]. Side scan sonar 
systems are already capable of high-precision, high-resolution 
marine survey applications. In this context, it is of practical 
significance to study inversion and compensation of side scan 
sonar motion. Although data redundancy of side scan sonar 
is not high, there is a common coverage area in its strip image 
data, and regional pattern varies with the changes in motion 
and posture [12]. So the platform motion, posture change 
parameters can be calculated according to morphological 
parameters of the common coverage area.

In general, the current research on inversion and 
compensation of side scan sonar motion is of great 
significance to improve quality of side scan sonar images and 
expand its application in high-precision marine surveying 
and mapping [13,14]. It is a potential research direction to 
study trajectory self-correction method of side scan sonar 
platform under the condition of complex environment and 
unsteady platform.
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EFFECT OF PLATFORM MOTION 

Disturbance of marine environment and human factors of 
ship handling platform will cause swing and translation of 
side scan sonar platform, which will cause blur and distortion 
of geomorphologic imaging of side scan sonar. Therefore, it 
is necessary to carry out motion compensation for it. The 
premise of compensation is capability to obtain motion 
state and posture parameters. As side scan sonar has towing 
navigation in the underwater, its motion state and posture 
parameters cannot be accurately obtained due to limitations 
of accuracy and sensitivity of navigation and positioning 
equipment, and even motion and posture measurement of 
the platform is ignored. In view of the above reasons, this 
paper studies motion state and posture parameters of the 
platform from echo data.

Firstly, the influence of platform motion on echo data is 
analyzed. Fig.1 is the motion, posture error model which 
analyzes from six components of surge, sway, heaving, 
yawing, rolling and pitch.

Fig. 1. Motion, posture error model of the platform

INFLUENCE OF SURGE AND SWAY COMPONENTS 
ON SIDE SCAN SONAR STRIP IMAGE

The effect of surge and sway on side scan sonar imaging is 
shown in Fig. 2(a) without considering other factors.

Fig. 2. The effect of platform’s motion on side scan sonar imaging

It can be seen that surge, sway only affects translational 
position of side scan sonar imaging area, without stretching, 
distortion and other effects. In the two measurement intervals, 
degree of surge, sway of the platform is relatively small, so 
its impact on quality of geomorphic map is relatively small.

The effect of surge and sway on strip image is represented 
by the corresponding translational displacement of the 
relative position of adjacent strip images.

INFLUENCE OF HEAVING ON SIDE SCAN SONAR 
STRIP IMAGE

The effect of heaving on side scan sonar imaging is shown 
in Fig. 2(b).

Obviously, platform heaving causes a greater impact on 
side scan sonar imaging. Under the influence of external 
conditions, sonar platform raises, which causes larger 
coverage area and larger seabed dot spacing between the 
two adjacent measure points. On the contrary, the coverage 
area becomes smaller and dot spacing between two adjacent 
measure points becomes smaller.

The effect of platform heaving on strip image is shown in 
scale of local position of adjacent strip image.

INFLUENCE OF YAWING ON SIDE SCAN SONAR STRIP 
IMAGE

The effect of platform yawing on strip image is shown in 
Fig. 2(c).

Ship’s course changes of sonar platform or wind and waves 
will make the platform yaw. Yawing causes rotation in angle 
of sonar’s acoustic beam coverage area. There is no significant 
changes in the coverage area sizes and measure points spacing 
between near and far beams.

Thus, yawing of sonar platform causes rotational change 
in adjacent strip images.

INFLUENCE OF ROLLING ON SIDE SCAN SONAR 
STRIP IMAGE

The effect of platform 
rolling on side scan sonar 
geomorphologic imaging is 
shown in Fig. 2(d).

As shown in the 
figure, rolling of sonar 
platform has a significant 
impact on side scan sonar 
geomorphologic imaging, 
which causes change in 
slant angle of sonar beam, 
so that actual irradiation 
area of the acoustic beam is 
translated, and dot spacing 
of near and far beam beams 
becomes larger or smaller. 
Rolling occurs frequently 
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in low-speed navigation, poor sea conditions, which greatly 
affects clarity of geomorphic images.

In summary, the effect of platform rolling on strip image 
is represented as translation and affine changes of adjacent 
strip images.

INFLUENCE OF PITCH ON SIDE SCAN SONAR STRIP 
IMAGE

The effect of platform pitch on side scan sonar 
geomorphologic imaging is shown in Fig. 2(e).

As shown in the figure, pitch of the sonar platform also 
has a significant impact on side scan sonar geomorphologic 
imaging. It causes actual irradiation area of the acoustic beam 
to be translated, and size of coverage area also changes, with 
measure points spacing getting larger or smaller. Pitch occurs 
when the sea condition is poor, which greatly affects clarity 
of geomorphic image.

The effect of platform pitch on strip image is represented 
as translation and affine changes of adjacent strip images.

From the above analysis, it can be seen that surge, sway, 
heaving, yawing, rolling and pitch of sonar platform causes 
translation, tilt and size change of sonar coverage area in 
geomorphologic imaging, resulting in random translation, 
rotation, scaling, affine change of adjacent strip images of 
side scan sonar. Image mosaics without image correction 
can cause blur, seams, discontinuities and distortions of side 
scan sonar image.

INVERSION ALGORITHM FOR MOTION 
TRAJECTORY

It can be seen that motion and posture changes of sonar 
platform are directly related to relationship between adjacent 
strip images of side scan sonar. It can also be said that scale, 
rotation and affine changes of strip images measured by side 
scan sonar reflect changes in motion and posture of sonar 
platform.

In measurement of strip image by side scan sonar, 
trajectory and posture changes of the platform will result 
in strip image coverage and proportional affine changes. 
Through the motion model of Section 3, we can establish 
the relationship between motion state of sonar platform and 
geomorphic strip image:

(1)

(2)

Wherein,  is the real landform of the common 
measurement area of the source strip and matching strip; , 

 are geomorphic images of common measurement area of 
source strip and matching strip acquired by side scan sonar 
measurement, respectively.  is sonar platform motion 
condition parameter matrix, which can convert submarine 

landform into a geomorphic strip image in a particular 
motion case; ,  are position and posture parameter 
matrix of the sonar platform at measurement of source strip 
and matching strip by side scan sonar.

By the matching algorithm described above, the matching 
relationship between  and  can be obtained as follows:

(3)

Wherein,  is matching relationship matrix. That is, under 
the premise that rotation, scaling and affine changes of the 
two images are known, measurement point in source strip 
can be mapped to matching strip.

Simultaneous equation of (1) ~ (2) can derive that:

(4)

Wherein, is the inverse matrix of platform 
transformation matrix .

Ground geomorphic data cannot be accurately measured 
and acquired, so motion state of the platform cannot be 
calculated by formulas (1) and (2). It can be seen from formula 
(4) that motion state of the sonar platform at measurement of 
matching strip can be derived from the motion parameters 
of sonar platform at measurement of source strip under the 
premise that transfer matrix  and inverse matrix  of 
sonar platform motion parameters, and relative matching 
relationship  between source strip and matching strip are 
known.

Fig. 3. The block diagram of inversion algorithm

CONSTRUCTION OF NEURAL NETWORK

There are many factors that cause changes in motion 
and posture of sonar platform and the platform often has 
various modes of motion such as surge, sway, heaving, yawing, 
rolling and pitch. It is very difficult to establish the model for 
inversion of sonar platform motion and posture via related 
parameters of adjacent strip images. But for the geometric 
model described in Section 3, it is easy to calculate region 
information and adjacent positional relationship of strip 
image from platform motion. In addition, in calculation of 
matching relationship of adjacent strip images according to 
matching point, it is necessary to assume that three or more 
matching points cause rigid change in the enclosed area, and 
this assumption will result in calculation error. Therefore, we 
consider application of artificial intelligence theory with good 
approximation ability and learning generalization ability for 
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complex system, to achieve inversion operation of formula (4). 
As analyzed above, the block diagram of inversion algorithm 
is shown in Fig. 3.

Artificial neural network has good approximation ability 
for complex systems and can overcome influence of nonlinear 
factors in the system. Artificial neural network can simulate 
the relationship between multi-dimensional input and output 
without need to understand the complicated internal situation 
of the system, thus avoiding direct modelling of platform 
motion. In addition, artificial neural network construction 
is relatively simple, as there is no complex, time-consuming 
matrix operation. Based on the aforementioned functional 
model, a backward reflection artificial neural network 
structure is established, which is multi-layer sensor network 
structure and an error back propagation algorithm is for 
training. The system consists of input layer, output layer and 
hidden layer.

a) Input layer
The purpose of this network is to invert motion trajectory of 

the sonar platform from the matching relationship of adjacent 
strip images. The matching relation parameters of adjacent 
strip images can be obtained by the aforementioned matching 
algorithm as known input parameters. With platform motion 
position and posture parameters when the source strip image 
is measured as reference, the motion position and posture 
parameter of matching strip image are output.

After matching adjacent strip with image matching 
algorithm [15, 16], a number of matching point pairs are 
obtained for each pair of side scan sonar images. To determine 
the relative relationship between two images, more than three 
pairs of matching points are required. Since relative position 
information of matching point contains relative translation, 
rotation, affine relationship of adjacent strip image, it can be 
directly inputted as input information. To enhance algorithm 
effectiveness, relative position information of four pairs of 
matching points is used as input. According to equation (4), 
sonar platform motion information of source strip in the 
matching point is also input, and finally the sonar platform 
motion information is output when the four points in the 
target strip are measured.

b) Hidden layer
The neurons of the input layer weight the input feature 

parameters and send them to the hidden layer nodes. The 
hidden nodes sum the weighted values sent by the input nodes, 
and send them to the output layer after they are activated by 
activation function and weighted. Logistic function is selected 
as activation function:

(5)

Wherein,  means the weighted sum of the input signals 
of -th node of the hidden layer,  means active output of 

-th hidden layer node.

The activation function is non-linear, so that the network 
has nonlinear approximation ability.

c) Output layer
The output layer sums the weighted eigenvalues sent by 

the hidden layer and outputs it. In this paper, the output 
response is defined as surge, sway yawing, heaving rolling, 
yawing angle and pitch angle of the target strip.

d) Learning algorithm
The BP algorithm is used for neural network training, 

and the mapping problem of neural network learning input 
and output is transformed into a nonlinear optimization 
problem, wherein, the most popular and mature gradient 
descent algorithm in optimization is used. Network weight 
is corrected by iterative operation to minimize the cost of 
network output.

The cost function uses the mean square error between the 
neural network output and the desired output :

(6)

Wherein,  is dimension number of output result of the 
output layer, .  is -th result of actual output 
of the neural network,  is the desired output. 

To sum up, the whole algorithm consists of forward 
calculation process and error back propagation process. The 
mean square error of the neural network is less than the 
specified value after sample set training, that is, the algorithm 
is considered as convergent.

In this paper, we set motion and posture parameters of 
reference strip and matching strip, calculate the coverage 
area of reference strip and matching strip using the geometric 
model described in the paper, and select a number of points 
from the two common overlapping regions as matching point 
pair. These parameters are used as the input and expected 
output of the neural network to train the network. After 
its convergence, it is considered that the network training 
is successful and can reflect mapping relation between 
matching-related information and motion parameters. The 
actual matching situation is input into the network, and then 
desired motion parameters can be obtained.

TRAINING DATA PREPARATION

When the network structure is established, the matching 
relationship between the adjacent strips and surge, sway, 
heaving, yawing angle, rolling angle and pitch angle 
information of the reference strip are input. Through training, 
learning and generalization of the network, navigation 
parameters of the strip to be tested can be obtained.

Training of the network requires a large amount of side 
scan sonar data as a basis. In the cases that data acquisition 
costs are high, experiment involves much equipment and 
the experimental process is complex, it is difficult to obtain 
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enough information. Therefore, in the training phase, we 
consider auxiliary calculation of relevant parameters through 
modelling to obtain training data and meet needs for a large 
amount of training data at a small cost.

Using the model of Section 3, we can calculate the relevant 
parameters of adjacent strip images of the side scan sonar 
under the condition that the sonar platform has surge, sway, 
heaving, rolling and pitch motions. The relative position 
between the platform navigation trajectory and the matching 
point of reference strip of side scan sonar in the adjacent strip 
image is taken as the network input, and platform navigation 
trajectory of strip to be matched of side scan sonar is used as 
the expected output for network training.

NEURAL NETWORK LEARNING

Through the above modelling, calculation process, 
a large number of samples can be obtained. The samples are 
randomly divided into two subsets: training set and test set. 
Training subset is used to train neural network, adjust the 
network parameters so that physical relevance contained 
in the data can be learnt. And then system error is tested 
through the test set data. If the error range does not meet 
the requirements, then repeat the process, and continue to 
adjust the neural network until the system performance meets 
the requirements.

NEURAL NETWORK GENERALIZATION

After the end of the network learning, the system has the 
ability to extract regular output from the input data, that is, 
generalization ability. The platform navigation information 
of the reference strip is read from side scan sonar data, 
and matching of adjacent strip is calculated by matching 
algorithm. After organization, it is input into the trajectory 
inversion system and output of the system is regarded as 
trajectory of strip to be matched.

EXPERIMENTS

This section uses the experimental data generated by 
modelling to validate the motion inversion algorithm.

The existing side scan sonar navigation data lacks sufficient 
navigation information. In order to validate the inversion 
algorithm, we use the motion model of Section 3, assume that 
scheduled navigation speed, course of the platform and its 
height from the bottom are known when reference strip and 
matching strip are measured, and add10% random posture 
and elevation changes on this basis, such as surge, sway, 
heaving, rolling and pitch and so on. It is easy to calculate 
geographical coordinates and overlapping area of each beam 
footprint in the strip image after knowing track, elevation 
and posture of both strips. A matching pair is randomly 
selected from the overlapping area, to replace 88 matching 
pairs of two strip images obtained by side scan sonar image 
matching algorithm based on SURF algorithm and typical 

region similarity calculation method. Every four matching 
points are randomly combined into one set, forming 64 sets 
of matching data. According to the model, platform position 
parameters and posture parameters (including instantaneous 
rolling angle, pitch angle and yawing angle of the platform) 
of each set of input data points of the source strip image 
are obtained. The matching point coordinate data of 64 sets 
of 32-dimensional data (4 pairs of matching points, a total of 
8-dimensional data), reference platform position parameters 
(4-point geographical coordinates, elevation, a total of 
12-dimensional data), reference platform posture parameters 
(4-point rolling angle, pitch angle and yawing angle, a total 
of 12-dimensional data) are input to the trained neural 
network, resulting in sonar platform position and posture 
parameters of 64 sets of matching strips at four matching 
points (including geographic coordinates, elevation, rolling 
angle, pitch angle and yawing angle, a total of 12-dimensional 
data). For all the matching points of the 64 sets, the repeated 
point trajectory parameters are averaged to obtain a unique 
coordinate.

Fig. 4 is the learning curve for training learning. After 80 
cycles, the neural network learning performance is basically 
no longer improved. If the detection error of the system at 
this time is within the allowable range, it can be regarded 
that the network has passed training, and has established 
a model relationship between input and output.

Fig. 4. Learning curve of training

The constructed neural network analyzes the input 
matching parameters and outputs the track coordinates and 
posture information of the sonar platform when it measures 
the matching strip. The track coordinates and elevation are 
compared with the coordinates calculated by the motion 
model, and the results are shown in Fig. 5.
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(a) Three-dimensional trajectory map                         (b) trajectory plane curve 
Fig. 5. Platform trajectory obtained from Inversion algorithm and model 

estimation results

As shown in Fig. 5, the red cross indicates the motion 
trajectory of the platform obtained by inversion algorithm. 
The blue circle represents the platform trajectory calculated 
by the model established in section 3. It can be seen that 
regardless of plane coordinates or elevation, the inversion 
results are basically able to reflect motion state of the platform.

Fig. 6. The bias between the inversion result and the recorded coordinates

Fig. 6 shows the relative error percentage of the results of 
elevation inversion and the results of model calculation. It 
can be seen that the error is basically controlled within 2%. 
The error levels of other matching indicators are shown in 
Table 1. As can be seen, the total error level meets the needs 
of the application.

Because platform motion is random, data transmission 
cannot be strictly synchronized, etc. the information provided 
by auxiliary navigation device can not reflect instantaneous 
fluctuation of its motion and posture, and the inversion 
algorithm proposed in this chapter can make up for the defect 
in this respect. It can be seen from the above experiment that 
the inversion algorithm has the ability to extract motion and 
posture parameters of the sonar platform accurately from the 
echo data, which provides the basis for the following tasks 
such as compensation, imaging and target recognition.

Tab.1. The error levels of matching indicators

Relative 
error(%)

Coordinate 
X

Coordinate 
X

Elevation Rolling Pitching Yawing

Minimum -0.1 -1.32 -2.1 -1.2 -3.7 -0.8

Maxmum 0.986 1.7 1.18 2.8 1.2 3.3

CONCLUSIONS

In this chapter, the motion trajectory inversion algorithm 
of side scan sonar platform based on artificial neural network 
is proposed. At the image level, motion parameters of the 
sonar platform are extracted from the measured echo data. 
The algorithm has the following advantages: a). Side scan 
sonar data redundancy is insufficient, so it is difficult to 
obtain its motion state with traditional methods. In this paper, 
motion parameters of matching strip are inverted with relative 
position relation of adjacent strip. b). Random motion of side 
scan sonar platform and its influence on strip data imaging 
are relatively complex and it is difficult to model motion 
parameters of inversion platform. The self-learning ability of 
artificial neural network algorithm can make the modelling 
process relatively simple and straightforward, and improve 
feasibility of the algorithm. c). The neural network algorithm 
requires use of a large number of samples for training, and it is 
difficult for usual ocean measurement task to meet the needs. 
The algorithm solves this difficulty by modelling calculation 
and construction of sufficient samples.
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ABSTRACT

Marine information is an important way for us to know and study more about the ocean. Marine data makes the basic 
of marine information. Because of the huge quantity and diversity of marine data, and at the same time marine data 
is polyatomic variable, we start with statistical analysis methods to search for the regularity of the marine data. On 
one hand, we get the aggregate variation functions of the marine data by factor analyzing in aspect of the spatiality. 
Then we visually describe the marine status of the studied sea area with pre variogram function and post variogram 
function. On the other hand, we used cluster analysis method to get the verifying rule in time and make visible graphs 
of the marine data. In this way, we can also supply with the suggestions in classifying the sea seawater quality. The 
data processing result shows that the suggested methods in this article are both operable and effective. At the same 
time some reasonable suggestions are given in the article.

Keywords: marine data; factor analysis; cluster analysis, discriminate analysis; visualization

INTRODUCTION

The sea is closely related to a country’s environmental 
protection, the resources developing and its national safety 
as well. And marine information is one of the important 
methods to know and study the sea [1]. Marine data is the 
basic of marine information. We can give important proves 
for studies in marine environmental monitoring, marine 
resources detecting and marine disasters forecasting [2]. 
Human’s vision sense did great contribution to scientific 
studies. The conception of visualization was started to be used 
in the 80s in the 20th century. The massive of data could be 
converted into graphs in a visualization process. The graphs 
inspire our image thinking abilities which greatly improves 
data processing. Human’s main visualization skills contain 
scalar field visualization, vector field visualization [3] and 

feature-based visualization [4, 5]. There are many marine 
data visualization studies in the world. For example, United 
States Naval Research Laboratory (NRL) made an data 
visualization research on the mixing process of the ocean 
in 1989. In the European eScience plan sponsored by the 
British National Institute for Environmental eScience (NIEeS) 
they started the research plan GODIVA [6] (Grid for Ocean 
Diagnostics Interactive Visualization and Analysis). In this 
plan, they used the interactive visualization technology and 
network technology to process marine data. Poseidon [7], 
the oceanography study project was led by MIT. They used 
distributed computing as their basic method to integrate 
the marine data and made the model as well as functional 
modules, visualization and parameter calculation, etc. 
Visualization of marine data makes the ever changing massive 
marine data effectively used which helped to process and 
explain the marine data with high efficiency.
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MATERIAL AND METHODS

CHARACTERISTICS OF THE MARINE DATA

Containing massive amount of information is 
a characteristic of marine data. The main method to collect 
marine data is to use remote sensing satellites and buoys. 
The seasats can help us to collect marine data by using the 
seasat sensors. Till 2012, more than 40 seasats have been sent 
to the out space by America, Australia and some other costal 
countries in the world. There are sea-viewing satellites for 
observing the seawater colours like Terra, Aqua and AMSE, 
etc. And sea-viewing satellites for observing the sea terrains 
like Topex, Poseidon, Jason-1/2, and CESat, etc. And also 
satellites for observing ocean dynamic like ERS-1/2, Envisat, 
HY-2, etc. The amount of the original marine data collected 
by the seasats is enormous. About 8500 agro buoys have been 
set on the sea by over 30 costal countries like US and Australia 
[8] which made a big sea monitoring network in the last 20 
years. These buoys can collect the temperature information 
of the upper layer of the sea as well as some other data. Out 
from 1042 observing platforms of the National Data Buoy 
Center (NDBC) of America, 758 of them can supply real-
time data [9]. 

Diversification is another character of the marine data. 
There are some main types of marine data like marine 
data collected by remote sensing seasats, hydrologic data, 
meteorological data, chemical data and biological data. And 
elements and forms contained by each type of marine data 
vary one to antoher. Marine chemical data contains dissolved 
oxygen, PH value, total alkalinity, active phosphorus, active 
silicate, acid salt, nitrate, nitrite, sulfide, organic pollution, 
and heavy metal and nutrient elements in forms like 
excel mdb csv xml, etc. Another example proving that 
marine data varies in forms and types is that hydrologic data 
shows water temperature, height of tide, time of tide, salinity, 
wave number, wave height, water depth and transparency of 
the water, etc [10]. And if the data is collected by different 
monitoring instruments the data forms is different from 
each other. For example, we can see there are three types of 
form the marine data collected by remote sensing seasats: 
NUMBER (8) (20170408), String (10) (2016/04/08), NUMBER 
(4) (2) (2). Marine data has varies characteristics and types 
in different forms. This characteristics and types of marine 
data and data forms rely on each other and influences one 
another [11].

METHODS 

Spatial is another attribute of the marine data and the 
data from different space have connections to each other. 
Marine data also has time attribute and data collected at 
different time are multivariate variable[12]. We want to do 
the study on the visualization work of the marine data in 
both the special aspect and the time aspect. At first, we use 
the simulated marine data to explain our working method 

and then do actual data analysis with real data. Let us say 
that the data in this simulate marine data are collected form 
N stations and there are P attributes C1,C2,…,Cp, in data from 
each station described in the following chart(here N and P 
stands number). See chart Tab.1:
Tab. 1. Marine Data Simulation

Station C1 C2 … Cp

A1 C11 C12 … C1p

A2 C21 C22 … C2p… … … … …

An Cn1 Cn2 … Cnp

SPECIAL ATTRIBUTE OF MARINE DATA 

In order to inspect and study the special attribute of the 
marine data, let us say that the simulated marine data in table 
1 was collected at certain time. This time could be a certain 
year, a season, a month, one day or an accurate time. We 
can set the time according to our studying targets. In this 
article we assume that we collected marine data in a certain 
year from N inspection stations and the data has P types of 
characteristics (here N and P stands for numbers).

If the sea is calm, then the data collected from the close 
stations would be relatively stable and tend to be similar. 
Then what are close stations? There are many characteristics, 
how can we define stable and similar? First of all, we need 
to find the close stations. We start from a station marked as 
A(1). Then we go to the closest stations marked as A(i). A(2) is 
the closest station to A(1). We mark closest station from Ai to 
G(1) (A and G are station types and G(1) is formed by A(1) and 
A(2)) as A(3). Then we get the close stations A(1),A(2),…, A(n) to 
A(1). The distance to A(1) increases from A(1) to A(n). 

In the discussion above, we talked about the distance 
between stations and between stations groups of different 
types. We get samples xi and xj. We mark the distance between 
the two samples i and j as dij. We have some types we station 
distance like Euclidean distance:

1/2
2

1

p

ij ik jk
k

d x x (1)

There are eight types of separation distances we often use 
in our esearches. We use Gp and Gq to mark two distance 
types. And the number of samples in each types marked as np 
and nq.  Dpq describes the distance between type Gp and type 
Gq. If we apply the method to describe the average distances 
between different types. The average distance between both 
types is the distance square in between: 
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To make it easier to operate, we normally choose Euclidean 
distance as the distance between two stations and use the 
group average methods to describe the separation distance. 

Now let’s come to the second question: how to define and 
measure stable? On the first step, since there are marine data 
with P attributes (here P stands for number) in each station, 
there are large amount of attribute values, we descend he 
dimension of the variables with factor analysis method and 
measure the data stability of each station with general factor 
F. The work procedure is listed below: 

Step I: standardize the original variables. We usually need 
to standardize the dimension of each attribute to make the 
data comparable. We mark the standardized attribute as Cij. 
Then we evaluate for  Cij’s matrix R and its characteristic root 
wi. The biggest characteristic root is marked as w1 and the 
characteristic value decries from w1. 

Step II: evaluate the original common factor F and the 
factor load matrix with principal component analysis method. 

Step III: Apply the orthogonal rotation method with 
maximized deviations to rotate the factor. Step IV: In this step 
we choose and explain the factors. Step V: Use the regression 
method to evaluate the factor score. See chart Tab .2.

In the real life, if we get the result that if the accumulated 
variance contribution rate :

1

1

70%
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i
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w
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We can say that we have collected the good original data. 
The value of common factor F is the weighted value of F1,…,Fk 
which means F=w1F1+…+wkFk. Then the weighted factor score 
of factor F we got from station A(i) is F(i). 
Tab. 2.  Simulated Marine Data in a certain year

Station C1 C2 … Cp F

A(1) C11 C12 … C1p F(1)

A(2) C21 C22 … C2p F(2)… … … … … …

A(n) Cn1 Cn2 … Cnp F(n)

Then we measure the stability with the differential function 
of spatial value F (marked as FF). The calculation formula is:

( ) ( 1) , 2,...,i i iFF F F i n (4)

If the sea is calm, then the data collected from the close 
stations would be relatively stable and tend to be similar. 
This also means there should be no big difference between 
the value of FF FFi  we got at the beginning and the value 
of FF FFi+1  we got later. To make it visible, we put FFi and 
FFi+1 into a scatter diagram. The coordinate of the first spot 
in the diagram is (FFi ,FFi+1). This idea was inspired by the 

scatter diagram electrocardiogram RR-Lorenz [13]. When the 
sample contains large amount of data, the scatter diagram 
shows like a baseball bat when the sea is calm. In this scatter 
diagram the line in center of the scatterplots has its gradient 
close to 1. We can also apply the regression analysis method 
to get the equation of the line for prediction purpose. 

Fig. 1. FF-FF Scatter Diagram

TIME ATTRIBUTE OF MARINE DATA

We take the marine data collected from a same station for 
example. Let us use A(1) for the station. There are P attributes 
C1,C2,…,Cp in station A(1). In the data we use here we add the 
time that the data was collected as a part of the data. The 
collecting time could be a certain year, a month, a day or an 
accurate time. For example we can use days in our study. For 
example 1/1/2017 stands for mid day time of Jan. 1st 2017 as 
showed in Tab.3. 

We can observe if there are clustering phenomena in the 
data we used in the study to the characteristics of time. We 
start with hierarchical clustering method to determine how 
many types we need. Say if we need k types of data, we need to 
apply K-means clustering method to do fast cluster analyzing 
to the data. We can classify G different types data into good, 
medium and low level according to the sea water quality 
standards and the central value classification we got from 
the K- means value clustering analyzing method .
Tab. 3. Simulate Marine Data from a same Station

Collecting Time C1 C2 … Cp G

1/1/2010 C11 C12 … C1p G1

1/2/2010 C21 C22 … C2p G1… … … … … …

4/7/2017 Cn1 Cn2 … Cnp G2

Then we can make several types of statistical graphics 
like the Chernoff faces graph Cij and the broken line graph 
of clustering value G, etc. of the collected data. 

EMPIRICAL ANALYSIS

We choose some buoy data we quoted from the American 
National Data Buoy Centre (NDBC) website as our sample 
(see Fig. 2). Since the two types of buoys showed in triangle 
shape and diamond shape in the website stand for different 
types of data, we choose the data presented by the diamond 
shaped buoy in our article. We chose three groups of data 
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collected with buoys separately from the top, middle and 
the bottom. When the buoy is selected, it turns red. We can 
get the data we need when we input the information about 
time and data type by selecting in the web. Then we can get 
implications and scopes or each attribute by clicking submit. 

Fig. 2.  Marine data form a sea area 
Data source: http://tao.ndbc.noaa.gov/tao/data_download/search_map.shtml

When we choose 24 buoys as the sample data resources 
(considered location factor we chose T8N165E,T0N165E, T8S
165E,T8N180W,T0N180W,T8S180W,T8N170W,T0N170W,T8
S170W,T8N155W,T0N155W,T8S155W,T9N140W ,T0N140W
,T5S140W,T8N125W,T0N125W,T8S125W,T8N110W,T2S110
W,T8S110W,T8N95W,T0N95W,T8S95W). 

We noticed that there are two buoys with big difference 
in attribute from the others so we deleted the related data 
and the sampled buoys reduced to 22(T0N140W,T0N170W). 
These buoys are marked as A(1) ,A(2)…, A(22). 

The observing time is from 1/1/2012 to 4/7/2017. We got 
the data showing 9 attributes (Surface – Met, Wind, Relative 
Humidity, Air temperature, Sea surface Temp, Subsurface 
temp, Sea water pressure, Salinity, Density). And in this data 
pack there are at most 46 sub-attributes. The data form got 
from the website is ASCII (American Standard Code for 
Information Interchange). In order to do the study in this 
article, we converted the data form into CSV (compatible 
of Excel). 

Marine data has the characteristic of huge amount and 
multiformity, it also varies in time and space. Each buoy 
(station) has the information of time, space, hydrological 
attribute elements and the monitored marine data. We 
processed the missing information (with near interpolation 
method and mean value interpolation method) and sorted 
the data characteristics collected from different stations. As a 
result, 23 sub-attributes including time, AIRT, SSD, UWND, 
VWND, WSPD, WDIR, AIRT, RH, PRES, PRES, SSS, SST 
and TEMP, etc are analyzed in the process. The total value 
quantity of this data was over 30 thousand. A part of the 
values are shown in the chart below: 

Tab. 4. Chart for the processed data of marine data from a sea area

We can choose the data collected in a certain day (eg. 9 
19th, 2016) to do the factor analysis. We can also choose the 
mean values of data collected in a certain month or a year to 
do the data analysis. According to the variance contribution 
rates of the factors, the first five common factors’ variance 
contribution rates reach 90.3%. 

Value of general factor F is the weighted value of F1,…,Fk. 
We get the value of F (FF) in through the equation :

1 59.889 ... 1.037F F F (5)

Then we get the result in the chart below by calculating 
the value of F with formula FF. 
Tab. 5. FF Values

fb F FF

T8N165E 5.41

T0N165E 45.52 40.11

T8S165E -0.73 -46.25

T8N180W 1.11 1.84

T0N180W -0.67 -1.78

T8S180W -0.73 -0.06

T8N170W 0.37 1.1

T8S170W -1.18 -1.55

T8N155W -0.61 0.57

T0N155W -6.52 -5.91

T8S155W -3.93 2.59

T9N140W 6.43 10.36

T5S140W -3.83 -10.26

T8N125W 5.84 9.67

T0N125W -8.57 -14.41

T8S125W -5.39 3.18

T8N110W -4.8 0.59

T2S110W -9.78 -4.98

T8S110W -6.66 3.12

T8N95W -4.93 1.73

T0N95W -6.37 -1.44
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We made Fig. 4 by making the scatter graph of the value of 
FF FFi  we got at the beginning and the value of FF FFi+1)
we got afterwards. The reason might be the small quantity of 
station data we analyzed or there were some other changes 
in the sea area that day. It needs more specific analysis and 
study by the local inspecting people to make it clearer. 

Fig.4. Scatter graph of the value of FF (FFi) got earlier and afterwards

We choose the data from a certain monitoring station 
(like T8N165E) to do cluster analysis according to the  time 
line. The sampled time length is 1488 days from 1/1/2012 
to 4/8/2017. After cluster analyzing, we found that the data 
should be sorted into three time periods. Then we applied 
k-mean value clustering analysis method and got the data 
process result of each station. According to the analyzing 
result, we made the time-cluster analyzing line chart (Fig. 5) 
below. 

Fig.5. Time-cluster Analyzing line chart

We can see that the station has different conditions in 
different time periods. We need to pay more attention to the 
time spot appeared in the graph.

We can also sort the seawater quality into tree levels 
according to the seawater quality standard and the medium 
value of the cluster analyzing results thus to estimate the water 
quality in each time period. Level one suit for protecting the 
marine biological resources and the safety for human to use. 
Level two suit for bathing beaches and scenic spots. Lever 
three suit for developing industries, harbour water, and some 
other sea developing working area[14,15].

RESULTS

The visualization study of the marine data is of critical 
importance due to the huge quantity, it’s varied attributes and 
multi-resolution of it[16]. Building the ocean model and the 
visualized model of marine data has become a very important 
research subject in studying the digital ocean. 

DISCUSSION

We did some supplements to the original data when we 
realized there was so much missing information in the 
sampled data. This also reminds people to check if there are 
any malfunctions on the buoy, and if so, it calls for timely 
maintenance. 

In this article, we did cluster analysis to the marine data 
due to its time attributes. We can do further analysis to the 
data with orderly cluster method to determine the rules 
since time has its continuity. After clustering, we can make 
prediction with discriminant analyzing method. Better effects 
could be achieved through combined effort of analyzing 
according to time and space factors which is in our future 
work. In this article we did the analysis separately.
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ABSTRACT

Assuming independently but identically distributed sources, the traditional DOA (direction of arrival) estimation 
method of underwater acoustic target normally has poor estimation performance and provides inaccurate estimation 
results. To solve this problem, a new high-accuracy DOA algorithm based on sparse Bayesian learning algorithm is 
proposed in terms of temporally correlated source vectors. In novel method, we regarded underwater acoustic source 
as a first-order auto-regressive process. And then we used the new algorithm of multi-vector SBL to reconstruct the 
signal spatial spectrum. Then we used the CS-MMV model to estimate the DOA. The experiment results have shown 
the novel algorithm has a higher spatial resolution and estimation accuracy than other DOA algorithms in the cases 
of less array element space and less snapshots.

Keywords: DOA, underwater acoustic signal processing, sparse Bayesian learning, temporally correlated source

INTRODUCTION

With the further development of ocean exploration, 
the DOA estimation based on micro-underwater location 
platform (such as UUV, unmanned underwater vehicle)[1,2] 
has aroused great interest in this particular field or branch. 
Micro-platform is characterized by more flexibility and higher 
safety, which is the key to moving node in underwater sensor 
networks. 

However, the traditional DOA technology, such as beam-
forming [3], the Capon’s method [4] and the methods like 
MUSIC [5], can’t be perfectly combined with the micro 
underwater positioning platform due to the restrictions on 
platform size and load. In recent years, DOA estimation based 
on compressed sensing theory[6] (CS) has been an active part 
in this particular field. In[7], a compressive beam-forming 
method for DOA estimation was proposed, and this approach 
does not be limited by Nyquist sampling theorem, but it is 
susceptible to signal correlation. In [8], a kind of spatial 

compressive sampling for underwater acoustic target is applied 
to DOA estimation, the method increases the DOA estimation 
accuracy in the cases of less snapshots and less array elements. 
Through a further research of CS, the signal reconstruction 
by compressive measurements has been studied from the 
perspective of Bayesian. In [9], the author proposed Bayesian 
compressive sensing for DOA determination. By adopting 
the idea of multitasking learning, it avoids the array output 
covariance matrix designing and reduces the computational 
complexity. In[10], an efficient DOA estimation approach was 
proposed via sparse Bayesian learning, the present approach 
solves the sparse DOA estimation problem in real domain 
by making good use of the special geometry of the uniform 
linear array. This method provides higher spatial accuracy 
and lower computational complexity. However, the algorithm 
mentioned above is based on the hypothesis that the signal 
sources are mutually independent, that is to say, equally 
distributed. In this case, the spatial structure of the source 
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signal is solely taken into account, without including the 
time-correlation properties of the signal source. According 
to current scientific knowledge, a wide range of signals, 
including biomedical signal, voice signal, geophysical and 
underwater acoustic signal, are, to a limited extent, time-
dependent. When the underwater target may be move quickly 
during the time of continuous observation, the continuous 
snapshots would have correlation between them, which will 
degrade the estimation precision. If the priori knowledge of 
that signal is applied to the DOA estimation model, a more 
effective estimation will be obtained. Then we propose a 
new method based on SBL[11,12,13] for underwater acoustic 
target, which can solve the problem to get more performance. 
Furthermore, considering MacKay’s fixed-point method[14], 
a fast DOA estimation method based on sparse Bayesian 
learning is proposed. 

In order to utilize the correlation of source data, the 
algorithm assumes the correlation as a first-order auto-
regressive time process, which the structure sparsity of signal 
can be fully applied to DOA estimation model. In addition, 
the CS MMV  model[15] is established to model the DOA 
with the correlation. Finally, Muti-vectors Sparse Bayesian 
Learning has been applied to acquired the signal space 
spectrum by utilizing the structural sparsity. The simulation 
results have shown that the novel algorithm that we proposed  
has a higher spatial resolution  than many algorithms in the 
cases of less array elements and less snapshots, which fits 
well into the micro-platform, such as unmanned underwater 
vehicle.   

PROBLEM STATEMENT

In this paper, we consider M narrow-band far field 
static sources with unknown DOAs 1 2{ , , ..., }M  
imping on a uniform linear array (ULA), consisting of N
( )N M  identical sensors with inter-sensor spacing d
(half-wavelength), which is described in Fig.1. The received 
complex signal data is represented as:

1( ) ( ) ( ) ( ) { ,..., }Ly t A x t e t t t t            (1)

where 1 2( ) [ ( ), ( ),..., ( )]MA a a a is the matrix of the 
steering vectors whose m th  column is given by ( )ma  

1[ , ..., ]M  is the vector of unknown source location, 
( )y t is the t th observed snapshot, ( )x t is the t th  

snapshots of the unknown source arriving signals, ( )e t
is the t th snapshot of the additive spatial white noise, L

represents the number of snapshots. Gathering the multiple 
snapshots the model (1) can be rewritten as:

( )Y A X E                                (2) 

where .1 .2 .[ , , ..., ] N L
LY y y y  is the observation matrix 

with L  measurement vectors. .1 .2 .[ , , ..., ] M L
LX x x x

is the unknown source matrix. ..1 .2[ , ,..., ] N L
LE e e e  

is the spatial white noise with zero mean and unknown 
variance 2 . 

To formulate the DOA estimation problem into SBL 
approach, uniformly we divide underwater acoustic target 
angle space into K N M possible angles of arrival and 
construct a redundant matrix of K atoms relating to the array 
responses of the respective angles of arrival (Fig.2). Then the 
transposed matrix )(A  can be expressed as:

1 2[ ( ), ( ),..., ( )]                    (3)                           

Then the model (2) can be reformulated as:

Y X E                                    (4)                                      

So, the estimation problem turns out to be that of recovering 
the sparse signal vectors 1KX . Since the problem is 
linear against to the unknown X , and the solution is sparse 
in the spatial domain, the SBL theory can be properly applied.

Fig.1 Sketch of the reference scenario: uniform linear array and impinging 
signals.

Fig.2 The angle space sparsity model of underwater acoustic target 
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UNDERWATER ACOUSTIC TARGET DOA 
ESTIMATION METHOD BASE ON SPARSE 

BAYESIAN LEANING
Usually, we make the hypothesis that the multiple 

measurement vectors have the same sparsity structure, but 
unknown. So the multiple measurement vectors could be 
stacked based on space structure. The support of each source 
vector is slowly time-varying, we can utilize the concatenate 
of MMV models to approximate this scenario. In fact, the 
underwater acoustic target signal is a kind of signal with 
temporal structure, so each signal source satisfies an AR(1) 
model given by:

, 1 , ,1 , 1,..., ; 1,...,i j i j i jX X n i K j L    (5)

where ( 1,1) is the AR coefficient, and we assume 
, ~ (0, )i k in N  and , ~ (0, )i k iX N . A value of zero results i  

in a row with zero entries promoting sparsity.  Obviously, if 
0  , the MMV model becomes the one with i.i.d sources. 

If 1 , the multiple measurement vector (MMV) model 
is equivalent to the single measurement vector (SMV) model 
in terms of recovery performance.

With the AR(1) modeling assumption, the joint distribution 
of . 1 2[ , ,..., ]i i i iLX X X X  is given by

.( ; , ) ~ (0, ), 1, 2,...,i i i i iX B N B i K           (6)                

where B is defined as:

  

1

2

1 2

1
1

1

L

L

L L

B                (7)

where i  is a nonnegative hyper-parameter controlling the 
row sparsity of X  as in the basic SBL. When 0i , the 
associated .iX becomes zero. iB  is a positive definite matrix 
that captures the the correlation structure of X  and needs 
to be estimated. Note that in contrast to the original SBL 
framework, the BSBL framework models is the temporal 
structures of sources in the prior density via the matrices 

( 1,..., )iB i M .The covariance matrix in the density of 
X  is i iB .

A s su m i ng ( )T NL Iy vec Y R , LD I ,
( )T ML Ix vec X R , ( )Te vec E , we can propose 

the model of block-spare Bayesian learning framework of 
DOA as follows: 

y Dx e                                        (8)

Assuming that the noise e is independent and has the 
Gaussian distribution as:

   ( ) (0, )ie N                               (9)                              

where ie  is i th element in e ,  is variance, for the block 
model (8), the Gaussian likelihood is:

( ; ) ~ ( , )y xy x N Dx I                      (10)                      

The prior for X  is given by 

0( ; , , ) ~ (0, )i i xx B i N                   (11)                   

where 0  is block diagonal matrix given by (12) with many 
diagonal block matrices being zeros. 

     
1 1

0

K K

B

B

                        (12)                   

Using the Bayesian rule, the posterior distribution of x  
can be expressed as a multivariate Gaussian distribution:

( ; , , , ) ( , )i i i x x xx y B N u              (13)             

with the mean vector

1 T
x xu D y                                   (14)                              

and the covariance matrix

   

1 1
0

1
0 0 0 0

1( )

( )

T
x

T T

D D

D I D D D
             (15)             

Then the DOA problem is shifted to estimate all the 
hyper-parameter vectors , , ,i i iB , when given all the 
hyper-parameters, we can obtain the maximum a posterior 
probability estimate of x .

* 1 1
0

1
0 0

( )

( )

T T
x

T T

x u D D D y

D I D D y
               (16)                 

HYPER-PARAMETERS ESTIMATION   

The ways of learing the matrices have  different algorithms. 
In this section, we will discuss the learning of these 
hyper-parameters. 

To find the hyper-parameters 1{ , ,..., , }M B , 
Maximization ( ; )y with respect to  can be done via 
Expectation-Maximization(EM) method. This is equivalent 
to minimizing log ( ; )y , yielding the effective cost 
function:
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1

( ) 2 log ( ; ) ( , , , )

log

i i i

T
y y

L y x x B dx

y y
   (17)           

where 0
T

y I D D .
There are two ways to minimize ( )L  with respect to 
 . First, we can minimize this expression over  using 

EM method. Then we can obtain the learning rule for :
1[ ( ( ) )] , 1,...,

i i i T
x x x

i
Tr B u u i K

L
           (18)             

Second, at the expense of proven convergence, we may 
instead optimize (17) by taking the derivative with respect 
to  , then letting the derivative equal to zero and following 
MacKay’s fixed point approach, we have:

1

1

( ) , 1,...,
( ) /

i T i
x x

i i
x i

u B u i K
L Tr B

          (19)                  

For the other two hyper-parameters ,B , we also use EM 
method to solve the learning rule. They are given by:            

    
1

( )1 i i i TK
x x x

i i

u uB
K r

                  (20)                            

2 1
02

[ ( )]x xy Du K L Tr
M L

            (21)              

For convenience, we first list the conclusions of MSBL(Multiple 
SBL) algorithm.

1 11( )T
x

                         (22)                            

1( )T TX I Y                 (23)                         

where  is defined as diag( ).
According to the conclusions of MSBL algorithm, we can 
find that the matrix operations have lower dimension in this 
algorithm. So we attempt to achieve similar complexity by 
adopting the following approximation. And in the following 
section, we can use the following approximation to simplify 
the learning rule of hyper-parameters.

1 1
0

1 1

( ) ( ( ) )

( )

T T
ML ML

T
ML

I D D I B

I B
           (24)          

 
Using the same approximation (23) and following the 

equation (15), the xu in (18) can be expressed as 

          

  (25) 

Then we can transform the i  learning rule (18) to the 
following form according to the above analysis.

   1
. .

1 ( )T
i i i x iiX B X

L
                      (26) 

Similarly, we can transform the i  learning rule (19) to the 
following form

1
. . ,

(1 / )

T
i i

i
ii i

X B X i
L

                      (27)                         

Based on the approximation (25), we can simplify the B  
learning rule (20) to the following form.

. .

1

( )1 TK
x ii i i

i i

B X XB
K

                        (28)                          

To increase the robustness we use the rule below:

F

BB
B , . .

1

TK
i i

i i

X XB I           (29)                  

where  is a positive scalar. This regularization item in B  
ensures that B  is positive definite.
Similarly, we simplify the  learning rule (21) as follows:

2 1
02

2 1
02

2

1 1

2 1

[ ( )]

( )]

1 [( )( )

(( ) )( )]
1 [ ( ) ]

x x

T
x y

T

F

T

T T

F

y Du K L Tr
M L

y Du Tr D D
M L

Y X Tr B I
M L M L

I B I

Y X Tr I
M L M        

(30)
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According to the above theory described, the new 
algorithm process aims at obtaining the maximum posterior 
probability estimation of signal sources by solving the 
hyper-parameters’ value, then it can get the estimation of 
target azimuth. According to the derivation of the above 
theories, we can summarize the algorithm implementation 
steps as table 2.

SIMULATION RESULTS

In this section, several simulation schemes for the 
underwater acoustic target DOA estimation algorithm are 
proposed for a detailed discussion. 

We consider a uniform linear array of 20M identical 
sensors separated by half a wavelength of narrowband 

underwater acoustic signals. Three narrowband underwater 
acoustic target signals in the far-field impinge on this array 
from different DOAs. Here we simulate three sources at -20o, 
-18o and 20o with SNR of 10dB , and all the signals were 
AR(1) processes with the common AR coefficient 0.8 . 
The number of snapshots is 100L , squeezed number is 

10M  and the number of potential locations is 361K .

THE FEASIBILITY ANALYSIS OF OUR PROPOSED 
ALGORITHM  

Fig.3 shows the simulation results of spatial spectrum, 
where there are more than one  target. Comparing them we 
can conclude that Capon’s method has better performance 
when array elements are 40. Our proposed methods can 
always localize the sources. From the Fig.3(c) and Fig.3(d), the 

Tab. 1 Symbol list 

Symbol implication Symbol implication

M the number of narrow-band far field 
static sources i

a nonnegative hyper-parameter

N the number of sensors iB a positive definite matrix

d inter-sensor spacing y )( TYvec

the vector of unknown source location x )(
~

TXvec

A the matrix of the steering vectors e )( TEvec

( )y t the t th observed snapshot
0 block diagonal matrix

( )x t the t th snapshot of the unknown 
arriving signals

xu the mean vector

( )e t the t th snapshot of the additive 
spatial white noise

x the covariance matrix

L the number of snapshots *x the maximum a posterior probability estimate of 
x

Y the observation matrix the hyper-parameters

X the unknown source matrix )(L the effective cost function

E the number of discreting the 
underwater acoustic target signal space x the conclusions of MSBL(Multiple SBL) algorithm

K the number of discreting the 
underwater acoustic target signal space diag( )

~
X the sparse signal vectors a positive scalar

the AR coefficient
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traditional two methods failed to resolve the closely spaced(5o 

separation) sources due to the Rayleigh limit, regardless of 
the array element spacing. However, our algorithms are still 
having a very high resolution, with two sharp spectral peaks. 
In Fig.3(c) and Fig.3(d), the number of sources was increased 
to 4. When the array spacing d is larger enough, Capon’s 
method and Beam-forming can approximately locate the 
sources. But these two traditional algorithms have strong 
bias when the array spacing is decreased to 0.2. From fig(a) 
to fig(f), the proposed methods always get the sharper peaks 
and distinguishes the sources clearly. We can demonstrate 
that the proposed method gets the underwater acoustic target 
DOA estimation is feasible. 
a)

b)

c)

d)

e)

Tab. 2 Algorithm Introduction

Initialization

1. Set : 1 , : 1 .
2. Hyper-meter B is setted to the M order unit array with 
the main diagonal’ value of 1 , where M is the number of 
single sources. 

Repeat

3. Compute the posterior moments xu  and x  using (14) 
and (15).

4. Update the learning rule of , , B  using EM rule or the 
faster fixed point rule with respect to . 

5. while three hyper-meters , , B  convergence to a fixed 
point.

6. Calculate the value of * [ ; ]xu E x y , given that  

is sparse, the resultant estimator *
xu  will necessarily be row 

sparse.

7. If given the value of *
xu , then we can find out the value 

of *x . Based on the maximum posterior probability *x of 
underwater acoustic signal source x , we can restore the 
underwater acoustic target source signal and complete the 
underwater acoustic target DOA estimation.  
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f)

Fig.3 Spatial spectrum obtained by different algorithms, SNR=10dB,L=100.
(a)Temporally correlated sources at 5o and 10o, array spacing d=0.5,array 

elements N=40.(b)Four temporally correlated sources, array spacing 
d=0.5,array elements N=40. (c)Temporally correlated sources at 5o and 10o, 

array spacing d=0.5,array elements N=20. (d) Temporally correlated sources 
at 5o and 10o, array spacing d=0.2, array elements N=20. (e) Four temporally 

correlated sources, array spacing d=0.5, array elements N=20. (f) Four 
temporally correlated sources, array spacing d=0.2, array elements N=20.

RECOVERY ABILITY FOR DIFFERENT ALGORITHMS 
AT DIFFERENT NOISE LEVELS

The RMSE with SNR simulation results of the proposed 
algorithms(TMSBL and TMSBL-FP) were showed in Fig.4 
comparing with two traditional algorithms and CS algorithm, 
Capon’s ,beam-forming and CS-L0 method In Fig.4(a), 
the snapshots number is fixed at 100, and in Fig.4(b), the 
snapshots number is fixed at 200. The results in Fig.4(a)-(b) 
show that TMSBL-FP algorithm achieve super resolution 
at the lowest SNR , and the TMSBL algorithm can also 
get better performance at the same SNR. Their RMSE are 
also smaller than Capon’s method and beam-forming at 
any different SNR. Comparing with the CS-L0 algorithm 
based on CS. The simulation results show that the proposed 
algorithm also has a better estimation performance than 
that of [8]. But the algorithm’s performance doesn’t have 
more obvious advantages in the estimation precision than 
those of the algorithm of [8] if the signal is not the type of 
‘time-correlation structure sparsity’.

a)

b)

Fig.4 The RMSE with SNR simulation results of the proposed 
algorithms(TMSBL and TMSBL-FP)

THE COMPUTATION TIME FOR DIFFERENT 
ALGORITHMS

Tab. 3 The time of these algorithms for achieving the DOA estimation

Time(s) 0.063467427 0.063507871 1.574971 0.062059304

Algorithm Capon Beam-
forming

TMSBL TMSBL-FP

We compare the computation time for different algorithms. 
As can be seen in tab. 3, Capon’s method and Beam-forming 
algorithm used nearly the same time as TMSBL-FP algorithm, 
and TMSBL-FP algorithm turns out to be the slowest. 
However, it is important to indicate that the performance 
of Capon’s method and Beam-forming are much worse 
than algorithms of TMSBL or TMSBL-FP if the source is 
temporally correlated.

CONCLUSIONS

In this paper, it is shown that existing DOA estimation 
algorithms have poor performance. To solve these problems, 
a novel method and the faster algorithm of DOA estimation 
is proposed to realize the real time. The simulation 
experiment results show that the proposed novel algorithm 
has more superior performance than many other algorithms 
considering the data correlation as the structured sparsity. 
This method is suitable for underwater acoustic target DOA 
estimation in micro platforms (i.e. UUV) due to the fact that 
the method needs less array elements and less snapshots to 
localize the quick movement underwater target.
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ABSTRACT

In underwater unmanned vehicles, complex acoustic transducer arrays are always used to transmitting sound waves 
to detect and position underwater targets. Two methods of obtaining low-sidelobe transmitting beampatterns for 
acoustic transmitting arrays of underwater vehicles are investigated. The first method is the boundary element model 
optimization method which used the boundary element theory together with the optimization method to calculate 
the driving voltage weighting vector of the array. The second method is the measured receiving array manifold vector 
optimization method which used the measured receiving array manifold vectors and optimization method to calculate 
the weighting vector. Both methods can take into account the baffle effect and mutual interactions among elements of 
complex acoustic arrays. Computer simulation together with experiments are carried out for typical complex arrays. 
The results agree well and show that the two methods are both able to obtain a lower sidelobe transmitting beampattern 
than the conventional beamforming method, and the source level for each transmitting beam is maximized in constraint 
of the maximum driving voltage of array elements being constant. The effect of the second method performs even 
better than that of the first method, which is more suitable for practical application. The methods are very useful for 
the improvement of detecting and positioning capability of underwater unmanned vehicles.

Keywords: underwater unmanned vehicles, detecting and positioning, acoustic transducer, complex array, low-sidelobe beamforming

INTRODUCTION

To achieve good system performance of the active sonar 
in underwater unmanned vehicles, the complex acoustic 
transducer array is always used to radiate sound waves. Good 
transmitting beampattern such as a low sidelobe level and 
high transmitting source level is always expected, thus the 
transmitting sound energy can be focused in the concerned 
direction, and the long-range object can be detected with 
a relatively lower transmitting sound energy[1]. In the 
research of the radiated acoustic field of compact transducer 
arrays, the mutual interactions among elements must be 
considered[2,3,4]. The interactions become more significant 
when the number of elements increases, the distance among 

elements is smaller and the sound frequency is lower. In 
the complex array of acoustic transmitting transducers, 
the array is small in volume with compact elements, and 
needed to transmit broadband acoustic signal. Consequently, 
the interactions among elements in the array are definitely 
significant. On the other side, the radiated acoustic field 
of the array may be greatly influenced by the baffle with 
a  certain impedance boundary condition[5]. The baffle 
causes diffraction effect when the complex array transmits 
and receives acoustic signals. 

Some preliminary research work has been conducted on the 
influence of the baffle effect and mutual interactions among 
elements to the performance of the transducer array. Ref. [6] 
utilized the equivalent circuit principle to select appropriate 
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tuning capacitors to control the vibration velocity of the 
transducer array. But this method was only an approximate 
method and difficult to be realized. Ref.[7,8] adopted the 
improved Helmholtz boundary integral equation method 
to calculate the acoustic radiation of transducer arrays, and 
analyzed the influence of the mutual radiation impedance 
on the vibration velocity and radiation directivity of the 
array. However, the above research work only analyzed that 
the baffle effect and mutual interactions greatly influenced 
the transmitting performance of the transducer array, and 
did not propose methods to reduce the influence so as to 
control the transmitting beampattern. We can utilize the 
boundary element model to calculate the radiated acoustic 
field of the array, and together with the equivalent circuit and 
optimization method calculate the driving voltage weighting 
vector to control the transmitting beampattern of the complex 
array.

When the receiving signals of the underwater acoustic 
transducer array are processed by beamforming considering 
the factors such as the mismatch error of each channel, the 
position perturbation of the elements, the scattering and 
shadowing of the baffle, and the mutual interactions among 
elements, the measured receiving array manifold vectors of 
the transducer array can be used to optimize the beampattern 
of the receiving signals. According to the acoustic reciprocity 
principle, the transmitting and receiving of the underwater 
acoustic transducer array is reciprocal[9-12]. When the 
transducer array transmits acoustic signals, the array may 
be influenced by the factors such as the baffle effect and 
mutual interactions among elements, the mismatch error of 
the channels, and so on. When it receives acoustic signals, the 
array may also be influenced by these factors. Thus, we can use 
the measured receiving array manifold vectors to calculate the 
driving voltage weighting vector of the underwater acoustic 
transducer array. 

In this paper, two methods are proposed to obtain a low-
sidelobe transmitting beampattern for complex arrays of 
underwater acoustic transducers. The boundary element 
model, transducer equivalent circuits, measured receiving 
array manifold vectors and optimization algorithm are 
used to calculate the driving voltage weighting vector of 
the complex array taking into account the baffle effect and 
mutual interactions among elements. This paper is structured 
as follows: Section 2 presents the materials and methods 
employed in this work. Section 3 describes the simulation and 
experimental results. Section 4 discusses the results obtained 
and Section 5 concludes this paper.

MATERIALS AND METHODS

This section introduces the equation of boundary element 
model and describes the acoustic field calculation method 
of transducer arrays using the model. It also presents the 
algorithm of boundary element model optimization method 
and measured receiving array manifold vector optimization 

method to obtain a low-sidelobe transmitting beampattern 
for complex arrays of underwater acoustic transducers.

EQUATION OF BOUNDARY ELEMENT MODEL

Assume that in the infinite uniform fluid medium, the 
smooth surface of the vibrating body is 0S , and 1S  is an 
infinite spherical surface which bounds 0S . The domain 
between 0S  and 1S  is V . The vibrating surface 0S  radiates 
sound outward the body to the fluid domain V . Then from 
the Helmholtz boundary integral equation we can get:
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where q  is a point on the boundary surface 0S , and Q  
is an arbitrary point in space. qn is the normal vector at 
q on 0S  pointing toward the domain V . p is the sound 
pressure and ),( QqG  is the Green’s function in a three 
dimensional free space . The coefficient )(QC  is equal to 1 
for Q  in the acoustic domain V , equal to 2/1  for Q  on the 
smooth boundary surface 0S , and equal to 0 for Q  outside 
the acoustic domain V .

The Green’s function G  satisfies:

rerG jkr 4/)( (2)

where k  is the wave number ( ck / with  the angular 
frequency and c  the sound speed), ),( Qqrr  is the distance 
between point q  and Q .

To solve the Helmholtz boundary integral equation 
numerically, we discretize the boundary 0S  into a series of 
boundary elements with N  nodes. The sound pressure at 
these nodes is denoted by qp , and the normal vibration 
velocity is denoted by nv . Choosing M  points in the 
radiated field, we denote the sound pressure of these points 
by Qp . Then we can get:

nQ vCp ][ (3)

Equations (3) shows that the sound pressure at any point 
in the radiated field of vibrating body can be obtained from 
the linear combination of the normal velocity vector, and 
the combination coefficients are defined by matrix C . The 
matrix is not dependent on the vibration velocity. It is only 
determined by the characteristics of the acoustic system, 
including the geometry of the vibrating surface, impedance 
boundary conditions, physical property of the acoustic 
medium (sound speed and fluid density), frequency and the 
location of the field points, etc.
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PRINCIPLE OF BOUNDARY ELEMENT MODEL 
OPTIMIZATION METHOD

The response vector )(X  in different directions on 
a certain distance from the center in the radiated acoustic field 
of the transducer array with a certain impedance boundary 
condition baffle can be obtained using the boundary element 
method by Eq.(3). Assume that the vibration velocity weighting 
vector of the transducer array is VW , then the sound pressure 
in the  direction on a certain distance from the center of 
the array can be calculated as follows:

V
Tp WX )()(  (4)

Suppose that the driving voltage weighting vector of the 
transducer array is EW , then the vibration velocity weighting 
vector of the array can be calculated using the equivalent 
circuit principle [9,11], which is:

EV n WZW 1  (5)

where n  is electromechanical transfer ratio of the transducers, 
and Z is the mutual impedance matrix of the array, which is:

0 11 12 1

21 0 22 2

1 2 0

m L

m L

L L m LL

Z z z z
z Z z z

z z Z z

Z  (6)

where iiz  is the self-radiation impedance of the ith transducer, 
and ijz  is the mutual radiation impedance between the ith 
transducer and the jth transducer, and 0mZ  is the mechanical 
impedance of the transducers in the array.
Substituting Eq. (5) into Eq. (4) produces:

E
Tnp WZX 1)()(  (7)

Because the maximum amplitude of the driving voltage 
of the transducers in the array is limited, in order to obtain 
a low-sidelobe transmitting beampattern and a sound source 
level as high as possible, it needs to provide the largest 
pressure amplitude in the axial direction of the array when 
the maximum amplitude of the driving voltage weighting 
vectors keeps unchanged. That is, to make the maximum 
modulus of the driving voltage weighting vector to be the 
least, while producing the same amplitude of pressure in the 
axial direction of the array and at the same time imposing 
constraints on the sidelobe of the transmitting beampattern. 
As the driving voltage weighting vector to be calculated is the 

n  in Eq. (7) can be left out 
of account. It leads to the following optimization problem:
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where EW  is the driving voltage weighting vector of the 
transducer array,  is a nonnegative real variable, L  is 
the transducer number of the array, 0  is the mainlobe 
direction, s  is the sidelobe direction ,  SL is the sidelobe 
regions which includes a number of directions and s  controls 
the sidelobe level of the transmitting beampattern, )(X is 
the radiated acoustic pressure response vector in different 
directions, and Z is the mutual impedance matrix of the 
transducer array.

The optimization problem (8) can be solved by means 
of the optimization algorithm of the second-order cone 
programming[13]. Then, the required driving voltage 
weighting vector of the transducer array is calculated. The 
practical driving voltage exerted on the transducers in the 
array is obtained by normalizing the calculated weighting 
vector, in which the weighting vector is divided by the 
maximum modulus of the vector, and then multiplied by 
a voltage factor which must be less than the maximum voltage 
that can be exerted on the transducers of the array.

PRINCIPLE OF MEASURED RECEIVING ARRAY 
MANIFOLD VECTOR OPTIMIZATION METHOD

In the transducer array, the acoustical emission and 
receiving is reciprocal. The transmitting transducers may 
be affected by the other transducers and the baffle, and 
may be affected by the system error such as the channel 
mismatch among transducer and transducer, etc. And the 
receiving transducers are also affected by these factors. Then, 
we can calculate the driving voltage weighting vector with 
the optimization method utilizing the measured receiving 
array manifold vectors of the transducer array. Thus the 
calculation error of the weighting vectors can be reduced 
which is caused by the error of the theoretical boundary 
element model comparing to the practical system, since the 
measured receiving array manifold vectors can embody the 
error of the practical transducer array.

Suppose that the measured receiving array manifold vector 
of the transducer array in the  direction is ( )V . In order to 
obtain a low-sidelobe transmitting beampattern and a sound 
source level as high as possible, we make the maximum 
modulus of the driving voltage weighting vector to be the 
least, while producing the same amplitude of pressure in the 
axial direction and at the same time imposing constraints 
on the sidelobe of the transmitting beampattern, this is the 
following optimization problem:
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where EW  is the driving-voltage weighting vector of the 
transducer array,  is a nonnegative real variable, L  is the 
transducer number of the array, 0  is the mainlobe direction, 

s  is the sidelobe direction , SL  is the sidelobe regions 
which includes a number of directions and  controls the 
sidelobe level of the transmitting beam pattern, ( )V  is 
the measured receiving array manifold vectors in different 
directions.

As the same as above, we can use the second-order cone 
programming to solve the optimization problem (9) and 
obtain the required driving voltage weighting vector of the 
transducer array.

RESULTS

This section presents the simulation and experimental 
results of the methods proposed in this work.

SIMULATION RESULTS 

To examine the effect of the boundary element model 
optimization method, we use the first transducer array. 
This array consists of 14 piston transducers. It is set in the 
middle arc line of a hemispherical baffle. The radius of the 
hemispherical baffle is 0.216m. The radiation surface of 
each piston transducer is rectangular with the length and 
0.04m. The sound frequency is 12.5kHz, and the wavelength 
is 0.12m. Two methods are used to calculate the driving 
voltage weighting vector of the transducer array. The first 
method is the conventional beamforming method in which 
the weighting vector is calculated by phase compensation 
according to the geometrical positions of the elements by the 
plane wave model without considering the baffle effect and 
mutual interactions among elements[14]. The other method is 
the boundary element model optimization method proposed 
in this paper, denoted by proposed method 1, which uses Eq. 
(8) to calculate the weighting vector of the array. Fig. 1~Fig.2 
are respectively the radiated sound pressure amplitude and 
directivity of the 14-element array calculated by the boundary 
element method when the beam scan angle is 75 . The 
maximum pressure amplitude has been normalized to 1. The 
solid line represents that the weighting vector is calculated by 
the boundary element model optimization method with the 
sidelobe level constrained to –20dB. The dotted line represents 
that the weighting vector is calculated by the conventional 
beamforming method with the plane wave model. 
Fig. 1~Fig.2 shows that the proposed boundary element model 
optimization method in this paper can be used to control the 
sidelobe of the transmitting beampattern of the transducer 

array and obtain a low-sidelobe level. Using the proposed 
method 1, the highest sidelobe level of the beampattern is 
-20dB. Using the conventional beamforming method, the 
highest sidelobe level is -5.7dB. On the other hand, because 
the proposed method impose constraints on the sidelobe 
level of the beampattern comparing with the conventional 
beamforming method, the maximum pressure amplitude of 
the mainlobe may reduce. The proposed method can provide 
the largest pressure amplitude in the axial direction of the 
transducer array when the maximum amplitude of the driving 
voltage weighting vectors keeps unchanged, at the same time 
satisfying the sidelobe constraints. Corresponding to Fig. 1, 
using the proposed method 1 comparing with the conventional 
beamforming method, the maximum pressure amplitude 
does not reduce much, which is 1.67dB. It can be seen from 
above that the mutual interactions among elements and the 
baffle with a certain impedance boundary condition may 
greatly influence the radiated acoustic field of the transducer 
array. When the driving voltage weighting vector using the 
conventional beamforming method without considering 
the acoustic interactions, the radiation beampattern of the 
array may be distorted with high sidelobe level. However, the 
proposed method 1 can successfully take into account the 
acoustic interactions, and with reasonable optimization, a low-
sidelobe beampattern and good transmitting performance 
can be obtained.
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Fig. 1. The radiated pressure amplitude of the array when the beam scan 
angle is 75°.
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Fig. 2. The radiation directivity of the array when the beam scan angle is 75°.
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To examine the effect of measured receiving array 
manifold vector optimization method, we use the second 
transducer array, which is a little more complex than the first 
transducer array. This array consists of 27 piston transducers. 
It is set in the two arc lines of a hemispherical baffle. The 
27-element array is divided into two rows. The first row is in 
the middle. The left side and the right side of the two rows 
are symmetric. The first row consists 14 transducers, and 
the second row consists 13 transducers. The hemispherical 
baffle and transducer elements are the same as those of the 
first 14-element array. The radius of the hemispherical baffle 
is 0.216m. The radiation surface of each piston transducer 
is rectangular with the length 0.04m. The sound frequency 
is 12.5kHz, the sound speed underwater is 1500m/s. An 
experiment has been carried out to measure the receiving 
array manifold vectors of the 27-element array in the anechoic 
water tank. The response of each element in the array to the 
plane-wave acoustic signals, including amplitude response 
and phase response, is measured in the range of 135° from 
the main axial direction of the array with the interval 3°, 
thus, the receiving array manifold vectors of the array are 
obtained. Two methods are used to calculate the driving 
voltage weighting vector of the array. The first method is the 
conventional beamforming method. The other method is 
the measured receiving array manifold vector optimization 
method proposed in this paper, denoted by proposed method 
2, which uses Eq. (9) to calculate the weighting vector of the 
transducer array. Fig. 3~Fig.4 are respectively the radiated 
sound pressure amplitude and directivity of the 27-element 
array calculated by simulation when the beam scan angle is 84°. 
The solid line represents that the weighting vector is calculated 
by the measured receiving array manifold vector optimization 
method in this paper with the sidelobe level constrained to 
-20dB. The dotted line represents that the weighting vector 
is calculated by the conventional beamforming method with 
the plane wave model. Fig. 3~Fig. 4 show that the proposed 
measured receiving array manifold vector optimization 
method in this paper can also be used to control the sidelobe 
of the transmitting beam pattern of the transducer array 
and obtain a low-sidelobe level. Using the proposed method, 
the highest sidelobe level of the beam pattern by simulation 
is -20dB. Using the conventional beamforming method, 
the highest sidelobe level is -7.3dB. On the other hand, the 
proposed method 2 can also provide the largest pressure 
amplitude in the axial direction of the transducer array when 
the maximum amplitude of the driving voltage weighting 
vectors keeps unchanged, at the same time satisfying the 
sidelobe constraints. Corresponding to Fig. 3, using the 
proposed method 2 comparing with the conventional 
beamforming method, the maximum pressure amplitude 
does not reduce much, with the reduction amounts of 0.3dB. 
The simulation results show that the proposed method 2 can 
also be used to calculate the driving voltage weighting vector 
of the transducer array to obtain a low-sidelobe transmitting 
beampattern, and provide the largest pressure amplitude in 
the axial direction of the array when the maximum amplitude 
of the driving voltage weighting vectors keeps unchanged.
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Fig. 3. The radiated pressure amplitude of the array when the beam scan 
angle is 84°.
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Fig. 4. The radiation directivity of the array  when the beam scan angle is 84°.

EXPERIMENTAL RESULTS

An experiment has been conducted to measure the radiated 
acoustic pressure directivity of 14-element and 27-element 
array in the anechoic water tank. The working frequency 
is 12.5kHz. The maximum driving voltage exerted on the 
transducer array is 4V, that is, the normalized driving voltage 
weighting vector calculated by Eqs. (8) and (9) is multiplied 
by the voltage factor 4V.

 Fig. 5~Fig. 6 are respectively the measured radiated sound 
pressure amplitude and directivity of the 14-element array 
when the beam scan angle is 75°. The maximum pressure 
amplitude has been normalized to 1. It can be found that 
the results measured in the experiment are consistent with 
the simulation results, which reveals that the boundary 
element model optimization method can calculate the 
driving voltage weighting vector of the transducer array to 
obtain a low-sidelobe transmitting beampattern. Using the 
proposed method 1, the highest sidelobe level of the measured 
beampattern is –15.3dB when the beam scan angle is 75°. 
Using the conventional beamforming method, the highest 
sidelobe level of the measured beampattern is –5.9dB. It is 
shown that the highest sidelobe level reduce much using 
the propose method 1 comparing with the conventional 
beamforming method. There are some differences between 
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the experimental results and the theoretical simulation 
results caused by the modeling error, calculation error and 
experiment error. On the other hand, just as the same in 
simulation computation, the proposed method 1 can provide 
the largest pressure amplitude in the axial direction of the 
transducer array when the maximum amplitude of the driving 
voltage weighting vectors keeps unchanged, and at the same 
time satisfying the sidelobe constraints. Corresponding to 
Fig. 5, by use of the proposed method 1 comparing with the 
conventional beamforming method, the maximum pressure 
amplitude does not reduce much, which is 1.72dB. It can be 
seen that the experimental results are consistent with the 
simulation results, which verifies that the proposed boundary 
element model optimization method is valid. 
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Fig. 5. The measured radiated pressure amplitude of the array when the beam 
scan angle is 75°.
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Fig. 6. The measured radiation directivity of the array when the beam scan 
angle is 75°.

Fig. 7~Fig. 8 are respectively the measured radiated sound 
pressure amplitude and directivity of the 27-element array 
when the beam scan angle is 84°. The solid line represents 
that the driving voltage weighting vector is calculated by 
the measured receiving array manifold vector optimization 
method with the sidelobe level constrained to -20dB. The 
dotted line represents that the weighting vector is calculated 
by the conventional beamforming method with the plane 
wave model. Fig. 7~Fig. 8 show that the results measured in 

the experiment are consistent with the simulation results, 
which reveal that the proposed method 2 can also be used to 
calculate the driving voltage weighting vector of the array to 
obtain a low-sidelobe transmitting beam pattern. Using the 
proposed method 2, the highest sidelobe level of the measured 
beam pattern is -13.9dB when the beam scan angle is 84°. 
Using the conventional beamforming method, the highest 
sidelobe level of the measured beam pattern is -6.6dB. It is 
shown that the highest sidelobe level reduce much using 
the propose method 2 comparing with the conventional 
beamforming method. There are some differences between 
the experimental results and the theoretical simulation results 
because of the systematical error, the measurement error, and 
the error in the measured receiving array manifold vectors. 
The proposed method 2 can also provide the largest pressure 
amplitude in the axial direction of the transducer array when 
the maximum amplitude of the driving voltage weighting 
vectors keeps unchanged. Corresponding to Fig. 7, by use 
of the proposed method 2 comparing with the conventional 
beamforming method, the maximum pressure amplitude 
does not reduce much, with the reduction amounts of 0.29dB. 
It can be seen that the results measured in the experiment are 
greatly consistent with the simulation results, which verifies 
that the proposed measured receiving array manifold vector 
optimization method is also valid and practical. 
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Fig.7. The measured radiated pressure amplitude of the array when the beam 
scan angle is 84°.
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Fig. 8. The measured radiation directivity of the array when the beam scan 
angle is 84°.
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DISCUSSION

From the simulation and experimental results, we can 
see that both the boundary element model optimization 
method and the measured receiving array manifold vector 
optimization method are able to obtain a low-sidelobe 
transmitting beampattern for complex arrays of underwater 
acoustic transducers. However, each method has its own 
characteristics. The boundary element model optimization 
method is completely based on the theoretical calculation, 
which uses the boundary element model and the transducer 
equivalent circuits to calculate the driving voltage weighting 
vector of the acoustic array, and does not need the cost of 
experiment. The measured receiving array manifold vector 
optimization method needs to measure the array manifold 
vector of the acoustic array by experiment. But the effect of 
the measured receiving array manifold vector optimization 
method is better than that of the boundary element model 
optimization method, since it can achieve a more stable 
and reliable performance. The reason is that there is some 
error between the boundary element theoretical model and 
the practical system in the experiment, and the measured 
receiving array manifold vectors can embody this error of 
the practical transducer array.

CONCLUSION

In this paper, the methods are investigated to calculate 
the driving voltage weighting vector of complex acoustic 
arrays in underwater unmanned vehicles. Two methods are 
presented in order to obtain a low-sidelobe transmitting 
beampattern, which are respectively the boundary element 
model optimization method and the measured receiving array 
manifold vector optimization method. Computer simulation 
has been carried out for complex arrays to calculate the driving 
voltage weighting vector and transmitting beampatterns. The 
experiment has also been conducted to measure the radiated 
pressure amplitude and directivity of complex arrays in the 
anechoic water tank. The results show that the two methods are 
both able to obtain a lower sidelobe transmitting beampattern 
than the conventional beamforming method, and the source 
level for each transmitting beam is maximized in constraint 
of the maximum driving voltage of array elements being 
constant. Moreover, the effect of the measured receiving array 
manifold vector optimization method is better than that of 
the boundary element model optimization method, which 
can obtain a more stable performance and is more suitable 
for practical system application. The proposed methods are 
both able to improve the detecting and positioning capability 
of underwater unmanned vehicles.
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ABSTRACT

Shock waves arriving at a dam site are close to plane waves when the center of an underwater explosion is far from the 
dam site. In general, the wave pressure is calculated with COLE empirical formula. The COLE formula is a negative 
exponential function with respect to time. In this paper, a new analytical solution algorithm is proposed, which does 
not require the use of step-by-step time integration. In Comparison with the step-by-step time integration, the proposed 
algorithm requires relatively less calculation and avoids high-frequency oscillation. Furthermore, the vertical upstream 
surface and the sloping upstream surface in two types of the dams are analyzed in this paper. The research results 
indicate that the analytical solution can be applied for a dam with a vertical upstream surface. However, because the 
upstream face of a dam is inclined, the analytical solution can be obtained only for dams that are at lower height. 
Whenever the height of a dam is higher, then no analytical solution can be obtained, and only the use of step-by-step 
time integration can obtain a solution.

Keywords: Underwater explosion, Shock wave, Dam, Analytical solution, Dynamic response

INTRODUCTION

Although a high dam subjected to a strong underwater 
shock wave is of small probability, to ensure the safety of lives 
and property, this research topic has attracted the attention 
of research and management personnel for a long time. 
Two of the most common approaches used in this research 
field are “numerical simulation” and “physical simulation”. 
Wang et al.[1] foun state that a submerged explosion causes 
significantly more damage to a dam in the water rather than 
the same mass of explosion in the air via the numerical study. 
Hence, more attention should be paid to the shock wave from 
an underwater explosion and the subsequent response of 

the dam structures. Model dam tests using different impact 
loads were conducted by Lu et al. [2,3,4,5]. The results show 
that when the shock wave pressure of a 150 m high concrete 
gravity dam upstream reaches nearly to 4.0 MPa, then the 
dam head has been broken.

Many studies have in-depth analyses of the responses of 
dams during strong earthquakes. Wang et al.[6] successfully 
numerically simulate the damage phenomenon of the 
Koyna gravity dam subjected to earthquake, and apply the 
elastoplastic damage model to analyze the damage-cracking 
behavior of arch dams. Xu et al. [7] studied about the concrete 
slab damage under earthquake load and the development 
process using a concrete plastic-damage model[8], in which 
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the damage variable can clearly determine the damage 
distribution and areas of weakness in the slabs. Although 
this paper belongs to the set of papers involving the dynamic 
analysis, it is different from studies of the dynamic response 
of the dam to a seismic load. Firstly, the duration of a strong 
shock wave from an underwater explosion is short, usually 
measured in microseconds, and the duration of an earthquake 
is much longer. Secondly, the shock wave of an underwater 
explosion can occur directly on the dam’s upstream surface, 
while a seismic wave comes from the valley foundation, 
and the dam body’s movement is caused by hydrodynamic 
pressure.

Besides that, many scholars have studied the dynamic 
responses of concrete and composite structures under 
explosive load in the air. Tai et al. [9] numerically simulated 
the dynamic response of a reinforced concrete slab subjected 
to air blast loads. Thiagarajan et al.[10] conducted the tests 
and finite element analysis of doubly reinforced concrete 
slabs subjected to blast loads. Chen et al. [11] simulated 
a prestressed reinforced concrete beam subjected to blast 
loading. Liu et al. [12] examined the simplified blast-load 
effects on the columns and bent beams of highway bridges. 
In these various numerical studies, the step-by-step time 
integration method is commonly used. The shock wave 
arriving at the dam site is close to a plane wave in character 
when the center of the underwater explosion is far from the 
dam site. Thus, the wave pressure is often calculated using the 
COLE empirical formula. The COLE empirical formula[13] 
is a negative exponential function with respect to time. In 
this paper, one analytical solution algorithm is given with 
no application of step-by-step time integration. Moreover, by 
comparison to the previous numerical studies, there is limited 
calculation involved in this study to avoid high-frequency 
oscillation. Generally, this paper presents one new simplified 
research approach. 

THE VERTICAL UPSTREAM SURFACE 
OF A DAM

The diagram of the vertical upstream surface of a dam 
(i.e., gravity dam) subjected to a strong shock wave is shown 
in Fig. 1.
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Fig. 1. Diagram of the vertical upstream surface of a gravity dam subjected 
to a strong shock wave

After spatial discretization, the vibration equation of the 
dam body is represented by a matrixas follows:

)(][][ tpRuKuCuM d (1)

where ][M  is the mass matrix, ][C  is the damping matrix, 
and ][K  is the stiffness matrix. ][u , ][u , and ][u are the 
acceleration, velocity, and displacement vector of the nodes, 
respectively. R is the distribution of the shock wave function 
vector, and )(tpd isthe pressure on the surface of the dam.

The pressure of a shock wave, which is a function of time, 
at a given position in water is )(tpw ; it abruptly increases 
to max)( wP  when an explosion is initiated (an event with 
a duration of less than 10-7 s), followed by an exponential 
reduction. The Cole empirical formula yields

t
ww ePtp max)()( (2)

where maxP  is the maximum pressure of the shock front at 
a certain position, T  is the 
duration before the arrival of the shock wave. The relationship 
between maxP  and  is

1)/(3
1a

A
xm RWKP = (MPa) (3)

4
33/1

2
10)(1

2 ×= A

W
R

WK
θ (1/s) (4)

where R is the distance from the origin of the explosion to 
the point at which measurements are made (in meters); W is 

1A , 2A , 
1K , and 2K  are constants that depend on the types of explosive.
Once the shock wave comes into contact with the structure, 

the wave is reflected and transmitted to the structure. 
Smith and Hetherington[14] solved the equilibrium and 
compatibility equations at the interface between two different 
materials (graphically shown in Figure 2), to determine the 
resultant interface stresses:

aab EE

E

EE
E

)(2)(2

2

2
2

1

1
1

2

2
2

2211

22 (5)

where Equation (5) describes the relationship between an 
incident wave a  and a transmitted wave b . Each material 

E, and a density, . In 
Fig. 2., r
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Fig.2. Diagram of the vertical upstream surface of a gravity dam subjected 
to a strong shock wave

If material 2 is conventional concrete, then
210

2 /102.2 mNE ×≈  and 3
2 /2400 mkg≈ρ . If material 1 is 

water, then the wave velocity of the water is smE /1400
1

1 .
 

Substituting the related parameters into Equation (5), we 
obtain ab σσ 76.1= , which implies that regardless of the 
pressure generated by the underwater explosion, approximately 
twice that amount of pressure is transmitted to the concrete 

maxmax 2)( PPd (6)

)(2)( tptp wd (7)

Because )(tpd  is a negative exponential function, we 
have the following:

teutu

teutu

teutu

2)(
)(

)(

(8)

where u  is a vector with no time variable t . Substituting 
Equations (7) and (2) into Equation (1) gives

max
2 2][][ PRuKCM (9)

According to Rayleigh damping, the damping matrix is 
given by

KMC 21 (10)

where 1  and 2  are expressed as

21

211
1

2
(11)

21

2
2

2
(12)

where 1  and 2 are the predominant natural frequencies 
of the structure. For gravity dams, the first and the second 
eigenfrequency of the gravity dam are preferred. 1  and 2  
are the natural damping ratios for 1  and 2 , respectively; 
take 05.021 == ξξ . Substituting Equation (10) into Equation 
(9) gives

g
( )[ ] ( )[ ]{ }{ } { } max21

2 21 PRuKM =−+− θαθαθ (13)

Because the impact wave pressure )(tpd  acts on only 
the nodes of the upstream dam surface, the R vector of N 
dimension can be divided into two sub-vectors. Let

0
1

2

1

iN

i

R
R

(14)

where the subscripts i  and iN denote the dimensions of 
the vector or matrix. Let

[ ] ( )[ ] ( )[ ]KMW 21
2 1 θαθαθ −+−=  (15)

Equation (13) can be abbreviated as

max
2

1 2P
R
R

uW (16)

W and u reference the R  form and are written in 
block form as follows:
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Equation (16) can be rewritten as follows:

max
2

1

2221

1211 2
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1

P
u
u
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= (18)

Reorganizing the above equation yields

[ ] { } [ ] { } { }
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By the second equation in Equation (19), the equation (20) 
can be obtained.

121
1

222 uWWu (20)

Substituting Equation (20) into the first equation in 
Equation (19), [ ]{ } [ ][ ] [ ] { } max21

1
2212111 21)( PWWWuW =− − is 

deduced. By collating the above equation, we can express

 [ ] [ ] [ ] [ ] { } { } max1)(21)()(
1

22)(1211 21)( PuWWWW iiiiNiNiNiNiii =− ×−−×−
−

−×× (21)

Solving the algebraic equation (21) yields iu1 . Because 
the number of nodes is not high in the dam upstream surface, 
as long as a low-dimensional algebra equation can obtain an 
analytical solution iu1 . Next, formula (20) is used to obtain 

iNu2 . Equation (8) can be used to calculate the change of 
the displacement, velocity and acceleration vs. time. Solving 
[ ] 1

22
−W  represents the largest part of the computing workload, 

which is a very small computing workload compared with 
that of the step-by-step time integration method.

SLOPING UPSTREAM SURFACE 
OF THE CONCRETE-FACED ROCKFILL DAM

The upstream face of a concrete-faced rockfill dam 
is inclined; thus, the shock wave arrived at the dam site is 
shown in Fig. 3.
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Fig. 3. Diagram of the sloping upstream surface of a concrete-faced rockfill 
dam subjected to a strong shock wave

When the shock wave arrives in node n, the other nodes 
on the dam are not subjected to the shock wave. If the shock 
wave reaches 1 node, at which point the time is zero (t = 0), 
then the pressure expression of 1 node is tePp 1max2)1( . 
SubstitutingEquations (3) and (4) into tePp 1max2)1(  gives

tWK
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R
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The pressure expression of the S  node is

))((1)3
3(4)
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where C is the velocity of sound in water, Δx(s)is the horizontal 
distance between the S  node and 1 node, and 

C
sx )(  is the 

time interval between the shock wave to reach the S node 
and 1 node. When the upstream face of the dam is inclined, 
the analytical solution of the time given in this paper cannot 
be used and the step-by-step time integration is required. 
However, assuming that the dam is not high and the C value 
is large, the initial period can be omitted ( 0t before) and we 
still obtain the analytic solution after time t. The distribution 
function R  

is not 
0

1
, but rewritten as 

0
0
0

1

)(
C

ix

e
.

CALCULATION EXAMPLE ANALYSIS

A gravity dam with a vertical upstream surface can be 
discussed as an example. In this example, we consider an 
analysis of the Koyna dam, which is located in the southwest 
of India, Karnataka Province. The geometry of a typical non-
overflow monolith of the Koyna dam is illustrated in Fig. 4(a). 
The monolith is 103 m high and 71 m wide at its base. The 
upstream wall of the monolith is assumed to be straight and 
vertical, which is slightly different from the real configuration. 
The depth of the reservoir is 103 m in this study. Following the 
work of other investigators[8], we consider a two-dimensional 
analysis of the non-overflow monolith assuming plane stress 
conditions. The spatial discrete grid used for the analysis is 
shown in Fig. 4(b). In Fig. 4(b), 1# and 2# are our observation 
points.

Water level
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dam

Fig. 4. Dimensions of the Koyna dam and the spatial discretization grid

The mechanical behavior of the concrete material is 
modeled using the linear elastic model. According to the 
available design information, the following properties were 
used in the analysis: density = 2643 kg/m3, modulus of 
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elasticity = 31027 MPa, and Poisson’s ratio = 0.15. In this study, 
the damping ratio for the concrete dam was assumed to be 5% 
in the dynamic analysis.From a natural frequency extraction 
analysis of the dam, the first and second eigenfrequency are 
found to be 1=18.861 rad/s and 2=49.973 rad/s, respectively. 
We use the equations (11) and (12) to  obtain 0.82161  
and α2-8.7166e-04, respectively.

For this research, prior to shock loading, the dam was 
subjected to static loading, including self-weight and 
hydrostatic pressure. The dam being subjected to static 
loading is assumed as the initial state. The charge used for the 
analysis was 10000 kg of TNT. The values of the coefficients 

1A , 2A , 1K , and 2K  for an underwater TNT explosion 
are 1.1801A , -0.1852A , 52.121K  and 0.08952K , 
respectively[15]. The distance from the origin of the explosion 
to the dam site is 500R  m. The shock wave was determined 
from the Cole empirical formula, of which the peak pressure 
was 1.2751maxP  MPa and the recording duration was 
24.1489 ms, as shown in Fig.5.

Fig. 5. Time history graphs of the shock wave loading

Here, the two methods used in the calculations were 
analyzed. One method uses the accurate time-dependent 
solution algorithm presented earlier in this paper. The other 
method uses the central difference rule to perform the integral 
of the motion equation in time domain (it is a form of step-
by-step time integration).
1) The accurate solution of the time-dependent algorithm 

The maximum pressure of the shock wave is 1.2751maxP  
MPa; from equation (5), the maximum shock force acting on 
upstream surface is 5502.2)( maxdP  MPa. After calculation, 
the horizontal x-axis displacement of the 1# points and 2# 
points is 0.243063 m and 0.0886145 m, respectively. By the 
first equation in Equation (8), the change of the displacement 
can be obtained in the time domain.
2) The explicit central-difference integration rule to 

perform the integral of the motion equation in the time 
domain
Jin andDing [16] demonstrated that Abaqus/Explicit can 

be used to predict the transient response of ship structures 
that experience loading by an acoustic pressure shock wave 
resulting from an underwater explosion (UNDEX). In this 
paper, although the focus of research is not the underwater 
explosion and shock wave propagation characteristics because 
of the similarity between the shock wave and the dam-water 
system considered here, Abaqus/Explicit was chosen as 
the numerical analysis platform. When the acoustic fluid 

behavior is linear (i.e., no cavitation), the total acoustic 
pressure within the fluid consists of an incident wave and 
a scattered wave component. A finite element model of the 
dam-water system was adopted. The dam base was completely 
constrained. A CPS4R element was adopted to simulate all 
parts of the dam. The external fluid was meshed with AC3D4 
acoustic tetrahedral elements. The water density is 10 kN/m3, 
the bulk modulus is 2140 MPa, and the speed of sound in 
water is 1400 m/s. The acoustic structural coupling between 
the fluid mesh acoustic pressures and the dam structural 
displacements at their common surfaces (the wetted interface) 
was accomplished with the *TIE constraint option in Abaqus. 
The dam two-dimensional finite element model is shown 
in Fig.6.
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Fig. 6. Finite element mesh of the dam and water

By the above two methods, the horizontal displacement 
changes of 1# point and 2# point along with the time are 
shown in Fig. 7.
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Fig. 7. The horizontal displacement history of the dam: (a) 1# point; (b) 2# point

The equations of motion for the body are integrated using 
the explicit central-difference integration rule in this study.
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where N is a degree of freedom. u , u , and u  are the 
acceleration, velocity, and displacement, respectively. The 
subscript  i  refers to the increment number in an explicit 
dynamics step, and 

2
1i  and 

2
1i  refer to the midincrement 

values. The central difference integration operator is explicit 
as the kinematic state can be advanced using known values 
of 

N

i
u

2
1  and N

iu  from the previous increment. The explicit 
integration rule is quite simple but by itself does not provide 
the computational efficiency associated with the explicit 
dynamics procedure. The key to the computational efficiency 
of the explicit procedure is the use of diagonal element mass 
matrices because the accelerations are at the beginning of 
the increment. The explicit procedure of integration through 
time is based on many small time increments. The central 
difference operator is conditionally stable, and the stability 
limit for the operator is given in terms of the highest eigenvalue 
in the system. In Abaqus/Explicit, a small amount of damping 
is introduced to control high-frequency oscillations. With 
damping, the stable time increment is given by

)1(2
maxmax

max
t (25)

where max  is the fraction of critical damping in the 
highest mode. Contrary to our usual engineering intuition, 
introducing damping to the solution reduces the stable time 
increment. The time-increment based scheme in Abaqus/
Explicit is fully automatic and requires no user intervention. 
The maximum frequency of the model is related to many 
factors. Abaqus/Explicit initially uses the element by element 
estimates. As the step proceeds, the stability limit will be 
determined from the global estimator once the algorithm 
determines that the accuracy of the global estimation is 
acceptable. Thus, the high-frequency oscillation phenomenon 
is difficult to avoid for the numerical analysis of a high dam 
subjected to strong shock waves caused by an underwater 
explosion using the explicit central-difference integration 
rule. High-frequency oscillation can cause serious distortion. 
Additionally, the well-known Wilson-θ integral method[17,18] 
is characterized by unconditionally stable convergence but 
has reduced the calculation accuracy. 

CONCLUSIONS

In this paper, the shock wave to dam site is similar to the 
plane wave when the center of the underwater explosion 
is far from the dam site. The wave pressure is calculated 
based on the COLE empirical formula which is a negative 

exponential function with respect to time. Relative to the 
time dependence, a new analytical solution is proposed in 
this paper that does not require the use of step-by-step time 
integration. The following conclusions can be drawn based 
on the analysis results.
1) The analytical solution algorithm can be obtained for 

a dam (i.e., gravity dam) with a vertical upstream surface. 
However, when the upstream surface of a dam is inclined 
(i.e., concrete-faced rockfill dam), then the shock wave 
does not arrive at the upstream surface of a dam at the 
same time. Thus, the time-dependent analytical solution 
algorithm cannot be used and step-by-step time integration 
is required. However, if the dam is not high and the C value 
is large, the initial period can be omitted ( 0t before) 
and the analytical solution after time t can be used. The 
distribution functions must be rewritten in this case. 

2) In this paper, we also consider an analysis of the Koyna 
dam. Abaqus/Explicit was chosen as the numerical 
analysis platform. The results state that the high oscillation 
phenomenon is difficult to avoid for the numerical analysis 
of a high dam subjected to strong shock waves caused by an 
underwater explosion using the explicit central-difference 
integration rule. High-frequency oscillation can cause 
serious distortion. 

3) In this paper, we provide the analytical solution algorithm 
to calculate the same case. The results indicate that the 
proposed approach is not only capable to improve the 
calculation efficiency but also completely eliminate the 
high-frequency oscillation phenomenon.
On the basis of this study, the nonlinear dynamic analysis 

of a dam subjected to strong shock waves caused by an 
underwater explosion can be further studied.
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ABSTRACT

The particle of calcareous sands was forced to crush, then the energy from the crushing was released by the form 
of sound waves. Therefore the AE technique was used to detect the calcareous sands AE signal when it crushed. by 
to study the AE characteristics, the mechanics of calcareous sands was studied. Study showed that: (1) there was the 
AE activities on the low confining pressure condition at the beginnig of test, (2) there was more and more AE activities 
with the continuing of test until to the end, (3) the calcareous sands’ AE activities was on the whole testing, (4) the 
calcareous sands’ particle crushing and mutual friction played different roles for its AE activities. Then the AE model 
based on the calcarous sands’ particle crushing was discussed.

Keywords: Calcareous sands, Accoustic emission, Conventional triaxial, Consolidated undrained, AE signal, Particle crushing

INTRODUCTION

The acoustic emission (AE) technique was widely used 
in the rock mechanics tests at home and abroad, which was 
also used in the in-situ stress testing, monitoring for the 
rock stability during the dam construction, the slide and the 
drilling, etc. with abundant accomplishment[1 2].

The AE technique was introduced in the geotechnical 
field by R.M. Koerner as the representative of a group of 
scholars. They made the important contribution to soil’s 
AE characteristics and related monitoring since 1970s 
[3-16]. R.M.Koerner studied the conhesionless soil’s AE 
characteristics in 1976, Tanimoto studied the sandy soil’s 
AE characteristics under the condition of triaxial compression 

test, Villet et al studied the AE signal during the cone 
penetration test, Koerner studied the AE signal under the 
condition of preconsolidation pressure in 1984, Tanimoto 
obtained the AE signal of yield stress in soil layer in 1986, 
Deutsch and Koerner studied the field determination of AE 
method under the condition of preconsolidation pressure 
in 1989, Bingfeng XU studied the soil’s AE characteristics 
under the condition both of the uniaxial compression and 
the triaxial compression, from the dislocation and energy 
point of view, he deduced the soil’s dislocation source and the 
relationship between the variation of strain energy and AE 
parameters[3 17].

Calcareous sands is the marined origin geomaterials 
with richful calcium carbonate or other insoluble carbonate 
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componants[1]. It is mainly distributed in the continenal shelf 
and coastline with the tropics or subtropics between the north 
altitude 30 degree and south altitude 30 degree, particularly 
in the islands of South China Sea, the Red Sea, Southern 
Arabian Gulf, Western Indian Ocean, the continental shelf of 
Western Australia, Florida waters in North America, Central 
American Ocean, Barbados and so on.

The calcareous sands is from the ocean and the Terrestrial 
Sedimentary Environment, particularly in the seabed of 
tropical shallow sea. The sedimentary origin of calcareous 
sands is from the following: skeleton of calcareous organisms, 
clastic fragment and the sendimentary from the carbonate 
materials in the ocean due to the changes of enviromental 
factors including temperature, pressure and so on. There are 
four main forms of calcareous sand particles, skeleton granule, 
Shale particle, fragment and grain. In South China Sea, the 
coral debris are the main composition of the calcareous sands, 
its partcle is skeleton granule.

Due to its richful calcium carbonate with no less than 
96.7%, the particle cruching of calcarous sands was occurred 
under the lower stress state[19-22]. The above study showed 
that there were AE activities for noncohesive soil, cohesive soil 
and sandy soil under the certain conditions. The particle of 
calcareous sands was forced to crush, then the energy from the 
crushing was released by the form of sound waves. Therefore 
the AE technique was used to detect the calcareous sands AE 
signal when it crushed. by to study the AE characteristics, 
the mechanics of calcareous sands was studied.

AE TEST OF CALCAREOUS SANDS

There was the consolidated undrained triaxial test at 
the conventional strain controlled triaxial shear apparatus, 
which was composed by four systems: the testing machine, 
the pressure chamber, the measuring and controlling System 
and the sample preparation system, shown in figure 1. It 
was used to obtain the parameters such as the total shearing 
strength and the effective strength, and according to the 
different drainage conditions, there were the unconsolidated 
undrained triaxial test, the consolidated undrained triaxial 
test and the the consolidated drained triaxial test.

AE data acquistion system was the Aewin E1.86 acoustic 
emission detector with 16 channels, which was composed by 
three system: sensors, amplifier, and analysing system with 
the following functions respectively: to receive the AE signal, 
to process the received signals and to display the processed 
signals. There were three different channel types: the accoustic 
emission detector with one channel, double channels or the 
multiple channels. 

The figure 2 was the the Aewin E1.86 acoustic emission 
detector with 16 channels for tests

The Acquisition system of Aewin E1.86 acoustic emission 
detector out of operation was shown in figure 3.

The diameter and height of R15 sensors was18.0mm and 
17.0mm respectively, its parameters were the following: 
resonance frequency was 150.0kPa, 10dB frequency band 

was between 60.0~250.0kHz, absolute activity was no less 
than 65 dB. 

Fig. 1. SI-1A.G triaxial shear apparatus

Fig. 2. Aewin E1.86 acoustic emission detector with 16 channels

Fig. 3 Acquisition system of Aewin E1.86 acoustic emission detector 
out of operation
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Fig. 4. Diagram of acoustic emission testing of calcareous sand

Fig. 5. Test photo
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During the test, the loading system was controlled by 
the axial strain loading with certain velocity and the AE 
monitoring was kept with the loading process, in which the 
response frequency of AE sensor was 30.0 kHz.

The figure 4 and figure 5 were the diagram of acoustic 
emission testing of calcareous sand and the test photo.

The curve of count rate/deviatric stress/ pore pressure v.s. 
time was shown in figure 6.

From the figure 6, it showed that at the beginning of test, 
the sample volume of calcareous sands was reduced due to 
squeezing, and its particle was on the process of mutually 
biting, as a result, there was the AE signal with lower activities. 
With the increasing of deviatric stress, the calcareous sands’ 
particle was crushed that resulted in the dilatant tendency of 
sample. At this stage there was the obvious activities of AE due 
to the particle crushing and mutual friction between particles. 
When the deviatric stress increased to the maximum, its 
dilatand tendency was weakened, but the particle crushing 
was continued to developed due to particle’s friction, therefore 
the calcareous particle crushing played main role for its AE 
activities in this stage until to the end.

AE MODEL FOE CALCAREOUS SANDS

Fig.4 A. simplified decayed waveform of AE signal

The acoustic emission (AE) signal was the random from 
the apparatus during the test. Harris[23] thought that the AE 
signal outputted from the sensor was composed of damped 
cosine wave and its frequency was roughly equaled to the 
sensor’s resonant frequency, shown in fig. 4.

The equation (1) was the signal voltage outputted from 
the sensor

fteVV t
P πβ 2cos−= (1)

In equation: 
V  – the transient voltages,

PV  – the peak voltage,

 – the attenuation coefficient,
t  – the time
f  – the signal frequency that was roughly equaled to the 

sensor’s resonant frequency.

If the threshold voltage was tV , the equation (1) was 
evolved to equation (2), then the counts of a hit was described 
by equation (3). 
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From the equation (3): 
the counts   of a hit was related to the following factors: 

 – the attenuation coefficient,
f  – the frequency

PV  – the peak voltage
tV  – the threshold voltage

t

P

V
Vf ln

β
η = (3)

The study[24]for the ultrasonic attenuation experiment 
of rock showed that the ultrasonic attenuation coefficient 
was the ratio function of frequency, shown in equation (4).

f
A1

1
(4)

In equation: 
1A  – the constant.

If the AE wave was satisfied with the equation (3) and the 
equation (4),then the  equation (5) was obtained.

t

P

V
VA ln1=η (5)

For the above analysis, there were two hypotheses that the 
AE signal was roughly equaled to the attenuation cosine wave 
and f

 
was the constants, but in fact, the attenuation wave 

was from the resonance of sensors, most of which was made 
from the piezoelectric, once contacted with the specimen, 
their frequency band was widened, which indicated that there 
is no obvious strong resonance. Under these circumstances, 
it was the specimen not the sensor that caused the attenuation. 
Therefore f  couldn’t be a constant and related to the 
geometric shapes, sound source location and bearing state 
of specimen. 

In the calcareous sand study[19], its particle breakage 
caused not only the plastic strain and energy consuming 
of specimen in the macro but also the particle smaller than 
before and the surface area increasing of specimen at the 
micro, therefore the particle breakage was closely related with 
the energy input. Under the condition of triaxial stress test, 
the particle breakage of the certain specimen was controlled 
by the combination of normal stress, shearing stress with 
related strain.

Under the condition of triaxial shearing, if the effective 
principal stress of specimen were 1 2 3 32 , its 
principal strain increment were 1d 2d 3d 31 dd , its 

volumetric strain increment was dεv, so its energy increment 
was described as the equation (6).

3
'
32

'
21

'
1 εσεσεσ ddddE ⋅+⋅+⋅=

3
'
31

'
1 2 εσεσ dd ⋅+⋅=                 

sv dqdp εε ⋅+⋅= ''                     

(6)

In equation: 
'
3

'
1

'q

3
2 31'p

31 2ddd v

3
1 v

s
ddd

In equation (6), the energy increment was divided into 
two parts: one was the recoverable elastic energy increment 
( )edE , the other was the unrecoverable plastic energy 
increment ( )PdE , therefore the equation (6) was deduced 
into the equation (7).

 ( ) ( )Pe dEdEdE += (7)

In equation (7):

( ) ( )esve dqdpdE εε ⋅+⋅= ''  

( ) ( )PsvP dqdpdE εε ⋅+⋅= ''

According to the Roscoe hypothesis [25], 0'
esdq , 

then equation (7) was deduced into the equation (8).

( ) ( )Pe dEdEdE +=                                 

( ) ( )Psvev dqdpdp εεε ⋅+⋅+⋅= '''  
(8)

Because of the nonreversible process of particle breakage, 
though the stress and strain could return to certain state, 
the broken particle couldn’t return to the original state, 
therefore on the triaxial shearing test process, the energy 
released by particles of calcareous sands could be expressed 
by equation (9):

( )
Pp dEE =                                                        

( ) ( ) ( )
evPvPv dpdpdq ⋅−⋅+⋅= εεε '''  (9)

During the compression and shearing process, on the one 
hand almost all deformation of calcareous sands particles 
was the plastic one, on the other hand the recoverable elastic 
energy from the average normal stress could be neglected, 
hence, the equation (9) was changed into equation (10).
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( )
Pp dEE =                                

( ) ( )
PvPs

dpdq ⋅+⋅= εε ''
(10)

It was supposed that most of the energy, PE , released by 
the particle breakage of calcareous sands was turned into the 
acoustic energy AE , so AP EE , and the peak voltage PV   
outputted from the sensors square was direct proportion to 
the square root of plastic energy PE , so the peak voltage was 
described by the equation (11).

PP EV (11)

In equation:

 – the mechanical and electric constant.
Combined the equation (5) with (11), there was the 

equation (12).

=
t

P

V
E

A
ψ

η ln1 (12)

During the triaxial shearing test of calcareous sands, the 
process of particle breakage was the process of AE pulse 
producing. For this process, it was variable, and x  was 
used to represent it, so the equation (12) was described by 
equation (13). Meanwhile the hits from the particle breakage 
of calcareous sands couldn’t be a constant, but it could be 
describe the function of x , shown in equation (14).

x (13)

x (14)

In equation: 

 – the hits.
For calcareous sands, its particle breakage was the random 

distribution value, therefore the hits related with particle 
breakage was also the random distribution value. It was 
supposed that the hits from the particle breakage of calcareous 
sands obeyed the Weibull distribution, so the equation (14) 
was deduced into equation (15).

mxm

exmx
1

(15)

In equation, m  was the shape parameter of Weibull 
distribution,  was the scaling parameter of Weibull 
distribution.

It was supposed that xN  was the total number of pulse 
after it reached the process variable during the test, so the 

xN  was not only the function of total number of pulse of 
one hit, but also the function of hits produced during the 
test, as a result during the triaxial shearing test of calcareous 
sands the total number of AE accounts could be described by 
equation (16). If the equation (16) was derivated by time, the 
AE rate of calcareous sands was described by equation (17), 
then if the equation (17) was combined with equation (10) and 
(15), the equation of AE rate based on the particle breakage 
of calcareous sands was obtained, shown in equation (18).

( ) ( ) φη dxxN =      

dx
dx
d

V
E

A
t

P= φψ
ln1  

(16)

( )
dt
dx

dx
dx

dt
dN φη=

dt
dx

dx
d

V
E

A
t

P φψ
ln1=

(17)

( )
dt
dx

dx
dx

dt
dN φη=

( ) ( )
dt
dx

dx

exmd

V

dpdq
A

mxm

t

PvPs ⋅
⋅+⋅

=

−−
α

ααεεψ

1

''

1 ln

(18)

CONCLUSION

The particle of calcareous sands was forced to crush, then 
the energy from the crushing was released by the form of 
sound waves. Therefore the AE technique was used to detect 
the calcareous sands AE signal when it crushed. According 
to the AE characteristics, the mechanics of calcareous sands 
was studied. Study showed that: 
1) there was the AE activities on the low confining pressure 

condition at the beginnig of test, 
2) there was more and more AE activities with the continuing 

of test until to the end, 
3) the calcareous sands’ AE activities was on the whole 

testing, 
4) the calcareous sands’ particle crushing and mutual friction 

played different roles for its AE activities. Then the AE 
model based on the calcarous sands’ particle crushing 
was discussed.
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ABSTRACT

As a traffic engineering project across straits or gulfs, subsea tunnel is one of the oceaneering with great construction 
difficulties, and the key to the success of subsea tunnel engineering lies in timely and accurate assessment of the structure 
safety of subsea tunnel engineering construction and life-cycle. Xiang’an Xiamen subsea tunnel is China’s first subsea 
tunnel which crosses complex formation conditions, engineering accidents such as collapse, sudden inflow of water or 
mud might occur during tunnel construction and operation. Therefore, the concept of subsea tunnel life-cycle monitoring 
is proposed aiming at the particularity of subsea tunnels. The variation forms of subsea tunnel mainly include large 
deformation, collapse, primary support cracking, water leakage, water pressure increase, steel arch corrosion, concrete 
corrosion, longitudinal differential settlement, etc., and classification of the life-cycle safety monitoring levels of the 
subsea tunnel is conducted based on risk assessment theory and risk level management benchmark to determine the 
possible variation forms in the monitoring level segments. The research results will provide reference for the subsea 
tunnel life-cycle monitoring, disaster warning as well as risk management under construction or to be built at home 
and abroad.

Keywords: Subsea tunnel; Life-cycle; Safety monitoring; Monitoring level; Disaster warning

INTRODUCTION

The life-cycle period of engineering structure mainly 
includes selection of construction scheme, structure design, 
construction, operation, aging and abolishment. In recent 
years, the concept of engineering structure life-cycle is 
gradually adopted by engineering scholars. American Institute 
of Architects (1977) proposed the initial concept and thought, 
research risks and analysis methods of life-cycle economic 
analysis[1]. Flanagan (1984) made an in-depth discussion of 
the technical requirements, reasonable cost and other issues 
involved in life-cycle period cost management starting from 
the angle of architectural economics[2]. Frangopol (1999) 
proposed a cost-benefit bridge method combining life cycle 
reliability and life cycle cost[3]. At present, domestic and 
foreign researches on project life-cycle are mainly focused 

on life-cycle cost as well as life-cycle design and life-cycle 
management of bridge engineering, researches on life-cycle 
of subsea tunnel engineering are rarely seen, and the concept 
of life-cycle is merely introduced in tunnel risk analysis[4,5].

In recent years, research on long-term safety monitoring 
of major projects has attracted more and more widespread 
attention in engineering circle, long-term safety monitoring 
system has been effectively implemented in the safety 
monitoring of long-span bridges in the United States, Canada, 
Europe, Japan, South Korea and other countries[6,7,8,9,10,11]. 
For example, long-term structural safety monitoring system 
has been installed on Confederation Bridge in Canada[12], 
Commodore Barry Bridge in the US[13], Akashi Kaikyo 
Bridge in Japan[14], Seohae Bridge in South Korea[15]. In 
China, structural safety monitoring and working condition 
assessment system has been installed on Tsing Ma Bridge in 
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Hong Kong[16], Nanjing Yangtze River Bridge[17] and Wuhu 
Yangtze River Bridge[18], etc., providing a scientific decision-
making basis for the management and maintenance of bridges. 
However, there is less research on long-term structural safety 
monitoring system for subsea tunnel engineering. 

Since subsea tunnels cross stratums with complex geological 
conditions and high hydraulic pressure, material performance 
degradation caused by seawater corrosion, earthquakes and 
other factors will seriously imperil the safety of subsea tunnels. 
In case structural damage occurs during tunnel operations, 
it can easily lead to collapse, sudden inflow of water or mud 
and other disasters, causing disastrous consequences to the 
lives and property security of human. Therefore, it is of very 
important practical engineering significance to ensure the 
safety and durability of tunnels by establishing life-cycle safety 
monitoring levels of tunnel structure, real-time monitoring 
of the safety performance and stress state during tunnel 
construction, operation and aging maintenance phases as 
well as health diagnosis and safety assessment. 

As China’s first subsea tunnel, Xiang’an Xiamen subsea 
tunnel crosses multiple tectonic fracture zones at different 
positions, the fracture zones are composed of fully-heavily 
weathered granite with low rock mass strength and poor 
self-stability that are prone to seepage failure and other 
disasters. Thereby, we introduced project life-cycle concept 
in subsea tunnel monitoring and carried out research on 
the classification of life-cycle safety monitoring levels of the 
subsea tunnel by taking Xiang’an subsea tunnel engineering 
as the research object, the research results will provide 
valuable reference to similar projects at home and abroad.

RESEARCH BACKGROUND

Located in the northeast part of Xiamen Island, Xiang’an 
Xiamen subsea tunnel is a high-level highway and city fast 
track connecting Xiamen Island and the continental shelf of 
Xiang’an District, see the location map of Xiang’an Xiamen 
subsea tunnel in Fig. 1.

Fig. 1. Schematic diagram of proect location

With a total tunnel length of about 6.05 km, Xiamen 
subsea tunnel is designed in a 3-tunnel pattern, both sides 

are the main vehicle cross passageways, the middle is a tunnel 
for service; wherein the left and right main vehicle cross 
passageways adopt 6 two-way lanes with design driving speed 
of 80 km/h, the clear height of construction clearance is 5.0 m, 
net width is 13.5 m, and the distance between center lines 
of the main vehicle cross passageways is 52 m, see Fig. 2. 
There are 2 ventilation shafts, 5 transverse vehicle cross 
passageways and 12 transverse pedestrian cross passageways 
along the tunnel. Since Xiang’an subsea tunnel is located in 
national rare marine life protection zones of Chinese white 
dolphins and Xiamen amphioxus, the construction scheme of 
underground subsea tunnel excavation is eventually adopted 
upon considering marine life protection, port resource 
protection, geological conditions, engineering technology 
and cost, natural landscape and other factors.

Fig. 2. Schematic diagram of the cross-section of tunnel layout

On account of being the first subsea tunnel on Chinese 
mainland, the following keys and difficult points were 
encountered during tunnel construction.
1) Extra large cross-section of tunnel excavation

The main passageway of Xiang’an subsea tunnel adopts 
a 3-lane highway tunnel, with clear height of construction 
clearance of 5.0 m and net width of 13.5 m. The maximum 
excavation span is 16.84 m, the largest excavation height is 
12.26 m, and the largest cross-section of tunnel excavation 
volume reaches 170 m2.
2) Land and shoal segment crosses a long distance of fully-

heavily weathered granite
Xiang’an subsea tunnel mainly crosses fully-heavily 

weathered granite strata in land and shoal segment, with 
a total length of 6,244 m, high underground water level and 
certain hydraulic pressure. Tunnel depth is shallow, which 
is generally 4-42 m.
3) Seabed segment crosses weakly weathered bladder trough

Xiang’an subsea tunnel mainly crosses F1, F2 and F3 
fully-heavily weathered deep troughs and F4 fully-heavily 
weathered deep bladder, with a total length of 1,121 m, general 
depth of 21-53.7 m and water depth of 7.8-26.2 m.
4) Crossing a wide range of sand layer

Xiang’an tunnel crosses a sand layer in Xiang’an end, with 
a total length of 1,721.5 m and general depth from the tunnel 
vault of 9-36.94 m.
5) Supporting system requires high durability

The design life of Xiang’an tunnel is 100 years, considering 
primary support, secondary lining as well as waterproof 
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and drainage system in seawater environment require 
higher durability, therefore higher concrete durability is 
required for secondary lining. The level of concrete strength 
used for structural design shall not be lower than C45, 
seepage resistance level shall reach P12, and 90 d chloride 
diffusion coefficient shall be less than 2.0×10-12 m2/s as 
required by construction requirements.

ANALYSIS OF SUPPORTING STRUCTURE 
VARIATION FORMS IN SUBSEA TUNNELS

Collapse, large deformation, supporting structure 
corrosion, primary support cracking, water leakage and other 
variations appeared in the construction process of Xiang’an 
subsea tunnel, we obtained factors that influence the safety of 
tunnel structure through an investigation of these variations.
1) Large deformation

Xiang’an tunnel crosses completely weathered granite, 
multiple weathered deep troughs, water-rich sand layer 
and weak surrounding rock segments that have obvious 
rheological properties, resulting in large deformation of the 
supporting structure during tunnel construction, and the 
surrounding rock deformation will be developed due to the 
“time effect”. Upon conducting secondary lining supporting, 
surrounding rock deformation will also increase over a long 
period of time.

According to the displacement monitoring results in site 
construction phase, see the relations of data and reserved 
deformation in primary support monitoring cross-section 
that is sandy clay super shallow land segment with left tunnel 
in Fig. 3.

Fig. 3. Settling volume of sandy clay super shallow buried monitoring cross-
section in the left tunnel

AS seen from Fig. 3, the maximum settling volume of the 
primary support CRD1 vault in sandy clay super shallow 
buried land segment is about 480.9 mm, and the minimum 
settling volume is about 62 mm, part of the segments occur 
large deformation that is greater than 2 times of the reserved 
deformation amount, causing variations of the supporting 
structure. Since the surrounding rock and supporting 
structure occur large deformation, severe consequences 

caused therefrom are shown in Fig. 4, such as the intrusion 
of surrounding rock in tunnel lining clearance limit, concrete 
cracking or peeling, steel support distortion, etc., seriously 
affecting construction safety, lining quality and construction 
period of the tunnel.

Fig. 4. Concrete peeling and steel arch distortion of primary support in subsea 
tunnels

2) Collapse
Subsea tunnel structure collapse will cause voids behind 

the lining and changes in the stress field of surrounding rock, 
upon conducting backfilling of the collapsing segments, the 
surrounding rock on tunnel crown will form loose pressure, 
which can cause severe stress abnormalities in lining structure, 
and a strong impact on the long-term safety performance of 
structure. During tunnel construction, collapse incidents 
occurred many times, see Fig. 5.

Fig. 5. Intrusion of surrounding rock and primary support in clearance limit 
of subsea tunnel

3) Primary support cracking and water leakage of tunnel
Water leakage of the structure will affect the durability 

of structural materials, in particular, under the special 
hydrological and geological environment between the sea 
and tidal tunnel segments, seawater corrosion on tunnel 



POLISH MARITIME RESEARCH, No S2/2017128

structure can not be ignored, lining cracking and water 
leakage will seriously affect the life of tunnel structure. The 
primary support cracking and water seepage on Xiang’an 
Xiamen subsea tunnel site are as shown in Fig. 6.

(a) Cracking and water seepage of primary support

(b) Cracking and water seepage of primary support

Fig.6. Schematic diagram of cracking and water seepage of primary support 
on site

4) Water pressure increase
The total head of the seawater is 50-65 m and the maximum 

hydrostatic pressure of the crown is 0.65 MPa in the ground 
where Xiang’an tunnel crosses, since the subsea tunnel is 
located under the underwater rock, its top seawater can 
be infinitely supplied. With the passage of time, due to the 
serious corrosion of seawater on grouting water shutoff 
materials and advanced support, the permeability coefficient 
of surrounding rock around the tunnel will increase and 
infiltration volume will also gradually increase. On account of 
the limited emission principle, water pressure will gradually 
increase and eventually reach the maximum water pressure 
in case the drainage system is blocked by silt, thus posing 
a strong impact on the long-term safety of tunnel structure. 

See the water plugging effect before and after whole cross-
section grouting of Xiang’an tunnel F1 weathered trough 
segment in Fig. 7.

(a) Large amount of water in tunnel before grouting

 
(b) Tunnel water disappeared after grouting

Fig.7. Grouting and water plugging at whole cross-section of F1 weathered 
trough

5) Steel corrosion of primary support and advanced support
Compared with general tunnels, the biggest characteristic 

of subsea tunnel is the corrosion of seawater on supporting 
structure. Primary support corrosion results from the 
intrusion of electrochemical ions and chloride ions as well 
as concrete carbonization, the corrosion rate in lining 
cracking and water leakage area increases since the steel 
support or advanced support are directly exposed in seawater, 
in addition, concrete cracking occurs due to corrosion 
expansion, severely reducing the material strength of primary 
support and advanced support, eventually resulting in the loss 
of bearing capacity. Serious corrosion of primary support was 
found in field research, which is mainly in sea area segment, 
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especially in weathered bladder trough, corrosion situation 
is shown in Fig. 8.

Fig. 8. Steel corrosion in primary support of subsea tunnel

RESULTS AND DISCUSSION

CLASSIFICATION OF SUBSEA TUNNEL SAFETY 
MONITORING LEVELS BASED ON RISK LEVEL 
STANDARD

Classification of subsea tunnel safety monitoring levels based 
on risk level standard

At present, the safety monitoring level of subsea tunnels is 
mainly determined as per the classification of surrounding 
rock, however, tunnel risks are not only related to the level 
of surrounding rock, but also the buried depth of tunnel, 
construction method, management level of the construction 
unit and other factors, risk analysis theory is introduced to 
establish the life-cycle safety monitoring levels of tunnels.

Determination method of risk level
The measurement of risk requires indexes, and the current 

commonly used international risk rating method mainly 
measures via the product of risk occurrence probability and 
risk consequences [19], see formula (1).

CPR (1)

Where:
R – risk level;
P – risk occurrence probability;
C – risk consequences.

Classification of risk probability levels and risk consequence 
levels

Since risk is mainly determined via the product of risk 
probability and risk consequences, hence risk level is jointly 

determined by risk probability level and risk consequence 
level, and level classification is required.
1) Classification of risk probability levels

There are many uncertain factors in the probability of risk 
accident occurrence during construction, the occurrence time, 
location, form and scale are all undetermined, probability or 
probability level are used to describe the uncertain events 
in mathematics. Risk events are classified into five levels 
according to the different probability, and the risk probability 
of uncertain factors is converted into risk probability index 
to facilitate quantitative analysis, see Table. 1.
Tab. 1. Probability Level Standard

Probability 
range

Center 
value

Probability level 
description

Probability 
index

>0.3 1 Frequently occurs 5

0.03-0.3 0.1 Probably 4

0.003-0.03 0.01 Accidentally 3

0.0003-0.003 0.001 Rarely occurs 2

<0.0003 0.0001 Impossible 1

2) Classification of risk consequence levels
Different assessment levels of consequence levels are 

adopted according to different risk consequences, but the 
losses or adverse consequences caused by the accident under 
the same level are divided into 5 levels, uncertain factors that 
might cause risk consequences are converted into consequence 
index to facilitate quantitative analysis, see Table. 2.
Tab. 2. Classification of risk consequences

Event definition Consequence 
description

Consequence 
index

A large area of damage, the whole 
or part needs to be rebuilt; serious 
environmental damage; casualties.

Disastrous 
consequences 5

Endangering the main project; 
a lot of repair work is required, 
environment is damaged, traffic 
roads are blocked; personnel are 
injured.

Serious 
consequences 4

Emergency handling is required, 
property damage, delays in 
construction, interference in 
services; minor injuries.

Less 
consequences 3

Emergency handling is not required, 
the loss is small; service is not 
disturbed; personnel are slightly 
injured.

Light 
consequences 2

Slight effect. Consequences 
can be ignored 1

Risk level standard
ALARP (As Low As Reasonably Practicable) is the most 

commonly used risk acceptance criteria, also known as 
the lowest feasible criterion, which means any engineering 
activity has risks that can not be eliminated via preventive 
measures, instead, balance between the risk level and interests 
must be made, see Fig. 9. In Fig. 9, risks are divided into 
three regions, if the assessed risk level is in an unacceptable 
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region, it must be rejected or reduced by taking mandatory 
measures; if the risk level is in an acceptable risk region, 
there is no need to take any corresponding measures since 
the risk level is very low; if the risk level is in the maximum 
feasible reduction region, the effects after the implementation 
of various risk level reduction measures need to be examined 
and a contrast analysis shall be made to determine whether 
the risk is acceptable.

Fig. 9. ALARP risk management criteria

Based on ALARP criteria, the probability of accidents and 
the corresponding consequences are placed in a risk matrix, 
which is shown in Table. 3.

Classification of life-cycle safety monitoring levels
In the actual tunnel engineering, the importance degree 

of safety monitoring of tunnel segments is related to the risk 
occurrence probability and risk consequences of the segments, 
sometimes the risk probability is big but the consequences 
are light, in this case monitoring can be lessened; however, 
sometimes the risk probability is less but the consequences 
are disastrous, in this case monitoring shall be strengthened; 
hence the importance degree of life-cycle safety monitoring 
can be determined as per the monitoring level.

Tab. 3. Risk level standard

Consequence level
Probability level

1

Slight Great Serious Very serious Disastrous

2 3 4 5

Very likely 5 High level High level Extremely high level Extremely high level Extremely high level

Probably 4 Moderate level High level High level Extremely high level Extremely high level

Accidentally 3 Moderate level Moderate level High level High level Extremely high level

Impossible 2 Low level Moderate level Moderate level High level High level

Very unlikely 1 Low level Low level Moderate level Moderate level High level

Based on the determination method of risk level and 
aiming at the particularity of subsea tunnel engineering, 
life-cycle safety monitoring level is mainly assessed according 
to the product of risk probability index and risk consequence 
index of the tunnel, see formula (2).

11 CPM (2)

Where, M – life-cycle safety monitoring level index; P1 – 
risk probability index of the tunnel; C1 – risk consequence 
index of the tunnel.

Based on the risk level management standard and the 
assessment method of monitoring level index, see Table. 
4, the life-cycle monitoring levels of the subsea tunnel are 
divided into levels A, B, C and D from low to high according 
to the range of monitoring level index. Monitoring levels 
and measures are determined on the basis of tunnel risk 
acceptance criteria.

Tab. 4. Classification table of life-cycle monitoring levels of the tunnel

Risk level
Acceptance 

criteria
Monitoring 
level index

Monitoring 
levels

Monitoring measures

Low level Negligible 1-2 Level A
This level has low risks, 

monitoring can be 
neglected

Moderate 
level

Acceptable 3-6 Level B

This level has moderate 
risks, monitoring can 
be carried out only in 
construction period

High level Not expected 8-12 Level C

This level has high 
risks, monitoring needs 

to be strengthened, 
monitoring during 

construction period 
must be carried out, 
monitoring during 

operation period may 
assist

Extremely 
high level

Unacceptable 15-25 Level D

This level has extremely 
high risks, monitoring 
must be strengthened, 
life-cycle monitoring 
shall be carried out
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VARIATION FORMS AND MONITORING 
LEVELS OF THE SUBSEA TUNNEL

Through an investigation and analysis of the variations 
occurred in Xiang’an seabed construction stage, collapse, 
large deformation, cracking and water leakage, reinforcement 
and concrete corrosion at primary support, hydraulic pressure 
increase and other variation phenomena appeared in the 
construction process of tunnel, wherein some variation forms 
directly affect the safety of the tunnel in the short term of 
construction stage, while some will affect the safety over 
a long period of operation. Thus, the tunnel variation forms 
possibly corresponding to each monitoring level are shown 
in Table. 5.
Tab. 5. Variation forms of each monitoring level segment of the tunnel

Monitoring 
levels Variation forms Variation 

consequences

A Water leakage, reinforcement 
corrosion, shotcrete corrosion Slight

B
Collapse, cracking and water leakage 
at primary support, steel arch 
corrosion, concrete corrosion

Moderate or 
serious

C

Large deformation, collapse, cracking 
and water leakage at primary support, 
steel arch corrosion, concrete 
corrosion, vertical uneven settlement

Very serious

D

Large deformation, collapse, cracking 
and water leakage at primary support, 
water pressure increase, steel arch 
corrosion,
concrete corrosion, vertical uneven 
settlement

Disastrous

CONCLUSIONS

In this paper, China’s Xiang’an Xiamen subsea tunnel is 
taken as the research object, and the following main results 
are obtained through classification of the life-cycle safety 
monitoring levels of the subsea tunnel:
1) Classification of the life-cycle safety monitoring levels of 

the subsea tunnel is made on the basis of risk assessment 
theory and risk level management benchmark, the life-
cycle monitoring levels of the subsea tunnel are divided 
into levels A, B, C and D from low to high according to 
the range of monitoring level index;

2) Through an investigation of the surrounding rock of 
Xiang’an subsea tunnel and variations of its primary 
support as well as an analysis of the monitoring data, we 
found that the main variation forms of the subsea tunnel 
are large deformation, collapse, cracking and water leakage 
of primary support structure, water pressure increase, 
steel arch corrosion, concrete corrosion, etc., and the 
possible variation forms, influence factors and indexes 
of structure safety in each monitoring level segment are 
further determined.

3) By applying the research findings into life-cycle monitoring 
system of subsea tunnels, we can solve the assessment and 
segmenting issue of life-cycle safety monitoring levels of 
subsea tunnels, thus providing a basis for determining life-
cycle monitoring projects and their layout of measuring 
points in the future.

ACKNOWLEDGEMENTS

This work was supported by the national natural science 
foundation of china (51208069), and the State Key Laboratory 
of Geohazard Prevention and Geoenvironment Protection 
(SKLGP2012Z005, SKLGP2016Z010).

REFERENCES 

1. American Institute of Architects.: Life Cycle Cost Analysis: 
A Guide for Architects. The USA: American Library 
Association, 1977.

2. Cheung, M. S., Naumoski, N.: The first smart long-span 
bridge in Canada-health monitoring of the Confederation 
Bridge. In: Mufti AA, editor.: Proceedings of the 1st 
international work-shop on structural health monitoring 
of innovative civil engineering structures. Winnipeg: ISIS 
Canada Corporation, pp. 31–44, 2002.

3. Frangopol, D. M.: Life-cycle cost analysis for bridge, Bridge 
Safety and Reliability. ASCE Reston: VA, pp. 210-236, 1999.

4. Flanagan, R.: Life Cycle Costing – the Issues Involved. 
Proceeding of Third International Symposium on Building 
Economics, Ottawa, Paper A 1, 1984.

5. A.S. Rakhra.: Buildings and Life-Cycle Costing. Canadian 
Building Digests-212, Originally published July, 1980.

6. Lee, Y. J., Chang, L. M.: Rehabilitation decision analysis and 
life-cycle costing of the infrastructure system.Construction 
Research, no. 82, pp. 1-6, 2003.

7. Andersen, E. Y., Pedersen, L.: Structural monitoring of 
the Great Belt East Bridge. In: Krokebogr J, editor. Strait 
crossings 94. Rotterdam: Balkema, pp. 189–95, 1994.

8. Fujino, Y., Abe, M. .: Structural health monitoring-current 
status and future. In: Boller C, Staszewski WJ, editors. 
Proceedings of the 2nd European workshop on structural 
health monitoring. Lancaster (PA): DEStech, pp. 3-10, 2004.

9. Myrvoll, F., Aarnes, K. A., Larssen, R. M.: Full scale 
measurements for design verification of bridges. In: 
Proceedings of the 18th international modal analytical 
conference. Bethel (CT): Society for Experimental 
Mechanics, pp. 827–35, 2000.



POLISH MARITIME RESEARCH, No S2/2017132

10. Wu, Z. S.: Structural health monitoring and intelligent 
infrastructures in Japan. In: Wu ZS, Abe M, editors.:  
Structural health monitoring and intelligent infrastructure. 
Lisse: Balkema, pp. 153–67, 2003.

11. Wang, M. L.: State-of-the-art applications in health 
monitoring. In: Invited presentation to workshop on 
basics of structural health monitoring and optical sensing 
technologies in civil engineering. Taiwan: National Central 
University, pp. 13-4, 2004.

12. Cheung, M. S., Tadros, G. S., Brown, T., Dilge, W. H., Ghali, 
A., Lau, D. T.: Field monitoring and research on performance 
of the Confederation Bridge. Canadian Journal of Civil 
Engineering, Vol. 24, no. 6, pp. 951-62, 1997.

13. Barrish Jr R. A, Grimmelsman K. A, Aktan A. E., 
Instrumented monitoring of the Commodore Barry Bridge. 
In: Aktan AE, Gosselin SR, editors. Nondestructive 
evaluation of highways, utilities, and pipelines IV. 
Bellingham (WA): The International Society for Optical 
Engineering, pp. 112–26, 2000.

14. Sumitro, S., Matsui, Y., Kono, M., Okamoto, T.: Long span 
bridge health monitoring system in Japan. In: Chase SB, 
Aktan AE, editors. Health monitoring and management 
of civil in frastructure systems. Bellingham (WA): The 
International Society for Optical Engineering, pp. 517-24, 
2001. Kim, S., Chang, S. P., Lee, J.: Autonomous on-line 
health monitoring system for a cable-stayed bridge. In: 
Balageas DL, editor. Proceedings of the 1st European 
workshop on structural health monitoring. Lancaster (PA): 
DEStech, pp. 1254-61, 2002.

15. Lau, C. K., Mak, W. P. N, Wong, K. Y., Chan, W. Y. K., 
Man, K. L. D.: Structural health monitoring of three cable-
supported bridges in Hong Kong. In: Chang FK, editor. 
Structural health monitoring. Lancaster (PA): Technomic, 
pp. 450–60, 1999.

16. He, X. H., Chen, Z. Q., Huang, F. L.: Preliminary studies on 
safety monitoring and state assessment for Nanjing Yangtse 
River Bridge. Journal of vibration and shock, Vol. 22, no. 
1, pp.75-78, 2003.

17. Su, M. B, Du, Y. L., Sun, B.C., Chen, B. P.: Study on the 
long-term health monitoring and alarming system for the 
Wuhu Yangtze River Bridge. Journal of the China Railway 
Society, Vol. 29, no. 2, pp. 71-76, 2007.

18. A Code of Practice for Risk Management of Tunnel Works, 
Prepared by the International Tunnelling Insurance Group 
in Association with Munich Re Group, 2005

CONTACT WITH THE AUTHORS

Xiaoqiang XUE

e-mail: lujunfu@126.com
tel.: +86-13438190478

State Key Laboratory of Geohazard Prevention 
and Geoenvironment Protection

Chengdu University of Technology
Sichuan Chengdu, 610059

China



POLISH MARITIME RESEARCH, No S2/2017 133

POLISH MARITIME RESEARCH Special Issue 2017 S2 (94) 2017 Vol. 24; pp. 133-139
10.1515/pomr-2017-0075

ANALYSIS OF THE RELEVANT PARAMETERS ON SMALL SCALE OF 
NAVIGABLE ABNORMAL SHIP MODEL

Cai Chuang, A.P.
Lei Penghua, Engineer
Cai Xinyong, Engineer
Chongqing Jiaotong University, China

ABSTRACT

At present, ship model tests are based on the normal mode at home and abroad. With the development and application 
of abnormal hydraulic model, it is necessary to study abnormal ship model. The similarity criterion of abnormal ship 
model is deduced from the similarity theory of normal hydraulic model in this paper. Some factors that affect the 
maneuverability of the abnormal ship model are discussed by theoretical analysis of ship maneuvering. The influence 
of the K and T index of different variable rate on the abnormal ship model maneuvering and the dimensional effect 
of the abnormal ship model are obtained, which can be used as a reference for the study of the abnormal ship model.

Keywords: hydraulic model; similarity criterion; abnormal ship model

INTRODUCTION

Since the 1970s, the small scale ship model technology 
is often used in domestic research on the navigable water 
problem, which makes it has a rapid development in the 
test research of hydraulic model. At present, the research 
on normal ship model has been more mature in china. It is 
more intuitive and scientific for the use of ship model test to 
study navigable condition than only use of water flow model. 

Ship model test is designed to simulate the actual ship 
motion properties of navigation, which requires the model 
ship have certain similarity, including geometric similarity, 
kinematic similarity and dynamic similarity. It is very difficult 
to do the same. Such as in the geometric similarity, even if the 
ship models of the length, width and height with the same 
scale of actual ship, it cannot guarantee completely similar in 
shape. In kinematic similarity, if the line speed, the angular 
velocity, linear acceleration and angular acceleration of ship 

model are required to have the same ratio. However, due to 
the relatively large ship model resistance, it is required to 
accelerate the speed of the ship model propeller, resulting 
in the propeller can’t meet the similar [1]. It is impossible to 
satisfy the similarity of the Reynolds number and the viscous 
coefficient in the motion similarity. So there is a scale effect 
between the ship model and actual ship. The emphasis is 
different in the practical application of ship model, according 
to the purpose of the experiment, we have to grasp the main 
contradiction, make some fixed rate for the ship model test 
results, so that it can more accurately express the real ship.

But in many practical situations, because of the restriction 
of the test site, even if the above problems can be solved, 
we cannot use the normal ship model to test, then we must 
consider the application of the abnormal ship model to solve 
problem. 
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EXISTING PROBLEMS OF ABNORMAL SHIP 
MODEL

The ship model test is the simulation of the actual ship’s 
movement which is in the water flow, so the reduction ratio of 
the ship model is more consistent with the water flow model, 

h and l of ship model should be unified with water flow 
model. However, in the abnormal ship model lh , there 
are several problems in the design of the abnormal ship model:

(1)Abnormal of ship form: Generally, lh , caused the 
form of ship model is taller than actual ship, rate of change 
is bigger than actual ship.

(2) Abnormal of propeller: Geometric changes in the 
abnormal ship mode, it is obviously impossible for propeller 
to be designed as an ellipse with the same geometry according 
to the theory.

(3)Abnormal of rudder: Similar to the abnormal condition 
of the propeller, shape of rudder is different from the real 
ship because of different abnormal ratio in two directions.

SIMILAR PROBLEM OF ABNORMAL SHIP 
MODEL

In the experiment, the abnormal ship model is also affected 
by the gravity and resistance, and follow the same principles 
of gravity and resistance like other abnormal models. 

GRAVITY SIMILARITY CRITERION

Gravity is expressed as,

                                 (1)                         

Then its dimension is,
222 THLG                        (2)

Therefore, the gravity ratio between ship model and actual 
ship can be obtained by gravity similarity criterion,

    ghlG
2                         (3)

The ship model test and the actual ship are carried out 
under the same gravity condition, that is,

         1g                                            (4)

So
hlG

2                                       (5)

Inertial force and gravity are the same type of force under 
the gravity similarity criterion, their similarity coefficients 
should be equal, but horizontal ratio rule of ship model is not 
the same as vertical ratio, so we should discuss it separately. 
Inertia force is expressed as,  

                                   (6)

Then its dimension is:

22 TLHLF                            (7)

We can obtain:

 ehlFG                              (8)

Therefore, it is impossible to make abnormal ship model 
to meet the gravity similarity criterion. In the design of 
abnormal ship model, the quality of the ship model should 
be as far as possible to meet its vertical ratio, and its inertia 
force to meet horizontal ratio rule.

RESISTANCE SIMILARITY CRITERION

It is difficult to discuss resistance of ship because of 
complex ship form, we can follow the principle of the flat 
panel which is made by Fu Rude. Fu Rude suggested that 
the resistance of the ship on the surface of the water can be 
approximated as the resistance of plate with same length, 
width and the same wetted perimeter [2].

According to,

                       (9)

The dimension of the friction force can be obtained,

VHLVHLF c                  (10)

Deduced from above,

vhFc
                                   (11)

According to dynamic similarity principle, we can obtain,

23
thlul                           (12)

The ship model can be approximated as uniform linear 
motion in the small displacement, according to the principle 
of distorted model, the gravity similarity criterion followed 
by the abnormal model is,

1)(2
hgu                                  (13)

While 1g
We can get the speed of the vertical direction,

21
hu                                       (14)

At the same time, we can get,

 21
hlt                                     (15)
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Because 
Simultaneous:  

1
21

luh                                (16)

According to  

We can get,          

h

l
21

Re
                                 (17)

According to the resistance similarity criterion of distorted 
model,

   21321
JR

n
u

                          (18)

Because it is flat panel hypothesis wetted perimeter 
scale of ship model is equal to horizontal ratio rule, model 
roughness ratio can be obtained,

     
21

32

l

h
n

                                 (19)

CORRELATION PARAMETERS OF ABNORMAL SHIP 
MODEL

According to the velocity ratio rule, we can get correlation 
ratio rules of abnormal ship model:

Horizontal ratio rule l

Vertical ratio rule h

Speed ratio rule 21
l

Time ratio rule 21
hlult

Horizontal acceleration ratio rule,

    
2121

lha                             (20)

Reynolds number ratio rule, 

                                     (21)

Roughness ratio rule, 

       
21

32

l

h
n

                                     (22)

ROTATING DIAMETER ANALYSIS OF 
ABNORMAL SHIP MODEL

We can choose calculation formula for the rotational 
diameter of a single river boat, the estimation formula can 
be estimated tactical diameter accurately in the initial stage of 
the ship design, and so it can be used to analyze the influence 
factors of the rotating diameter of the abnormal ship model 
in the flow model. Formula is as follows [3],

Aspect ratio is greater than 1,

RAk
kCD

2

12                                 (23)

Aspect ratio is less than 1,

                        (24)

C ——Coefficient 1.0~1.4 When the rudder is located 
in the wake, the smaller value is taken;

  ——Drainage volume;
  s ——Ship longitudinal section below the waterline;
  n ——Number of rudder;
  Rh ——Height of rudder;
  RA ——Area of rudder;
  1k 2k  Can get by checking the table of the formula.
Using the formula to analyze different abnormal rate 

conditions of abnormal model rotation, the list is as follows 
(tab. 1).

Tab. 1 Related data of a river boat
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POLISH MARITIME RESEARCH, No S2/2017136

According to the above data, we can get the geometry 
ratio λ, and obtain e=1, 1.25, 1.5, 1.75 four variable rate of 
the rudder angle(20°) ,the ship model rotary diameter data 
is as follows,

Tab. 2 Ship mode turning diameter with four different variable rate

Abnormal rate e 1 1.25 1.5 1.75

Rotary diameter (m) 3.78 4.72 5.63 6.61

When e=1, the ship model and actual ship are normal 
similarity, rotary diameter is normal similarity. With the 
increase of the abnormal rate, the rotary diameter of the 
ship model can’t correctly reflect rotation, and the rotation 
is smaller than horizontal ratio rule.

The calculation of the ship’s rudder area is It is 
not realistic to determine the area of rudder in accordance 
with the abnormal ratio of abnormal ship model, it leads to 
rate change of abnormal ship model is higher, and rotary ratio 
is smaller than horizontal ratio rule. We can consider that 
the ratio of rudder is the square of the middle value between 
the horizontal ratio and the vertical ratio,

    
                      (25)

 2)(1 lh                               (26)

Calculation results are as follows,
Tab.3 Ship mode turning diameter with four different variable rate after 

modified rudder area

Distortion Ratio e 1 1.25 1.5 1.75

Turning Diameter (m) 3.78 3.77 3.24 2.88

After using new abnormal ratio of rudder, results were 
significantly better than be obtained in Table 2, but the higher 
the abnormal rate, the more deviation from the ideal data. 
Therefore, in the case of large abnormal rate, Rudder area 
ratio 2)(1 lh , as close as possible to the horizontal 
ratio rule of abnormal ship model.

The above calculation analysis is based on the conclusions 
drawn from the empirical formula, but it can reflect some 
factors that affect the rotating diameter of the abnormal ship 
model.

MANEUVERABILITY ANALYSIS OF 
ABNORMAL SHIP MODEL

MANEUVERABILITY INDEX OF ABNORMAL SHIP 
MODEL

Basic solutions for the equation TK ,

)1( TteKr                                    (27)

r ——Ship angular velocity;
K ——Rotational index of ship;

——Ship rudder angle;
T ——Rudder index;

Integral to the formula:

                         (28)

Because 0r , head angle of ship model 0 , we can 
obtain,

                                        (29)

And then get,

                            (30)

We can get the curve of the rotation angle and the angle 
of rotation by using the above two formulas, as shown in 
Fig. 1 and Fig.2,

Fig. 1 The curve of the head angle with time change in step steering case

If maneuverability ratio of ship model and actual ship is
1TK , it shows that ship model and the real ship are 

normal similarity. Curves from Fig.1 can be analyzed, when
0T and T , turn head angular velocity r  infinitely 

close to a straight line Kr ; when tT 3 and 
it has become almost stable.
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Fig. 2 The curve of the angular velocity with time change in step steering case

From the curve of Fig. 2, the curve of the rotation angle 
is close to the line.

The speed of the ship entering stable cyclotron is determined 
by the ship’s maneuverability index T, the change of angular 
velocity of varying rate in different time, analytical data are 
shown in Tab.4,

We can see from Tab.4, when 5.0T , Tt 5.4 , entering 
constant rotation. But when 0.4,0.2,5.1,0.1T , Ship mode 
enter constant rotation at,

.
So we can get, when 0.1T , the time of constant rotation 

is shorter than the time of normal ship model. But when
0.1T , the time of constant rotation is longer than the time 

of normal ship model, it is showed that the smaller the rudder 
index is, the more rapidly the abnormal ship model is fixed.

The rotational index K of ship model can be seen from 
Fig.2, the angular velocity of the ship tends to be constant 
with the increase of time. In the case of a certain angle of 
the rudder, the greater the index K is, the greater the angular 
velocity of the ship is when it is in constant rotation. So, for the 
abnormal ship model, when 0.1K , the angular velocity of 
the abnormal ship model is smaller than the normal model. 
But when 0.1K , the angular velocity of the abnormal ship 
model is bigger than the normal model.

If rotary index and the index of rudder should be considered 
at the same time, we can analysis and discuss under different 
conditions [4]

(1) 0.1T , 0.1K , according to Figure 5.2, the angular 
velocity of the abnormal ship model is bigger than the real 
one, the time to enter constant rotation is smaller than real 
ship, steering performance of ship model is better than real 
ship at this time.

(2) 0.1T 0.1K , the angular velocity of the 
abnormal ship model is smaller than the real one, the time 
to enter constant rotation is longer than real ship, steering 
performance of ship model is worse than real ship.

(3) 0.1T 0.1K , the angular velocity curve of 
abnormal ship model and real ship have an intersection, 
angular velocity of abnormal ship model is greater than 
that of the real ship before the intersection, but it is smaller 
than real ship after the intersection. In this case, the time 
to enter constant rotation is less than the real ship. So, the 
maneuverability of the ship model is better than real ship 
before the intersection of the curves is generated, after that, 
it is worse than real ship.

(4) 0.1T 0.1K , the time to enter constant rotation 
of abnormal ship model is longer than the real ship. In this 
case, the angular velocity curve of abnormal ship model 
and real ship have an intersection also, angular velocity of 
abnormal ship model is smaller than that of the real ship 
before the intersection, the maneuverability of the ship model 
is worse than real ship. But it is bigger than real ship after 
the intersection, the maneuverability of the ship model is 
better than real ship. 

SCALE EFFECT CORRECTION OF ABNORMAL SHIP 
MODEL

The above demonstration is only in the comparison 
between abnormal ship model and normal ship model without 
considering scale effect which exists between real ship and 
ship model. Therefore, it is necessary to consider scale effect 
in the study on the problem of abnormal ship model control 
similarity.

According to prior information of normal ship model, 
rotational index K’ and rudder index T’ of the normal ship 
model are smaller than the real ship it shows that the rotation 
of the normal ship model is better than that of the real ship, 

Tab.4 The time entering constant rotation at different T

Angular 
velocity Variability

Time t
0.250 0.500 1.000 2.500 4.500 6.000 9.000 13.00 19.000 25.00

r1 1 0.221 0.393 0.632 0.917 0.988 1.000 1.000 1.000 1.000 1.000

r2 0.5 0.393 0.632 0.865 0.993 1.000 1.000 1.000 1.000 1.000 1.000

r3 1.5 0.154 0.283 0.487 0.811 0.950 0.981 0.998 1.000 1.000 1.000

r4 2.0 0.117 0.221 0.393 0.713 0.894 0.950 0.988 0.999 1.000 1.000

r5 4.0 0.060 0.117 0.199 0.465 0.675 0.777 0.895 0.961 0.991 1.000
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and the rudder performance is better than the real ship. 
The scale effect modification is usually used to solve these 
problems in the ship model test [5,6,7,8]. In order to ensure 
that the ship model can simulate the real ship maneuverability 
correctly, we can ensure that the rudder index T’ of  ship 
model should be consistent with the real ship  by considering 
the rotation index K·and course change index  P·of the ship 
model, make it to meet the requirements of the ship model 
test. The calculation formula of course change index is as 
follows,

                               (31)

According to figure 2, try to ensure that the steering of 
ship model is consistent with the real ship, that is,

1T                                           (32)

At this point, we can see from the chart that the time 
entering constant rotation of the ship mode is guaranteed. 
Under the same rudder angle, the angular velocity of the ship 
model increases with the increase of the rotation index K·, 
angular velocity r is proportional to K·, leads to the course 
change index of ship model is also increasing.

In order to realize the consistency of the rotation index 
of abnormal ship model and the real ship, we can properly 
reduce the rudder area, reduction should be based on the 
results of the fixed rate test.

PROPELLER SIMILAR ANALYSIS OF 
ABNORMAL SHIP MODEL

For abnormal ship model, horizontal ratio is different from 
vertical ratio, In the design of the ship model propeller the 
propeller should be special-shaped that is oval. As everyone 
knows, propeller pushes ship forward by rolling, so the 
propeller of the ship should be circular.

The resistance of abnormal ship model has the following 
rules [9]:

(1) When the speed of ship is low, the resistance of the 
abnormal ship model is close to the normal model; While at 
high speed large variation rate of ship model is subject to 
great resistance.

(2)When in the same speed, the ship model resistance 
increases with the increase of the variation rate.

(3) With the increase of speed, resistance increase. 
When the speed is low increasing speed is slow speed is 
high increasing speed is fast.

(4)When speed is low, friction resistance accounts for 
most of the total resistance. With the speed increase the 
proportion of residual resistance is growing.

In order to ensure the speed of the ship and the ship is 
similar, we can improve the driving force of the propeller 
in the ship model test. There are two choices: improving the 
speed of propeller or increasing propeller area. To increase the 
speed of propeller, propeller can’t meet the motion similarity, 

we can consider second ways. In the design of the abnormal 
ship model, propeller is designed according to the vertical 
ratio to meet motion similarity, to get more ideal test data.

CONCLUSIONS

Through the derivation of similarity of abnormal ship 
model, the similarity relationship between abnormal ship 
model and real ship is obtained. The maneuvering problems 
of the ship model and real ship are analyzed by using the 
empirical formula. Although calculated data may not be 
entirely consistent with data obtained from the test, it 
also contains some of the necessary factors that affect the 
maneuverability of the ship. So the data obtained can be used 
to analyze the influence of abnormal ship model variable rate 
on rotary ratio. With the increase of the variable rate, the 
turning quality of ship model becomes worse.

Due to the lack of abnormal ship model test data, there 
are many problems in the theoretical research. But with the 
increase of test data the existing problems of the abnormal 
ship model will be solved and widely used.
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ABSTRACT

Using the yellowfin tuna (Thunnusalbacares,YFT)longline fishing catch data in the open South China Sea (SCS) 
provided by WCPFC, the optimum interpolation sea surface temperature (OISST) from CPC/NOAA and multi-satellites 
altimetric monthly averaged product sea surface height (SSH) released by CNES, eight alternative options based on 
Bayes classifier were made in this paper according to different strategies on the choice of environment factors and the 
levels of fishing zones to classify the YFT fishing ground in the open SCS. The classification results were compared with 
the actual ones for validation and analyzed to know how different plans impact on classification results and precision. 
The results of validation showed that the precision of the eight options were 71.4%, 75%, 70.8%, 74.4%, 66.7%, 68.5%, 
57.7% and 63.7% in sequence, the first to sixth among them above 65% would meet the practical application needs 
basically. The alternatives which use SST and SSH simultaneously as the environmental factors have higher precision 
than which only use single SST environmental factor, and the consideration of adding SSH can improve the model 
precision to a certain extent. The options which use CPUE’s mean ± standard deviation as threshold have higher 
precision than which use CPUE’s 33.3%-quantile and 66.7%-quantile as the threshold

Keywords: Bayes classifier, South China Sea,yellowfin tuna, fishing ground forecasting

INTRODUCTION

Yellowfin tuna (Thunnusalbacares) is one of the economic 
important targets harvested primarily by means of the 
longline catch, generally accounting for a large proportion 
of the gross catch in the South China Sea tuna fisheries [1,2,3]. 
So far, the studies on yellowfin tuna in the South China Sea 
mainly concentrated on biology such as basic biology [4], 
population genetic structure [5], etc. Yet hardly any specific 
researches have been conducted on yellowfin tuna fishing 
grounds forecasting in the South China Sea.

Statistical methods are widely used in tuna fishing 
ground forecasting in other sea areas that need sufficient 
historical data to analyze a relationship between the oceanic 
environment and the fish catch and then to forecast the future 

condition of the fishing ground with the relationship, such 
as linear regression model (LRM) [6], time series analysis 
[7], spatial overlay analysis [8], geostatisticalanalysis [9], 
Bayes probability model[10,11,12,13], etc. Among them, the 
Bayes probability model has a solid theoretical foundation 
of Mathematics. It uses the historical statistical data of fish 
catch and the specific environmental factors to figure out 
the prior probability and conditional probability, and then 
quantitatively evaluates the category of the fishing grounds 
it forecasted by the posterior probability. The forecast results 
not only reflect the fishing experiences of the fishermen 
but also consider the oceanic environmental influence on 
fishing grounds. However, due to the variability, complexity 
of oceanic environment and the instability of spatial-temporal 
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distribution of fishery resources, a single forecast model build 
plan can not completely fit with any sea areas and any fish 
species, the differences of the interior parameter setting 
such as the choice of the environmental factors and the 
classification strategy of the fish zones in the Bayes model 
must bring different forecast results.

In this study, the oceanic environmental data from satellite 
remote sensing, and the historical fish catch data were used 
to build eight alternative models based on Bayesclassifier 
model to forecast the yellowfin tuna fishing groundin the 
South China Sea in 2011. The classification results ofthe eight 
options were compared with the actual ones for validation 
and how different the options impact on classification results 
and precision were analyzed.

MATERIALS AND METHODS

FISHERY AND ENVIRONMENTAL DATA

The fishery data provided by the Western Central Pacific 
Fisheries Commission (WCPFC) at a 5°×5° spatial resolution 
and a monthly time resolution include operation time (year/
month), position (latitude/longitude), and fish catch statistical 
information of each fish species (hooks, catches, numbers). 
The latitude and longitude recorded in the data represent 
the latitude and longitude of the southwest corner of a 5° 
grid. The study area covers the South China Sea and adjacent 
waters (105°E-125°E and 0°-25°N) and the data within the 
area were extracted.

Monthly sea surface temperature (SST) data were compiled 
from the optimally-interpolated (OI) at 1° spatial resolution, 
generated by the Climate Prediction Center(CPC), NOAA. 
Monthly multi-satellites (Topex/Poseidon, JASON-1, Jason-
2, Envisat, ERS-1, ERS-2and Cryosat-2) merged sea surface 
height (SSH) data at 0.25° spatial resolution was downloaded 
from the Satellite Oceanic Data Center, the Centre National 
d’EtudesSpatiales(CNES). There was a difference among the 
environmental data and fishery data described above, so an 
operation of the environmental data resampling to a 5°×5° 
spatial resolution for matching up with the fishery data was 
conducted. Here the historical catch data from 2000 to 2010 
were thrown into build models to forecast the potential fishing 
ground distributions in the year of 2011.And we conducted 
a validation for the forecast results by the real ones in 2011.

METHODS

Compute of catch per unit of effort

Catch per unit of effort (CPUE) is a value that can be 
used to represent fishery resource abundance in a statistical 
unit[14]. Here it was the quantitative index of fishing grounds. 
The equation of CPUE in every 5°×5° fishing zone grid was 
as follow:

                           (1)

where, CPUE(i,j), Nfish(i,j)and Nhook(i,j) are the CPUE, fish catch 
number and fish hook number of the fishing zone grid at the 
i-th longitude and the j-th latitude, respectively.

Forecast model building

Bayes classifier model was used as the model to forecast 
and classify the fishing grounds in the South China Sea. 
There are several practices of scientific literature [11, 12, 13] 
can be referred to for the detail of the model framework 
and here it would not be repeated. In fact, how to choose 
the environmental factors and the classification strategy of 
the fishing zones are the two keys to the model. So, eight 
alternative options were designed according to different 
combinations of the two settings as follows (Fig. 1):

Option 1: use SST only as the environmental factor, take 
its real value as the model parameter and divide fishing zones 
into two classes by the average of the historical CPUEs;

Option 2: use SST and SSH as the environmentalfactors, 
take their first principal component as the model parameter 
and divide fishing zones into two classes by the average of 
the historical CPUEs;

Option 3: use SST only as the environmental factor like 
the option 1 and divide fishing zones into two classes by the 
median of the historical CPUEs;

Option 4: use SST and SSH as the environmental factorslike 
the option 2 and divide fishing zones into two classes by the 
median of the historical CPUEs;

Option 5: use SST only as the environmental factor like 
the option 1 and divide fishing zones into three classes by 
the average±standard deviation of the historical CPUEs;

Option 6: use SST and SSH as the environmental factors 
like the option 2 and divide fishing zones into three classes 
by the average±standard deviation of the historical CPUEs;

Option 7: use SST only as the environmental factor like 
the option 1 and divide fishing zones into three classes by 
the 33.3%-quantile and 66.7%-quantile of the historical CPUEs;

Option 8: use SST and SSH as the environmental factorslike 
the option 2 and divide fishing zones into three classes by the 
33.3%-quantile and 66.7%-quantile of the historical CPUEs.

Principal component analysis

Principal component analysis (PCA) is a statistical 
procedure that uses an orthogonal transformation to con-
vert a set of possibly correlated variables into a set of 
values of linearly uncorrelated variables called principal 

based on anassumption that the every environmental fac-

-
curacy of the model would be effected[15]. Therefore, it is 

and SSH before the option 2, 4, 6 and 8 were executed. 
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(1) Standardize the variables that need to be analyzed to 
solve the problem of different kinds of data. Here z-score 
standardization was adopted and the equation was as follow:

                                    (2)

where, yiwas the standardized new sequence, and sare 
the average and the standard deviation of the sequence , 
respectively;
(2) Compute correlation matrix R with the new sequence yi ;
(3) Solve the characteristic equation , obtain the 
eigenvalue λi,the eigenvectorliand then sort λiin descending 
order;
(4) Compute the contribution rates of the principal 
components and the accumulative contribution rates;
(5) Obtain the principal components.
The steps listed above have been realized by programming 
in MATLAB software.

Compute of fishing ground probability

The prior probability of fishing ground was computed 
based on an assumption that the more some kind of fish zone 
appears historically the greater the probability of the kind of 
fish zone is. So the formula was as follow:

                        (3)

Where,hi represents the event that fishing zone was 
defined as the i-th class, P(hi)was the prior probability of the 
situation when hi eventhappens without the consideration of 
environmental condition, Ni was the number of hieventswhich 

happens in the fishing zone, and Ntotal was the total number 
of samplesof the fishing zone historically.

The conditional probability refers to the occurrence 
probability of some kind of environmental condition in a 
situation when the fishing zone was defined as some kind of 
class. So the formula was as follow:

                             (4)

where,  was the occurrence probability of the 
environmental conditione, Ni was the occurrence number of 
the situation whenhievent happens and Mi was the occurrence 
number of the environmental condition e in a situation when 
hi event happens.

Finally, according to the principle of Bayes probability, 
the posterior probability of each fish zone can be calculated 
by the formulas as follow:

                        (5)

The class that the maximum of the posterior of each fish 
zone corresponding can be regard as the forecasted fish zone 
class.

Model validation

The validation of the 8 alternative options was subsequently 
implemented using independent sets of monthlyfishery data 
in 2011. The error matrix was built between the forecasted 
results and actual ones to calculate the generalaccuracy as 
follow:

Fig. 1. Eight alternative options based on Bayes classifier model
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                                    (6)

where, pc was the general accuracy; pii was the number of 
fishing zones which have been correctly classified; n was 
the number of classes and p was the number of total fishing 
zone samples[17].

RESULT

THE RESULTS OF THE EIGHT OPTIONS

In 2011, there were 168 fishing zone samples used for 
classification. By dividing fishing zones into two classes by 
the average of the CPUEs, there were 63 high-CPUEs (37.5%) 
and 105 low-CPUEs (62.5%). By dividing fishing zones into 
two classes by the median of the CPUEs, there were 63 high-
CPUEs (37.5%) and 105 low-CPUEs (62.5%), too. By dividing 
fishing zones into three classes by the average±standard 
deviation of CPUEs, there were 9 high-CPUEs (5.3%), 109 
middle-CPUEs (64.9%) and 50 low-CPUEs (29.8%). By 
dividing fishing zones into three classes the 33.3%-quantile 
and 66.7%-quantile of CPUEs, there were 30 high-CPUEs 
(17.8%), 51 middle-CPUEs (30.4%) and 87 low-CPUEs (51.8%).

The forecast accuracies of the eight alternative options of 
Bayes classifier model was shown in Tab1. The general accuracy 
of the option 1 was at 71.4%, in which high-CPUEs and low-
CPUEs were at 84.1% and 63.8%, respectively. The general 
accuracy of the option 2 was at 75%, in which high-CPUEs and 
low-CPUEs were 90.5% and 65.7%, respectively. The general 
accuracy of the option 3 was at 70.8%, in which high-CPUEs 
and low-CPUEs were 82.5% and 63.8%, respectively. The 
general accuracy of the option 4 was at 74.4%, in which high-
CPUEs and low-CPUEs were 88.9% and 65.7%, respectively. 
The general accuracy of the option 5 was at 66.7%, in which 
high-CPUEs, middle-CPUEs and low-CPUEs were 20%, 
86.2% and 36%, respectively. The general accuracy of the 

option 6 was at 68.5%, in which high-CPUEs, middle-CPUEs 
and low-CPUEs were 20%, 91.7% and 28%, respectively. The 
general accuracy of the option 7 was at 57.7%, in which high-
CPUEs, middle-CPUEs and low-CPUEs were 63.3%, 43.1% 
and 64.4%, respectively. The general accuracy of the option 
8 was at 63.7%, in which high-CPUEs, middle-CPUEs and 
low-CPUEs were 63.3%, 39.2% and 78.2%, respectively. In 
addition, there were 3 samples (accounting for 1.8%) cannot 
be classified by options 1, 3, 5 and 7.

Tab.1 Forecast accuracies of the eight options of Bayes classifier model

Options
High-CPUEs

(Number/Rate)
Middle-CPUEs
(Number/Rate)

Low-CPUEs
(Number/Rate)

Undefined
(Number/Rate)

General
(Number/Rate)

1 53/84.1% - 67/63.8% 3/1.8% 120/71.4%
2 57/90.5% - 69/65.7% - 126/75%
3 52/82.5% - 67/63.8% 3/1.8% 119/70.8%
4 56/88.9% - 69/65.7% - 125/74.4%
5 1/20% 94/86.2% 18/36% 3/1.8% 113/66.7%
6 1/20% 100/91.7% 14/28% - 115/68.5%
7 19/63.3% 22/43.1% 56/64.4% 3/1.8% 97/57.7%
8 19/63.3% 20/39.2% 68/78.2% - 107/63.7%

Fig.2The predicting results of the Option2 of the Bayesian classifier model
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INFORMATION SYSTEM IMPLEMENTATION OF THE 
BAYESIAN CLASSIFIER MODEL BASED ON THE FIRST 
PRINCIPAL COMPONENT OF SST AND SSH

The results from Tab 1 implies that Bayes classifier model 
of Option 2 has the highest general accuracy. So we choose 
the Option 2 as the scheme of marine environment factors’ 
selection and fishing zones’ classification to build the 
forecasting model based on Bayes Classifier rule. And the 
tuna fishing ground forecasting information service system 
for the open South China Sea has been set up to realize the 
model’s computing and share the forecasting result. This 
information system adopts three-tier architecture. And it 
includes four sectors such as data acquisition, fishing ground 
forecasting model, forecasting information publishing 
service and custom interface [18]. The system uses Java as 
the development language coded in Eclipse. The system 
calls the forecasting model implemented by Matlab script to 
computing every fishing zone’s probability of high-CPUE. The 
forecasting results are updated and published by GeoServer, 
an open source server for sharing geospatial data. Fig 2 shows 
the forecasting results of different times in the open South 
China Sea about the every fishing zone’s probability of high-
CPUE using this information system.

DISCUSSION

The optionswere classified as the Group 1, which used SST 
only as the environmental factor and took its real value as 
the model parameter, have favorable general accuracy except 
the option 7. The fishing ground distribution of yellowfin 
tuna is related to SST, which has been studied frequently 
and deeply both at home and abroad [19, 20]. Fan and Zhou, 
etc. used SST remote sensing data to build forecast models 
based on Bayes theory in the Pacific Ocean and the Indian 
Ocean and the returned accuracy is at 65%~70%[11,13]. It 
means that the single environmental factor SST can be used 
as the model forecast parameter. The options 2, 4, 6 and 8, 
which were regarded as the Group 2, used SST and SSH 
as the environmental factors and took their first principal 
component as the model parameter.The Group 2 has higher 
accuracies compared with the Group 1. It explains that the 
factor SSH doesn’t weaken the contribution of SST. It can 
be inferred,the models that added SSH factor can improve 
the general accuracies to a certain extent and the SSH factor 
have a certain influence on the fishing ground distribution 
of yellowfin tuna. The research of Wang et al.[21]shows that 
SSH affected the CPUE distribution of the Central West 
yellowfin tuna fishing grounds significantly. The annual 
CPUE is high in the areas where the SSH values are high 
and it is favorable to conduct fishing operations in the areas. 
The oceanic environmental factors are not independent, and 
there is a certain relationship among various factors[22]. 
Using the first principal component of the two factors instead 
of themselves as input parameters makes the forecast more 
accurate relatively. 

A comparison of the 4 classification strategy has been 
conducted. The results showed that the options dividing 
fishing zones into two classes by the average were more 
accurate than by the median, and the options dividing 
fishing zones into three classes by the average±standard 
deviation were more accurate than by the 33.3%-quantile and 
66.7%-quantile. Actually, to divide fishing zones by the median 
or the 33.3%-quantile and 66.7%-quantile, all were based on 
the assumption that the number of the fishing zones belonging 
to each class historically were equal. However, the assumption 
was inconsistent with the actual situation in the oceanic fishing 
operation. Generally, the fishermen have rich experience so 
that they tend to fish operation in the areas where CPUEs are 
higher. In other words, the CPUE in many years should follow 
the normal distribution or the skew distribution. The accuracies 
of high-CPUEs in options 5 and 6 were only at 20% with the 
number of high-CPUE fishing zones was only 9, which was 
unable to conclude that adopting the average±standard deviation 
could not identify high-CPUE fishing zones accurately.

In addition, the accuracy of forecast models was also 
associated with the time span of historical data. The time span 
of data should not be too long nor too short because the data 
was too old to reflect current real situation by considering the 
changes of the fishing capacity and resources. Certainly, if the 
time span of data was too short, it can lead to insufficient training 
and effect the reliability of classification results. Therefore, 
an assumption that the changes in the population size of the 
yellowfin tuna are little and the fishing operation is on the same 
level of fishing capacity in the South China Sea from 2001 to 
2010 was accepted by this paper. Besides, there may be some 
inter-monthly differences between historical fishing data and 
environmental data. If so, the models could be performed less 
successfully by using constant relationship mode directly. So it is 
necessary to analyze the relationships of each month separately 
under the condition of sufficient data. The effective factor of 
model accuracy are far more than those mentioned above, it is 
a way that we only try our best to improve the accuracy can 
make the model perfect gradually.

CONCLUSION

We have used historical catch data and sea surface 
environmental factors (SST and SSH) to forecast and classify 
the fishing grounds in 2011 of yellowfin tuna in the open 
South China Sea with eight alternative options based on Bayes 
classifier model according to different strategies on the choice 
of environment factor and classification of fishing zones, 
and the forecast results were validated compared with actual 
fishing ground distribution. The results of validation showed 
that the accuracies of the eight options were 71.4%, 75%, 
70.8%, 74.4%, 66.7%, 68.5%, 57.7% and 63.7% in sequence, 
the first to sixth among them above 65% would meet the 
practical application needs basically. The accuracies of options 
7 and 8 under 65% need further improvement in classification 
strategy.
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ABSTRACT

It is important to evaluate the deformation and failure of sandstone in the foundation engineering of coast, river 
bank and lake shore. While the deformation and failure of sandstone is a comprehensive result of energy release and 
dissipation, and energy release is the internal reason which leads to global failure of the sandstone. The experimental 
analysis is conducted on the character of energy revolution of the sandstone specimen by rating loading and unloading, 
and the catastrophe model is followed in analyzing elastic strain energy accumulation and release in rock deformation 
and failure. The index based on elastic energy release is proposed to assess the rock brittleness. It is found that increasing 
water content is to relieve energy release and catastrophe failure of the rock specimen, and weakening the capacity of 
elastic energy storage. The peak and residual values of elastic energy are raised as the confining pressure increases, and 
the post-peak released energy decreases progressively. The confining pressure strengthens energy storage and inhibits 
energy release of the rock specimen, and saturation of rock will weaken this inhibit effect. The brittleness index decreases 
with increasing confining pressure as the rock specimen transforming from brittle to ductile.

Keywords: Sandstone; Energy release; Water content; Confining pressure

INTRODUCTION

INTRODUCTION

Sandstone as a kind of building material is often used 
in the foundation engineering of coast, river bank and lake 
shore. The deformation and failure of sandstone is influenced 
by the water content, loading and unloading conditions, 
etc. Since the deformation and failure of the sandstone is 
a comprehensive result of energy release and dissipation, 
the energy released in the sandstone plays a pivotal role of 
abrupt global failure [1]. The elastic strain energy is gradually 
stored in the rock system by the applied external force, 
and then transmitted to the engineering surrounding rock 

when reaching its storage limit. Sudden release of the elastic 
energy seriously threatens the rock excavation security. So, 
it is instructive and practically useful to research on the 
nature of energy release of the sandstone specimen [2, 3].

Now many studies have been conducted for the laws of 
energy revolution of different rock specimens, such as Z. 
Z. Zhang and F. Gao conducted uniaxial cyclic loading 
tests on red sandstone specimens, indicated that non-linear 
characteristics exsit in the energy conversion mechanism 
[4]. F. K. Xiao et al. performed cyclic unloading tests on coal 
specimens to analyze the correlation between the released 
elastic energy and force drop time [5]. D. Huang et al. 
conducted triaxial unloading tests on marble specimens, 
they concluded that magnitude of initial confining pressure 
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and unloading rate significantly influence strain energy 
conversion [6]. M. N. Bagde and V. Petroš investigated the 
energy behavior of different rock specimens subjected to 
cyclical loading [7]. These studies cited above primarily 
focus on the energy properties of the specimens subjected 
to uniaxial, triaxial compression or cyclic loading. However, 
the force applied to the rock masses is often step incremental 
as the excavation engineering carried out in field, usually 
functions as rating loading and unloading. D. Z. Song and 
X. S. Liu et al. investigated the energy dissipation of rock 
specimens under rating loading and unloading condition 
respectively [8, 9], but these discussions didn’t consider the 
energy release behavior in the loading type in details.  

Water content and confining pressure are important 
factors influencing the post-peak mechanical response of the 
rock specimen. B. Vásárhelyi and I. Yilmaz et al. studied the 
influence of water content on the strength and deformability 
of sandstone and gypsum specimens [10, 11]. M. Duda and 
J. Renner performed triaxial compression experiments on 
sandstone to identify the weakening effect of water on the 
strength and brittle characteristics of rock [12]. The previous 
studies mainly focused on the strength and deformation 
properties of dry and saturated rock specimens and neglected 
the influence of varied water content on energy behavior. J. 
P. Zuo et al. analyzed the stress drop of rock specimens in 
post-peak range from energy view, the coefficient of energy-
drop was presented to discuss the variation of rock failure 
from brittle to ductile and the confining pressure effect on 
it [13]. B. Tarasov and Y. Potvin estimated rock brittleness 
based on the elastic energy accumulated and released within 
the loaded specimen and analyzed the confining pressure 
effect on rock brittleness [14]. W. Sukplum investigated 
the mechanical deformation properties of sandstone with 
cyclic loading in uniaxial and triaxial compression tests, 
and they found that the confining pressure has a significant 
effect on deformation, higher confining pressure results in 
larger strains [19]. 

The presented results imply that the confining pressure 
exerts influence on brittle character and energy storage 
and release of rock specimens. Deformation and failure of 
the rock specimens are often accompanied with energy release 
behavior and exhibits remarkable non-linear characteristics 
[4]. The sudden release of elastic energy of the rock specimen is 
a typical catastrophe process in the post-peak range, previous 
researches rarely involved this process. In this paper, a non-
linear model of released energy of the rock specimen, based on 
the energy revolution experiment on sandstone with different 
water content under rating loading and unloading, is designed 
to analyze the laws of released energy. The index for evaluating 
rock brittleness is proposed to reveal the effect of confining 
pressure on the released energy and transition from brittle to 
ductile. The results could deepen the understanding of energy 
release behavior of rock and provide beneficial reference for 
explaining brittle failure mechanism.

EXPERIMENTAL SAMPLES AND LOADING 
EQUIPMENT

The test specimens are Hawkesbury sandstone from Gosford 
quarry in Sydney, Australia. According to the standardization 
of laboratory tests specified by International Society for Rock 
Mechanics, the specimens were prepared as Φ46 mm × 100 mm 
right circular cylinders in the laboratory of school of mining 
engineering, University of New South Wales in Australia. To 
reflect the influence of water content on the mechanical response 
and energy character of sandstone, four groups of specimens 
were prepared with water content of 0 %, 25 %, 50 %, and 100 
%, four specimens constitute each group. 

The test was carried out on the MTS-815 servo controlled 
testing system. Firstly, the uniaxial compressive strength was 
determined, programming the axial force to increase with 
time at a loading rate of 0.05 kN/s. Then rating loading and 
unloading was applied to the specimen until failure, the real-
time axial load and deformation were recorded automatically 
throughout the whole test. The stress of each unloading point 
in pre-peak range is 60 %, 72 %, 84 %, and 96 % of the uniaxial 
compressive strength, and all unloaded to 10 % of the uniaxial 
compressive strength. In order to obtain the confining pressure 
effect on energy revolution of the rock specimen, triaxial tests at 
confining pressures of 0 MPa, 2.5 MPa, 5.0 MPa, and 7.5 MPa 
were performed.

RESULTS AND DISCUSSION

CATASTROPHE CHARACTERISTICS ANALYSIS FOR 
RELEASED ENERGY OF THE ROCK SPECIMEN

The stress-strain response of dry sandstone specimens 
subjected to rating loading and unloading is illustrated in 
Fig. 1. Using the unloading modulus and stress value, the 
elastic energy Ue, at each unloading point and post-peak 
recorded point can be calculated [1]. Fig. 2 shows the curve 
of energy Ue varying against axial x-displacement. Fitting 
the calculated value of Ue with x-displacement, we can found 
that the quartic polynomial has the highest effect. The laws 
of elastic energy revolution could be accurately described by 
the fitting curves and equations as shown in Fig. 3. 

Fig. 1. Stress-strain curve of the dry specimen with rating loading and 
unloading
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Fig. 2. Fitting curve for elastic energy of the dry specimen

a) 25 %

b) 50 %

c) 100 %

Fig. 3. Fitting curves for elastic energy of the specimens with different water 
contents

The difference eU is used to represent the elastic energy 
increase between two adjacent recorded points. As illustrated 

in Fig. 2, the pre-peak value of Ue keeps increasing, 0eU  
the elastic energy is in a state of accumulation. Point P is the 
initiation of a mass released energy, thereafter 0eU . Each 
point in section PE is closely neighbored and the value of eU   

is quite little, the energy exhibits a progressive release. Before 
point H the value of ,  and  is -0.0024 J/ m3, 
-0.0101 MJ/m3, and -0.0409 MJ/m3, respectively, the released 
energy in each equal time increases dramatically, global 
failure of the rock specimen occurs at point H and the energy 
release is terminated. This is a typical catastrophe process in 
which the elastic energy exhibits a sudden release in a large 
amount.

The cusp catastrophe model can be used in analyzing the 
sudden changes in elastic energy of the rock specimen. The 
original function of fitting equations in Figs. 2 and 3 is given 
by

0
4

4
3

3
2

21 axaxaxaxaU e               (1)

where a1, a2, a3 ,a4 are coefficients determined by fitting.

Let tux ,
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at , then the potential function of the 
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a
aa

a
aq , C is a constant 

term.

Consequently, combining the equation of curved surface 
of equilibrium 0)(uV  and singular points set 0)(uV , 
the bifurcation set is expressed as 

                                   (3)

Eq. (3) can be used as the stability criterion for model 
equilibrium, as Δ > 0, progressive system revolution in stable 
equilibrium, Δ = 0 represents the neutral equilibrium, if Δ < 0, 
catastrophe instability occurs.

Eqs. (2) and (3), the calculated results are listed in Tab. 1. 
Tab. 1. Relative parameters of the model for elastic energy of the rock 

specimens

WC 
 (%)  (MJ/m3)

 
(MJ/m3)  (MJ/m3)

0 0.0024 0.0101 0.0409 4.05

25 0.0050 0.0069 0.0241 4.08

50 0.0015 0.0030 0.0102 3.4

100 0.0027 0.0029 0.0033 1.14
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The control variable p of the specimens with different water 
contents is all below zero, satisfying necessary conditions of 
cusp catastrophe. The values of criteria Δ for the specimens 
with water content of 0 %, 25 %, and 50 % are all below zero. 
As illustrated in Tab. 1, for the points E, F, G, H recorded 
by equal time interval, the energy released in equal time of 
the first three kind specimens multiples before the residual 
point H, showing remarkable catastrophe characteristics. The 
value of criteriaΔfor the saturated specimen is 0.000237, as 
shown in Fig. 3c and Tab. 1, the released energy in unit time 
is nearly equal, not appearing catastrophe phenomenon. It 
is found that the absolute value of criteria Δ and the released 
energy decrease constantly with water content increasing, the 
value ofΔfor the saturated specimen is greater than zero, the 
released energy transforms from catastrophe to progressive 
type. Hence, the increase in water content inhibits catastrophe 
instability and energy release in this type of failure. 

THE BRITTLENESS INDEX OF ROCK BASED ON 
ENERGY RELEASE

Brittle failure is the dynamic instability induced by 
release of the energy stored in rock, the released energy for 
deformation and failure of the rock specimen can be used to 
evaluate rock brittleness. It is the instability stage in post-peak 
range from point P to H, as shown in Figs. 2 and 3, 0eU
, the relative magnitude of the released energy in this stage, 
R , is given by

                            (4)

In Eq. (4):
e
PU -- The elastic energy at the peak point P, MJ/m3;
e
HU -- The elastic energy at the residual point H, MJ/m3;

-- The absolute value of elastic energy increment in 

range PH, MJ/m3.

Using the peak strain P  and residual strain H , the 
brittleness index K is given by 

PH
e
P

e
H

e
P

PH U
UURK                         (5)

The higher value of K marks the brittle behavior of rock in 
the post-peak range. The area between the post-peak stress-
strain curve and horizontal axis represents the external 
work S . If K , then 0S , it is indicated that the 
component of energy that can dissipate for fracture is mainly 
the elastic energy stored in the rock specimen, the violet 
released energy leads to sudden failure which approaches to 
ideal brittle. Decreasing value of K implies more external work 
needs to be input for rock failure, the brittleness is weakened, 
as 0K , the failure approaches ideal plastic. So the index 
K can be used to evaluate rock brittleness. 

WATER CONTENT ANALYSIS FOR INFLUENCE ON 
ENERGY RELEASE

As shown in Fig. 4, the released energy of rock 
specimens with different water content were calculated by 
the computational method [1] and the unloading modulus 
obtained from rating loading test. The violet release of elastic 
energy during failure process makes a remarkable drop of 
the post-peak curve. With decreasing water content, the peak 
values of elastic energy keep increasing, the peak point P and 
residual point H advance gradually, the rock saturation can 
weaken the pre-peak accumulation of elastic energy.   

Using the peak and residual elastic energy of the rock 
specimens in triaxial compression, the relative value of 
post-peak released energy, R, was calculated by Eq. (4). As 
illustrated in Fig. 5, the index R remains essentially unchanged 
as the water content WC varied from 0 % to 25 % and then 
decreases with WC increasing, the value of R, compared with 
the dry state, is reduced more than 20 % as the specimen is 
saturated.
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Fig. 4. Elastic energy curves of the specimens with different water contents
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EFFECT ANALYSIS OF CONFINING PRESSURE ON 
THE RELEASED ENERGY 

Taking the dry rock specimens as example, the elastic 
energy at different stress level in triaxial condition was 
calculated based on the stress-strain curve, as shown in Fig. 6. 
The peak and residual values of Ue are raised with confining 
pressure increasing, and the confining pressure strengthens 
the capacity of energy storage. The elastic energy of the rock 
specimen in uniaxial compression decreases dramatically 
in the post-peak range and the residual value approaches to 
zero, with increasing confining pressure, the post-peak curve 
of Ue is changed from steep to flatter.

The relative magnitude of released energy, R, was 
calculated by Eq. (4) using the values of e

PU  and e
HU  with 

different confining pressure Cf. Fig. 7 shows that the index 
R monotonically decreases with Cf, the average value of 
R at the confining pressures of 0 MPa, 2.5 MPa, 5.0 MPa, 
and 7.5 MPa is 97.5 8% 73.95 % 59.64 %, and 50.13 %, 
corresponding to different water content of 0, 25 %, 50 %, 
and 100 %. The confining pressure markedly inhibits energy 
release of rock. As the confining pressure changed from 0 
MPa to 2.5 MPa, the reduction of R is most significant in the 
saturated specimen. With the confining pressure increasing, 
the reduction tends to slow down in the specimens with water. 
It should be noted that the index R decreases linearly with 
Cf in the dry specimen, and turning to decrease nonlinearly 
as exponential law with water content increasing. So, the 
saturation of rock weakens the inhibiting effect of confining 
pressure on energy release.
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Fig. 6. Elastic energy curves of the dry specimens with different confining 
pressures

As shown in Figs. 8 and 9, the value of index K is 3368.5 
and post-peak external work approaches zero, the violet 
released energy leads to stress drop which marks remarkable 

from 2.5 MPa to 7.5 MPa, the value of K decreases gradually 
with a transition of the rock specimen from brittle to ductile, 
the brittleness is weakened markedly compared with uniaxial 
compression condition, low value of K represents strong 
ductility. The brittleness index K can be used in evaluating 

the brittle and ductile behavior of the rock specimen and 
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Fig. 7. Variation of the relative value of released elastic energy with confining 
pressure

DISCUSSION

The results of rating loading and unloading test are 
analyzed to investigate the post-peak energy release behavior 
of the water-baring sandstone. The instability criterion of the 
specimen is proposed based on the cusp catastrophe model 
and used to forecast the sudden changes in elastic energy. The 
chaos model was established to discuss the pre-peak energy 
conversion mechanism of the sandstone specimen [4], not 
relating the released energy and its non-linear characteristics 
in the post-peak stage. A supplementary analysis for this 
content was conducted by the cusp catastrophe model 
designed in this paper, further research is needed to verify 
whether it is suitable for other loading path. The energy 
dissipation of the rock specimen subjected to cyclic loading 
was investigated [8, 9], we can see that the water content has 
a remarkable influence on the released energy of the rock 
specimen.
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Fig. 8. Stress-strain curves of the dry specimen with different confining 
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Fig. 9. Variation of brittleness index of the dry specimen with confining 
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The relative magnitude of the released energy, R, decreases 
markedly as the confining pressure varied from 0 MPa to 
7.5 MPa, and R corresponding to different water content 
is reduced 24.2 % on average, the reduction value for the 
saturated specimen is most remarkable. The decreasing trend 
of R is changed from linear to exponential law by increasing 
water content. The transition of rock from brittle to ductile 
with confining pressure increasing was discussed using the 
energy-drop coefficient proposed [13], but the analysis is lack 
of consideration for energy release, for the energy release is 
the key factor of brittle failure. The brittleness index based 
on the released energy of rock is proposed in this paper, and 
can be used in describing the brittle and ductile behavior of 
the water-baring sandstone.

CONCLUSIONS

The catastrophe model of energy accumulation and release 
is established using the fitting equations of released energy 
of the rock specimens in rating loading and unloading test. 
It is possible to predict sudden changes in post-peak elastic 
energy based on the instability and catastrophe criteria. The 
model is suitable for analyzing the energy release behavior 
of rock failure.  

Water content increasing can inhibit the catastrophe 
change of elastic energy in the post-peak stage, and the peak 
and residual energy decreases with water content increasing. 
The saturation of rock weakens the capacity of storing energy 
and reduces the released energy for rock failure, making the 
relative magnitude of released energy exponentially decrease 
with confining pressure.

The peak and residual elastic energy of rock progressively 
increase with the confining pressure increasing, and the 
confining pressure strengthens the capacity of storing energy 
and inhibits energy release in post-peak stage. The proposed 
brittleness index can evaluate the brittleness degree of rock 

and reflect the confining pressure effect on the transition 
behavior from brittle to ductile.
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ABSTRACT

The fatigue problem induced by wave loads and floater movements of dynamic umbilicals in deepwater is studied. The 
prediction method of the fatigue life is investigated by considering no-linear local stress due to contact and friction 
between components of the umbilical. A case study of a dynamic umbilical for 1500 meters depth in South China 
Sea was presented. The results showed that the more accurate result of the fatigue life was calculated by considering 
non-linear local stress. The fatigue life by considering local stress with the no-slip assumption was conservative. An 
obviously longer fatigue life was obtained by considering local stress with the full-slip assumption.

Keywords: steel tube umbilical; fatigue life; contact and friction; non-linear local stress

INTRODUCTION

Steel tube umbilical is one of the key equipment in subsea 
production system, which supplies a communication and 
control link between the subsea system and surface vessels. A 
typical umbilical consists of various functional components 
for electrical power, signal transmission and hydraulic such 
as electric cables, optical fiber cables and steel tubes. The 
functional components are surrounded by amour wires and 
polymeric sheaths. All the components are unbonded together 
and can slide freely. The umblical near the vessel is usually 
subjected to large tension load and alternative bending load 
due to self-weight, currents, waves and motions of the vessel. 
The accumulated damage of the component is induced by 

the alternative load which can lead the fatigue failure of the 
umbilical.

The Method of the fatigue life analysis based on Miner 
accumulated damage theory is usually recommended by 
many specifications for marine engineering. However, there 
are still lots of uncertain factors during the analysis of the 
fatigue life because of the complexity of umbilical structures. 

Hoffman et al.[1] and Jose et al.[2] presented a procedure 
of the fatigue life analysis of flexible rises and umbilicals 
based on Miner accumulated damage method. Song et al. [3] 
studied the dynamic response and the fatigue life analysis of 
flexible rises. The calculation method of dynamic analysis of 
global load had been a relatively perfect method during the 
fatigue life analysis of umbilicals. However, compared with 
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the stress analysis of metal pipes of rigid rises which can 
be calculated by simple formulas, the local stress analysis 
was still difficult due to the nonlinear factor induced by the 
friction of adjacent components. Regarding the complexity 
and importance of the local stress of umbilical, numerous 
studies have been conducted in this field over last decades. 
Skeie et al. [4] analyzed the stress induced by tension, 
bending and friction, respectively. The local stress in the 
fatigue analysis was calculated by adding the tension stress, 
bending stress and friction stress. Knapp [5] established 
a two-dimensional finite element model of umbilical to 
analysis the deformation and stress. All the components 
in the model were modeled by macro-elements. Sævik [6,7] 
presented a finite element model for predicting the stress of 
umbilcals by curved-beam kinematics and thin-shell theory. 
The contact and friction between components are set by spring 
elements. Wang and Ekeberg [8] studied the influence of 
friction on the fatigue life. The results shown the fatigue 
life without considering friction was nearly ten time the life 
with considering friction. Parsinejad et al. [9] analyzed the 
fatigue stress and life of two different types of umbilicals by 
considering friction. Probyn et al. [10] established a three-
dimension finite element model of a steel tube umbilical by 
ABAQUS. Contact and Coulomb friction was defined between 
the adjacent components. The functional components and 
polymeric sheaths were modeled by solid elements and beam 
elements, respectively. Corre and Probyn [11] used beam 
elements instead of solid elements to save the calculation 
resources. Li and Yang [12] established a three-dimension 
finite element model of an umbilical with six steel tubes. The 
stress under different load case and the influence of friction 
coefficients were investigated.

Non-linear local stress due to contact and friction between 
components of the steel tube umbilical is presented. A 
numerical model is established by using Orcaflex to predict 
the fatigue life by considering non-linear local stress as the 
input parameters. A case study of a dynamic umbilical for 
1500 meters depth in South China Sea was presented. The 
results showed that the fatigue life by considering local stress 
with the no-slip assumption was conservative. An obviously 
longer fatigue life was obtained by considering local stress 
with the full-slip assumption. The more accurate result of the 
fatigue life was calculated by considering non-linear local 
stress. The method presented in this paper provide a technical 
support for the design and application of umbilicals. 

ANALYSIS METHOD OF FATIGUE LIFE

The method of the fatigue life analysis based on Miner 
accumulated damage theory is shown in this section. Firstly, 
the time-domain respond of the global load under short sea 
states should be calculated. Then, the time-domain respond 
of local stress could be analyzed under the global load. The 
long-term of the accumulated fatigue damage and the fatigue 
life are obtained by probabilistic statistics and S-N curve 
of the material. The method is recommended by DNV and 

API standards [13, 14] to predict the fatigue life of marine 
structures. The standards also state that the predicted fatigue 
life of umbilical should be 10 times the service life [15].

The procedure of the fatigue analysis based on Miner 
accumulated damage theory is shown as below.

1. Global Analysis
Time domain analysis based on the lumped-mass method 

is used in the global analysis of umbilicals. The umbilical is 
divided to a series of segments without mass and nodes with 
mass. The properties of the tension, torsion and bending 
stiffness of the umbilical are given by the segments. The 
properties of the mass, gravity and buoyancy are shown on 
the nodes [16]. According to Longuet-Higgins equation [17], 
the given scatter diagrams of the irregular wave is dispersed 
into a serious of scatter diagrams of the regular wave. The 
time domain of tension and bending under each sea state is 
calculated, respectively. The frequency probability of the sea 
state in one year is pi. The corresponding period of the sea 
state is Tzi. The number of the sea state in one year ni, which 
can be expressed as:

365*24*3600* *i i zin p T                     (1)

2. Local Stress Analysis
The tension and bending load calculated in the global 

analysis are acting on the local structure. The local stress of 
the critical component can be calculated based on the Eq.(2).

cossin yxct CCKTK                (2)

Where Kt represents the coefficient of the tension stress, Kc 
represents the coefficient of bending stress, θ is the stress of 
the calculated point along the circumference, Cx represents 
curvature in the x direction of the component, Cy represents 
curvature in the y direction of the component.

3. S-N Curve of Material
The fatigue property of the material is usually expressed 

by a S-N curve, which is a graph of the alternating stress 
 against the logarithmic scale of cycle times to failure 

(Ni)
                         (3)

                (4)

a and m are material constants.

4. Fatigue Life of Umbilical
The fatigue accumulated damage of the umbilical can 

be calculated based on formulas above, which can be 
written as:

N

i i

i

N
nD

1
)(                                      (5)

Where N represents the number of the alternating stress, 
D represents the fatigue accumulated damage. Fatigue failure 
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occurs when D=1. No damage accumulates are generated 
when D=0. The fatigue life is the reciprocal of D, which can 
be expressed as:

D
Life 1

                                         (6)

The flow of the fatigue life analysis is shown in Fig.1.

Fig. 1  Fatigue analysis flow of dynamic umbilical

The fatigue life analysis of dynamic umbilical is more 
difficult than steel rises. The material of steel tubes is more 
homogeneous compared with the material of umbilicals. The 
stress analysis is relatively simple because of the ring structure 
of the cross-section. The stress state of umbilica is complex 
and the calculation of the local stress is more difficult.

Non-linear local stress due to contact and friction between 
components of the steel tube umbilical is important for the 
fatigue analysis of umbilical. A more accurate fatigue life 
could be got based on the non-linear local stress

ANALYSIS METHOD OF LOCAL STRESS 

The structure of a typical steel tube umbilical is shown in 
Fig.2. The functional components and armor wires are helical 
wound by a special angle. The helical angle of the functional 
components is usually less than 10 degree. The armor wires 
are wound at an angle above 20 degree. The steel tube is the 
most critical components during the fatigue failure. The stress 
of the steel tube can be calculated by tension stress, bending 
stress and friction stress. 

1. Tension Stress
Tension stress of each steel tube is determined by the total 

tension stiffness of the umbilical and the tension stiffness of 
the steel tube, which can be calculated by:

                            (7)

Where )(tT  represents the time-domain of the tension 
stress, )(tT  represents the time-domain of the tension load, 
KT represents the tension stiffness of umbilical, E, A denotes 
the elastic modulus and the cross-section area of the steel 
tube, respectively.

Fig.2 Compositions of a steel tube umbilical

2. Bending Stress
The inside conditions of umbilicals can be divided into a 

no-slip stage and a full-slip state during bending. The period 
of the no-slip stage can be increased as the increase of the 
tension load. The bending stress can be expressed by different 
stages.

Bending Stress of No-slip Stage
The steel tube is bent with the center axis of the umbilical 

before the component slides. The bending stress is equal to 
the static friction stress, which can be expressed as:

                             (8)

Where is the time-domain of the bending stress 
before slipping, )(t  is the time-domain of the curve, RL 
is the distance between the center of the steel tube and the 
umbilical.

Bending Stress of Full-Slip Stage
The bending stress caused by bending is determined 

by the diameter of each steel tube after the sliding of the 
component. The bending stress can be calculated by the 
formula below:

                               (9)

 is the time-domain of the bending stress after 
slipping, R is the diameter of the steel tube.
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Friction Stress
When the steel tube is under the full-slip stage, the 

static friction force turns to the dynamic friction force. The 
following assumptions have been made for the derivations 
and analysis in this paper:

1) The sliding is only occurred along the helix axis of 
the steel tube;

2) The end effects can be neglected;
3) The dynamic and static friction coefficients are 

equal.
Only one steel tube is analyzed as shown in Fig. 3. The 

model of the friction stress analysis can be established by the 
equilibrium between the axial force caused by bending and 
the static friction force which prevent the axial movement 
of the steel tube.

The sliding criterion can be established based on the 
equilibrium equation along the axial direction of the steel 
tube. 

                                 (10)

Where N is the axial force, f is the friction load per unit 
length.

N

fds

ds

dNN

Fig.3 Force on infinitesimal helix element ds

The steel tube is assumed to be fully fixed on the cylinder. 
The axial load caused by bending can be expressed as:

)(sincos2
LEARN

               (11)

Where is the helical angle of the steel tube, is the 
angle of the helical point, as shown in Fig.4. S is the length of 
the steel tube along the helical direction. The relation between 

 and S can be written as:

sin
LR

S
                            (12)

 Fig.4 Helix positions for steel tube

The steel tube begin sliding when the axial force 
gradient dN/dS  reaches the static friction force f of per 
unite length.:

     (13)

The tension gradient reaches the max value when =0, 
the steel tube begins sliding at the neutral axis. The critical 
curvature can be established as:

                        (14)

The friction force F equals the static friction force N When 
the full sliding occurs at the neutral axis. 

   (15)

    (16)

The full-slip state is assumed to be started when 
2

, 
the max critical curvature can be expressed as:

                               (17)

The sliding friction stress can be obtained by:

                          (18)

The friction force of the steel tube is affected by the friction 
coefficient and the length of the contact.

                                    (19)

The key problem to calculate the friction force is to 
accurately determine the friction coefficient  between 
components, the contact stress qc and the contact length Lc. 
The contact stress is analyzed by finite element model which 
is established by ANSYS software. The radial contact pressure 
induced by tension is acted on the finite element model to 
calculate the contact stress qc and the contact length Lc of 
the critical steel tube. The 2-D FE model of the umbilical is 
shown as Fig.5.
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Fig.5 2-D model of the umbilical core

The transfer stage between no-slip to full slip is very short. 
The stress calculation of the stage is also quite difficult. So, 
the friction stress is assumed to be divided into two stages: 
no-slip stage and full-slip stage. As shown in Fig.6, the value 
of the no-slip stage is that of the bending stress. When the 
critical curvature reach to , the full-slip occurs.  The 
value of the friction stress is that of the slip friction stress. 
Two straight lines is used to simulate the variation trend of 
the fatigue stress in this study.

FB

max
cr

F
FC

FB

max
cr

F
FC

Fig.6 Definition of friction stress

3. Local Stress
The local stress at the no-slip stage is the sum of the tension 

stress and the bending stress. It can be expressed as:

                 (20)

The local stress at the full-slip stage is the sum of the 
tension stress, the bending stress and the friction stress, 
which can be written as:

      (21)

EXPRERIMENT METHODS TO APPROACH 
FATIGUE LIFE

As the structure of umbilical is complicated, accurate 
fatigue life is hard to approach by theoretical calculation or 
finite element method. An important way to access the fatigue 
life of an umbilical is to conduct a fatigue test, especially for a 
new designed cross section. The length in actual application of 
a typical dynamic umbilical is usually over a thousand meters. 
The sea state is also complicated. So it is impossible and useless 
to simulate the whole length of umbilical under the floater 
and wave condition in a laboratory. A feasible solution is to 
cut out the critical umbilical location and exert the load-time 
history calculated by global analysis to the test specimen by 
an actuator. In order to approach the fatigue life accurately, 
the real load case should be conducted to the test umbilical 
specimen by the test machine and test method, a more precise 
deformation of each elements should be measured.

A typical set up for a dynamic fatigue test is to simulate 
the real in-place condition of an umbilical while the force is 
tension combined with bending. The specimen was cut off at 
the critical location which is at the top of the umbilical. The 
test sample comprises the assembly of the umbilical body, end 
fittings, fasteners, and all devices and components simulate 
the umbilical top connection, and a bend stiffener/bellmouth 
[18]. The tension and curvature distribution at the critical area 
can be calculated through the global analysis of the dynamic 
umbilical. The tension and curvature can be applied by the 
force or displacement actuators at either end of the umbilical 
sample. Nondestructive measurement should be conducted 
during and after the fatigue test, which includes:

1) Tension stiffness. When the tension stiffness is 
declined over 20% or the rupture percent of the 
armor wire is over 5%, the tensile armor layer is 
regarded as failure.

2) Inner pressure of the steel tube. The decompression 
should be monitored during and after the fatigue test.

3) The DC power and insulation resistance of the 
electric cable.

4) The signal attenuation of the optical fiber cable.
The dynamic fatigue test which simulates real working 

condition usually requires a large-sized test device. The 
length of test sample is greater than 8 meters, real end fitting 
and bend stiffener are also required. The whole test usually 
takes a long time over 3 months. The cost of the test is also 
very expensive. With the study of umbilical cable, a pure 
bending fatigue test can be conducted to test the fatigue life 
of umbilical for cost saving.

The load response at critical area can be obtained through 
global analysis. Then the local stress can be obtained by 
accurate analysis, which contains tension stress, bending 
stress and stress caused by friction. This test method can save 
the time and cost of a typical dynamic fatigue test. The local 
stress should be estimated accurately and the influence of end 
fittings and bend stiffness cannot be is neglected. The fatigue 
damage at critical area can be calculated to pure bending 
stress damage, which is more easy to exert by the test device. 
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The fatigue property of umbilical can be tested faster by this 
method. 

Fig.7 Testing rig of bending fatigue

The testing rig of bending fatigue is shown in Fig.7. The test 
specimen is placed on the holder, there were four constrained 
point of the test rig. The test rig should be axial symmetry 
during and after the fatigue test. The right constrained point 
on the holder is clamped to the umbilical specimen, while 
the specimen is free to slide at the other three points. The 
bending movement is exerted by a hydraulic actuator

A CASE STUDY

1. Case Description
A dynamic umbilical with a catenary curve of an 

application of 1500m meters is shown in Fig.8. The seabed is 
plain and the solid can be considers as sandy slit. The structure 
of the umbilical is shown in Fig.1. The system parameters of 
the umbilical and the Spar platform are listed in Tab.1. The 
structural parameters which contains the diameter, weight, 
tension, torsion and bending stiffness are listed in Tab.2. 

Fig.8 A dynamic umbilical in depth of 1500m

Tab. 1 Parameters of umbilical system 

Parameters Value Parameters Value

Length of 
umbilical 1850m Size of the soft 

cabin 37.2 m×37.2 m

Angle of top 
point 6° Height of the soft 

cabin 6.1 m

Diameter of the 
stiff cabin 37.19 m Length of main 

truss 94.5 m

Height of the stiff 
cabin 80.77 m Centre of gravity 98.66

Tab.2 Parameters of the umbilical 

Parameters Value 
Outer diameter(m) 0.1
Dry weight(kg/m) 25.3
Wet weight(kg/m) 15.9
Tension stiffness(KN) 3.5e5
Torsion stiffness(KNm2) 35.9
Bending stiffness(KNm2) 6.6

The wave scatter diagram is the probability distribution 
of the wave height and the period, as shown in Tab.3. The 
given scatter diagram of the irregular wave is dispersed into 
a serious of scatter diagram of the regular wave according to 
Longuet-Higgins equation.  The coverage rate of this method 
can be reached 99%. The cases of the regular wave used 
in this paper are shown in Tab. 4. The conditions of near, 
far and lateral position of the vessel are considered during 
the analysis. Each condition is set at a 33.33% probability. 
The proportion of a 0° angle of the heat sea wave is 60%, 
while the proportion of a 30° angle is 40%. The probability 
distribution of the wave is divide to 42 blocks of the scatter 
diagram of the regular wave. 252 load cases are considered 
in the calculation example.

A numerical model of the dynamic umbilical is established 
by using Orcaflex software. The joint between the umbilical 
and the bottom of the Spar platform is fixed with a draft of 
164.6m. The terminal end of the umbilical is anchored to the 
seabed. The axial friction coefficient between the umbilical 
and the seabed is set as 0.25. The overall length of the model 
is 1850m. The response amplitude operator of the movement 
is set at the gravity center of the platform. Different meshing 
is adopted in order to get the real respond of the umbilical. 
There is a high mesh density at the sensitive areas of the 
model.  The whole model of the umbilical is divided into 
four parts. The upper area connected to the floater and the 
bottom area near the touchdown point are sensitive areas 
with a high mesh density. The length of each element of 
these areas is 1 meter. The static part on the seabed and the 
middle part of the model are divided into elements with 5 
meters in length.
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Tab.3 Wave scatter diagram (Joint probability distribution of irregular wave) 

Probability (%)
Periods (s)

<=3 3~4 4~5 5~6 6~7 7~8 8~9 9~10 >10

Wave 
height 

(m)

0~0.5 0.29 1.13 5.35 8.20 1.47 0.12 0.01 0.00 0.00 
0.5~1.0 0.05 0.67 7.05 6.61 4.62 1.64 0.30 0.03 0.00 
1.0~1.5 0.00 0.02 1.46 8.34 5.05 2.06 0.97 0.37 0.03 
1.5~2.0 0.00 0.00 0.00 2.24 7.91 2.21 1.09 0.69 0.16 
2.0~2.5 0.00 0.00 0.00 0.01 3.72 4.68 0.86 0.56 0.33 
2.5~3.0 0.00 0.00 0.00 0.00 0.13 4.29 1.67 0.34 0.34 
3.0~3.5 0.00 0.00 0.00 0.00 0.00 0.91 3.17 0.38 0.20 
3.5~4.0 0.00 0.00 0.00 0.00 0.00 0.05 1.81 1.00 0.23 
4.0~4.5 0.00 0.00 0.00 0.00 0.00 0.00 0.33 1.38 0.30 
4.5~5.0 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.81 0.46 
5.0~6.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.84 

>6.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.86 

Tab.4 Regular wave cases for fatigue calculation of umbilical

Wave 
height Probability

13 12.4 14.4

11 1.9 77.1 80.6 2.4

9 33.5 422.9 378.9 23.8

7 522.1 2095.9 1450.6 159.6 7.36

5 137.2 7660.4 10058.3 5165.8 820.1 80.28 27.1 4.2

3 183.9 24073.8 85651 42299.1 18816.5 4176 675.8 348.7 86.5

1 383617 531684 354077 106386 53435.6 18850 4931.0 3681.4 1326

Period 3 5 7 10 12 18 25 30 50

2. Analysis of Local Stress
The steel tube of the innermost layer is squeezed by the 

armor wires and adjacent components. The contact pressure 
is analyzed by finite element method of the model which is 
shown in Fig. 5. The results of the contact stress is shown 
in Fig.9. The biggest contact stress is occurred at the points 
where the outer steel tubes couple with the inner steel tube. 
The value of the contact stress are extracted from the crossover 
elements. The result shows that the maximum contact stress is 
at the connection area between the outer tube and the center 
tube. The value of the contact stress of all steel tube elements 
along the circle is shown in Fig. 10.

Fig. 9 Result of contact stress
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Fig.10 Contact stress values of the nodes along the tube

The critical curvature where the components begin to slide 
can be calculated by Eq. (17). The value of the sliding friction 
stress of each unit length can be obtained by Eqs. (18), (19). 
The total stress as the change of curvature can be got by Eqs. 
(20), (21). In addition, the other two assumptions of the stress 
condition are also considered. In the no-slip assumption, 
the stress is equal to the static frictional stress which can be 
calculated by Eq. (20). In the full- slip assumption, the stress 
is obtained based on Eq. (21). The results of the total stress 
under three conditions are shown in Fig. 11.

Fig. 11 Results of the total stress

3. Prediction of Fatigue Life
The load case of fatigue at the upper dangerous point 

are considered. When the stress considering the no-slip 
assumption are inputted, the calculated fatigue life is 1850 
years. The service life is 185 years by considering a safety 
factor of 10 times. The fatigue life is 250 years by considering 
the non-linear stress as input. It is 35% larger than the life 
calculated under the no-slip assumption. When the stress 
considering the full-slip are inputted, the calculated life is 
3116 years, which is far larger than the other conditions.

TEST VERIFICATION

Dynamic fatigue test can be conducted by a pure bending 
fatigue device to qualify an umbilical for its service life. The 
fatigue test stated in this paper is to qualify the 250 years’ 
service life of a dynamic umbilical.

The loading procedure of the fatigue test should be given by 
the global analysis. The relationship of alternating stress and 
the probability of the actual number can be accessed by post 

processing of umbilical fatigue life analysis. Each square of 
the rectangle represents the occurrence times probability of a 
range of alternating stress as shown in Fig. 7. The total times 
in Fig 7 is 91%. The relationship between alternating stress 

 and pure bending curvature  can be established as:

RE2                        (22)

The alternating stress in Fig. 12 can be equivalent to 
pure bending curvature. The fatigue amplitude should be 
accelerated for determine the loading of fatigue test. The 
curvature of 0.03, 0.04, 0.05 and 0.06 were chosen to conduct 
the fatigue test. The probability of occurrence times of each 
curvature is 36%, 24%, 16% and 15%. The curvature and 
damage times of alternating stress based on S-N curve is 
shown in Tab. 5.

Tab.5 Curvature and damage times of alternating stress

type curvature
(rad/m)

damage times of 
alternating stress

1 0.03 12501524.45

2 0.04 4567487.80

3 0.05 2091666.06

4 0.06 1104989.08

Fig. 12 Alternating stress-times probability

Where  is the loading frequency (which is 0.5 Hz in this 
test) and  is the loading time(hours).

The relationship between accumulated damage  and 
loading times  and total number  can be accessed by 
Miner accumulated damage theory, which can be established 
as:

i

i
i N

nD                                       (24)

The fatigue life of the umbilical is 1850 years. In order to 
guarantee the service life of 250 years, the load case times 
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should get the fatigue damage to =250/1850=0.176. The 
load case of fatigue test is shown in Table 6. 

Fig. 13 Broken-out section view of umbilical after test

In order to check the fatigue damage of the body and each 
element of the umbilical, a dissection was conducted to the 
umbilical after the test which is shown in Fig. 13. There was 
wear between the armor wires and no damage happens. A 
hydrostatic pressure test was conducted to the steel tube 
with a 2 Mpa inner pressure. No decompression or leakage 
occurs during the test, which indicates there was no damage 
of the steel tubes.

CONCLUSION

The fatigue life of umbilicals is investigated in this paper. 
A prediction model of the fatigue life is presented. Non-linear 
stress due to contact and friction between components of 
umbilicals is considered during the local analysis in this 
method. A numerical model was established by Orcaflex 
software based on Miner accumulated damage theory. A case 
study of a dynamic umbilical for 1500 meters depth in South 

China Sea was presented. The fatigue life of an umbilical is 
verified by a pure bending fatigue test. The results show that:

1) The fatigue life of the umbilical by considering 
local stress with the no-slip assumption was 
conservative. The difference is 35%, which may 
cause unnecessary waste for engineer.

2) An obviously longer fatigue life was obtained by 
considering local stress with the full-slip assumption, 
which has a certain risk.

The more accurate result of the fatigue life was calculated 
by considering the non-linear local stress as the inputs. The 
conclusion of this paper provides a technical support for 
design of and application dynamic umbilical.
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ABSTRACT

In China, the oil and natural gas resources of Bohai Bay are mainly marginal oil fields. It is necessary to build both ice-
resistant and economical offshore platforms. However, there are many risks during the life cycle of offshore platforms 
due to the imperfect preliminary design for the Bohai Sea economical ice-resistant structures. As a result, the whole 
life-cycle design should be considered, including plan, design, construction, management and maintenance design. 
Based on the demand of existing codes and research of the basic design, structural ice-resistant performance and the 
reasonable management and maintenance, the life-cycle design theory is discussed. It was concluded that the life-cycle 
cost-effective optimum design proposed will lead to a minimum risk.

Keywords: ice zone; economical ice-resistant structure; life-cycle design; performance-based design; cost-effective code

INTRODUCTION

The Bohai oil fields belong to the marginal oilfields, with ice 
load being the main control load. Considering the developing 
cost of Bohai offshore marginal oilfields, an economical 
ice-resistant platform should be adapted. At present, the 
technology in design and construction is not mature enough, 
and there are many defects including the following: (1) There is 
no clear dynamic ice load under the extreme static ice force; (2) 
It does not take into account the ice-induced vibration of the 
structure under dynamic failure modes; (3) The parameters of 
sea ice are not perfect, especially the ice fatigue environmental 
parameters; (4) The pattern of ice-resistant structures is not 
clear; and (5) The design method is still the traditional way 
of trial-check-modify, etc [1]. Based on monitoring, there 

were numerous problems with the platform once it goes 
into action. It brings an adverse impact on structure safety, 
operation personnel safety and facilities [2]. In addition, as is 
the case in a marine environment, operation and construction 
load is complex. There are many uncertainties and risks 
throughout the design, construction, operation, management 
and maintenance, failure scrap, and the whole service period. 
For example, due to of the environmental load randomness 
and seawater corrosion etc., resistance performance of an 
offshore platform structure will be degraded over time. In 
the process of installation and use, there will be different 
degrees of damage and defects for platforms, etc. Therefore, 
in designing the Bohai Sea economical ice structure, we must 
change the focus from the platform construction completion 
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status to planning, designing, construction and maintenance 
during the whole life cycle process.

The life cycle of the ice-resistant structures includes oil block 
planning, lectotype design, performance design, detail design, 
construction, operation, management and maintenance, 
failure scrap, etc. Among them, the design phase is the most 
critical stage of building and optimizing the structure scheme 
to transform the requirements of owners, users and society 
to technical system performance. The core idea of life cycle 
theory is to consider all sorts of problems and project content 
in the follow-up stage in front of the specific engineering in 
order to achieve the desired optimal goal [3]. Based on the 
demand of the existing codes and the research of the basic 
design, considering the structural ice-resistant performance 
and the reasonable management and maintenance, the life-
cycle design theory is discussed. It was concluded that the 
life-cycle cost-effective optimum design proposed will lead 
to a minimum risk.

FRAMEWORK FOR LIFE-CYCLE DESIGN 
OF ECONOMICAL ICE-RESISTANT 

STRUCTURES
Life-cycle design of economical ice-resistant 

structures has three main parts: lectotype  design, 
structural  performance  design and management and 
maintenance design. Fig. 1 provides the framework for life-
cycle design of economical ice-resistant structure. Lectotype 
design is a primary consideration within the overall design. 
Because many uncertainties and risks exist in the design of 

performance and management and maintenance, the loss 
should be estimated reasonably. The paper discusses these key 
problem about life-cycle design of economical ice-resistant 
structures. 

LECTOTYPE DESIGN

Due to coupling between ice and structures, type, size and 
formation of ice are related to the structural type. Some other 
closely related factors are marine environment, ice condition, 
oil reservoir distribution, pattern development and people’s 
understanding of ice-resistant structures. Thus, lectotype is 
an important aspect of the life-cycle design of economical ice-
resistant structures. A number of factors should be taken into 
account during the design process of economical structures 
including platform functions, economy, environmental 
factors, wells, collection terms, transport capacity, etc. Under 
the same conditions, designers provide a variety of different 
schemes. The result is economic structures that come in 
several forms with no fixed pattern. Lectotype design needs 
to be based on the fields development planning, structure 
function and ice-resistant capability.

Cold region marginal fields can be developed in several 
ways: (1) Joint development of little oilfields in groups; 
(2) Mono-hull modes of production; (3) Extended reach well 
drilling; and (4) Submarine wellhead system. Among these 
developments, joint development of little oilfields in groups is a 
general pattern [4]. Development strategy principles include 
maximization of resources, decreased investment and allowing 
complete development of the integrated  function  of 

center  platforms. Then, the center platform 
can become multi-functional and can be used 
in production, management, crude  output, 
providing power and living. For the development 
of the Satellite Oilfield, simple platforms should 
be adopted as much as possible. The principle is 
that crude oil, which heads from oilfield groups, 
is transported from center platforms to shore 
side terminals through submarine pipelines or 
shuttle tankers. The development scheme is as 
follows: (1) the jacket platform (center platform) 
and wellhead platform (satellite platform) and 
Submarine pipeline; (2) the jacket platform (center 
platform) and wellhead platform (satellite platform) 
and FPSO and shuttle tankers. This article is based 
on the monitoring and detailed analysis for ice-
resistant structures in Liaodong Bay of the Bohai 
Sea. Economical ice-resistant structures that fit 
into the Bohai Bay marginal fields are discussed 
(see Table 1.).

Fig. 1. Conceptual frame of life-cycle based economical ice-resistant structures design



POLISH MARITIME RESEARCH, No S2/2017166

Tab. 1. The type and classification for proper economical ice-resistant platforms

Function Platform type
Water depth

(m)

Classifica-
tion

center 

platform
Four leg jacket 10-30 I

satellite 
platform

Three leg 
jacket 10-30

II
Single-leg 

jacket 10-20

auxiliary 
structure

bucket foun-
dation with a 
single pillar

<10 III

STRUCTURAL PERFORMANCE BASED 
DESIGN

The goal in designing performance by ice loads is to 
control the structural safety and usability effectively and to 
clear the performance of the structure in different intensities. 
Based on the  ideology  of  performance based  design, 
we can realize  the  prescribed requirements using 
different means and methods by addressing the limitations of 
design code and admissible structural performance designs, 
as shown in Fig. 1. 

STRUCTURAL ICE-RESISTANT  PERFORMANCE 
OBJECTIVES

Based on the  monitoring of ice-resistant 
structures  in  Liaodong  Bay, Zhang and Yue [5] set up 
the failure mode and determined performance requirements 
of economical ice-resistant platforms, as shown in Fig. 2. 

Fig. 2. Performance requirements of economical ice-resistant platforms

The performance definition of economical ice-resistant 
platforms in the Bohai Sea is described in Table 2. 
It mainly contains the following:

(1) Structural safety failure mode, which includes the excess 
of the maximum deformation or strength of the structure to 
the threshold values under extreme static ice load and fatigue 
damage of tubular joints under ice-induced vibrations.

(2) Human factor failure mode, which may cause the 
physical discomfort, affect the work efficiency, and even 
endanger the health of the crew members due to significant 
vibration of platform deck.

(3)Facilities failure mode, which refers to the 
unserviceability or damage of the facilities on the platforms 
caused by ice-induced vibrations, such as fatigue fracture of 
pipes and looseness of flanges.

There are some concerned stipulations about the security 
of ice-resistant jacket platforms under extreme static ice loads 
in the current design criterion [6,7]. However, specification 
only proposed the necessity of analyzing fatigue failure. The 
failure of personnel comfort and ice-induced vibration of 
facilities is not considered in the code.

Tab. 2. Discriminant index of ice-resistant platform failure modes

Failure 
type Performance description Failure discrimination index

St
ru

ct
ur

al

Structural safety damage 
under 

an extreme static ice load

Structural deformation, stress 
or 

reserve strength coefficient

Structural fatigue damage 
under 

a dynamic ice load
Alternating stress of hot spot

N
on

-s
tr

uc
tu

ra
l

Physical discomfort, 
degraded work 

efficiency, and even 
endangerment of 

health of crew members 
induced by 

deck platform

Equivalent deck acceleration,
frequency, duration, and 

direction.

Endangerment of health of 
crew members induced by 

deck intensive vibration
Deck acceleration

ICE LOAD AND SEA ICE PARAMETERS

ICE LOAD

In the life-cycle design of economical ice-
resistant structures, ice load requires calculations of 
the  extreme  ice  force and  dynamic  ice  force. There are 
many formulas for calculating the extreme ice force, and the 
effects of leg type should be considered. There are two typical 
calculation formulas of the extreme ice force: the API standard 
formulas and the Hirayama - Obara ice-force model [8]. There 
is no exact formula for dynamic ice force in design standards. 
Based on field measurements of the interaction between ice 
and vertical structures and integrating with pulsating wind 
spectrum research, Kärnä et al. [9] established the extrusion 
of random ice force spectrum model. The function is:

                        (1)

where σ is the ice force variance; f is the ice load frequency.

According to the time-history curve, which is based 
on field measurements of the interaction between ice 
and vertical structure, Yue and Bi [10] established a 
deterministic ice force function. The function is as follows: 
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                     (2)

where 0F  is the amplitude of ice force; τ is the time of ice force. 

According to the data measured from filed, Yue et 
al. [11] established a spectral function of ice  force on 
conical structures through the analysis of the frequency 
spectrum. The function is expressed as follows:

     (3)

where 0F  is the amplitude of the ice force on conical structures; 
T is the cycle of ice force. 

SEA ICE ENVIRONMENTAL PARAMETERS

Sea ice environmental parameters in the environmental fatigue 
arena are based upon ice thickness, ice strength and speed, 
flow direction of ice and probability distribution characteristic 
of the ice age. Based on observed winter sea ice from 1996 to 
2004 in Liaodong Bay, the main statistical properties of sea 
ice environmental parameters have been given by Ji et al. [12]. 
Among them, ice thickness obeys a logical normal distribution 
(Eq. (4)), ice speed follows a Rayleigh distribution (Eq. (5)) 
and ice strength is normally distributed.

           (4)

                (5)

where h is the ice thickness; v  is the ice speed.

The f low direction of the ice is related to the 
geographic location, terrain, wind, current, and other relevant 
factors. Based on measured data, two major trends (45°and 
225°) were adopted in the actual computation.

THE  CONCEPTUAL  DESIGN  OF ICE-RESISTANT 
STRUCTURES

The  vibration  of ice-resistant jacket structures 
under ice loads is focused on the natural frequency. 
The variation of the first mode is mainly due to changes in 
the level of direction. Therefore, complex offshore platforms 
can be simplified into spring-mass systems with a single 
degree of  freedom. Offshore platforms were simplified 
into equivalent nonlinear systems with a single degree of 
freedom by a static nonlinear pushover method [13]. Based 
on scene monitoring and numerical simulation analysis, 
the structural response does not reach its plastic response 

stage and is mainly in the elastic response under ice load. 
The decision was therefore made to (1) To assume that 
infrastructure distributed mass and superstructure weight 
were equivalent to the center of gravity of the platform deck; 
(2) To simplify the platform legs as elastic rods that cannot 
be elongate with equivalent stiffness (as shown in Fig. 3).

In  Fig. 3, Ke is the equivalent  stiffness of the 
simplified  mechanics  model. The  generalized force 
(concentrated force and uniform force or torque) induces the 
unit generalized displacement in the vertex of the platform 
structure (horizontal displacement or angular displacement). 
Me is equivalent mass. The modified method was adopted. 
The mass of the jacket (m1) was used as a concentrated mass 
added to the superstructure mass. Then, the equivalent mass 
is Me =m + m1/3. Thus, the angular frequency of the platform 
structures can be determined:

e
n

e

K
M

                                       (6)

Fig. 3. Conceptual model of economical ice-resistant structures

Ke, Me and Ce can excellently express mechanical models 
of economical ice-resistant structures. A certain linear relation 
exists between Ke and the mass of steel (m1) by Zhang et al. 
[14]. The conceptual model can be adopted in implementing an 
optimal match between the superstructure weight of the ice-
resistant platform (m) and m1. The optimizing model is::

           (7)

The maximum lateral displacement U is used to evaluate 
static performance under the extreme static ice load, namely, 

FU U
K

, where F is the extreme static ice load, K is the 
equivalent lateral stiffness and U is the allowable lateral 
displacement of structure. Because of the inherent dynamic 
characteristic of ice load and the ice-resistant structure, 
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the interaction coupling between ice and the structure may 

respect to structural vibration properties, the jacket structures 
of natural frequency should take these considerations into 
account. This means that jacket platform structure should 
avoid consistent with sea-ice frequency ( ice ). On the other 
hand, we also should consider ice-induced vibration problems 
that can be evaluated by the ice-induced vibration acceleration 
mean square value ( . . ,r m s aa ) under the dynamic ice force.

ICE-RESISTANT DYNAMIC ANALYSIS 

Due to the performance-based design targets, different 
dynamical analyses of structures need to meet different 
performance requirements. Effective  and reasonable 
calculations can improve and perfect initial concept designs. 
Depending on the different ice-resistant performance, 
the dynamical analysis of structure includes problems 
considering staff morale under the ice-induced vibration, 
analyzing fatigue of ice-induced vibration structure and 
analysis of the upper line ice-induced vibration response.

There are currently few studies abroad about the fatigue of 
ice-induced structure vibration. Fang et al. [15,16] developed 
appropriate research in China. Based on the work considering 
ice load, Yue et al. [17] proposed two main problems in the 
analysis: the fatigue ice load and fatigue environmental 
parameters. Zhang et al. [18] proposed a method for fatigue 
life calculation of an ice-induced vibration jacket platform.

The influence of vibration on staff is primarily defined 
by the vibration acceleration amplitude on the deck, 
vibration frequency, vibration and direction of vibration. 
We can set boundaries for three types of evaluation indices 
according to the above four factors. After years of vibration 
monitoring, we found that the ice-induced vibration direction 
of the platform is horizontal, and the vibration is mainly 
focused on the fundamental frequency of the platform. We 
also found that the fundamental frequency of the jacket 
platform is generally in the range of 1-2 Hz. We should 
make more explicit the vibration acceleration amplitude 

and duration according to measurements and numerical 
simulation. Then, we can give the evaluation of ice-induced 
vibration of staff as well as recommended specifications in 
Table 3 [19].

The superstructure design of ice-resistant platforms 
does not take into account the ice-induced vibration. The 
specifications in the recommended practice of offshore fixed 
platform planning, designing and construction rules state that 
superstructures can be simplified to the simplest form for the 
analysis of platform jackets or infrastructure. However, the 
vertical and horizontal stiffness and the corresponding effects 
should be first ascertained. The superstructure itself can be 
analyzed as one or more independent structures according 
to the construction situation. However, the influence of 
structure displacement should be considered in the simulation 
of boundary supports [20].

MANAGEMENT AND MAINTENANCE 
DESIGN

There are many threats of ice and potential safety hazards 
for the Bohai Sea economical ice-resistant structures in 
winter operation. The sea ice management for the oilfields 
in Liaodong Bay of the Bohai Sea ensures safe operation is a 
strategy for safety management and maintenance. At present, 
countries around the world are particularly concerned with 
monitoring, maintenance and repair, etc. of the special 
structures with operation risk such as bridges, pipeline 
engineering, etc. Consideration of the management and 
maintenance stage could be a part of the design document 
from the start of the design stage. The designing method 
as well as the management and maintenance stage can be 
mutually conditional and can reflect the thought of life-cycle 
design in the highest degree. The final aim of the management 
and maintenance design is to reduce life cycle cost. Therefore, 
foreign researchers have established a quantitative calculation 
model of the cost of management and maintenance. However, 
it is difficult to implement. The aim of the design is to build the 
overall project of management and maintenance. This paper 
suggests design flows of economical ice-resistant structures 

Tab. 3. Critical value of human sensation based on the relationship between the vibration acceleration and duration for different levels of vibration

24 h 16 h 8 h 4 h 2.5 h 1 h 25 min 16 min 1 min

I 0.03 0.05 0.07 0.11 0.16 0.27 0.4 0.48 0.63

II 0.095 0.158 0.221 0.347 0.504 0.851 1.26 1.512 1.985

III 0.19 0.316 0.442 0.694 1.008 1.702 2.52 3.024 3.97

[Note]: I is the comfort degradation boundary, II is the work efficiency degradation boundary, and III is the exposure limitation. III is 3.15 times as great 
as I and twice as great as II.
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and is shown in Fig. 1. The integrity management of structural 
systems includes database, evaluation, policy and program. 

The primary aspect of the management and maintenance 
design process is updating platform information, which 
requires original design/evaluation, construction and 
installation information. The data can be summarized in 
two categories:

(1) Feature data: the basic information platform (lifetime, 
design depth, sea ice conditions, etc.) and the design, build 
and the relevant data of installation;

(2) Conditional data: variable data during the operation 
of the platform, such as platform modification, detection, 
damage, etc. 

Process evaluation includes assessment criteria, risk rating 
and evaluation methods. Among them, assessment criteria 
can reference performance requirements (see Tab. 2). Risk 
grades of economical ice-resistant structures are divided 
into four levels:

Level I signifies structure capsizing or settling under 
extreme loads;

Level II represents pipe nodes of structure fatigue 
fracturing;

Level III is pipeline failure under ice-induced vibration; 
Level IV is personnel comfort requirements.
Evaluation methods, which refer to Chapter One, include: 

safety of the structure, personnel comfort requirements and 
normal operation of the superstructure. Based on safety 
management of ice-resistant jacket structures in Liaodong 
Bay of the Bohai Sea, different levels of risk require different 
measures of management and maintenance, as shown in 
Table 4.

In order to achieve the minimum life cycle cost of 
the structures, an optimal strategy of management and 
maintenance design needs to be developed. It includes 
choice of monitoring (check) points, the optimal number, 
test cycle, etc. Difficulty in utilizing an optimal strategy of 
management and maintenance design lies in considering the 
uncertainty and model of reliability that should be adopted. 
At present, Li et al. [13], Zhang et al. [21], Li et al. [22] built 
structural reliability models under an extreme static ice load, 
a probabilistic model of ice-induced vibration acceleration 
failure and a reliability model of time-varying node fatigue, 
respectively.

EVALUATION OF COST-EFFECTIVE 
CRITERION

The basic principle behind  economical ice-resistant 
structures is the evaluation of the cost-effective rule. It 
underlines that thoughts change from focusing on the integral 

safety of structures to performance, safety, economics, etc. 
Based on this criterion, the design of economical ice-resistant 
structures is based on minimizing the cost of the life cycle 
according to ice-resistant performance, comprehensive 
management, maintenance, etc. The total cost includes 
the initial cost of the structures in addition to risk costs. 
Structural risk, structural properties (including ice load, 
properties of structural materials, structural components 
resistance force, etc.) and structural mechanics analysis 
models involve much uncertainty. Therefore, the design 
process should adopt reliability methods that reasonably 
estimate the economy of the project (project investment, the 
cost of management and maintenance, losses caused by ice 
disaster, etc.). Li et al. [23] analyzed the relationship between 
the weight of steel in structures and the initial resistance 
based on typical jacket structures in Bohai. The results show 
that the steel weight of structures and initial resistance meet 
certain linear relationships. It determines the assessment 
model of total cost and loss value evaluation methods of 
structures under ice load. It provides a reasonable basis for 
social-economic, comprehensive evaluations for economical 
ice-resistant structures.

CONCLUSIONS

Research on the basic design of economical ice-resistant 
structures in Bohai provides a framework for the life cycle 
of high risk ice-resistant structure design. Based on the 
existing specification requirements for Bohai structures 
and the research results obtained in the basic design, the 
core idea was to highlight the performance requirements to 
reduce the structural risk to a minimum through reasonable 
management and maintenance. This paper studied the 
relevant content, including proposing suitable design elements 
for the cold and marginal oilfield development for economic 
ice-resistant structure types, which are based on the analysis 
and monitoring in Liaodong Bay of Bohai. The performance 
requirements of the economical ice-resistant platforms were 
defined, and the index was given. The concept model of the 
economic structure was established. The optimal matching 
of the mass of the superstructure and the quality of the jacket 
were further considered.

Based on the research of ice load and environmental 
parameters in the design of ice structures, we presented 
the process and the basic content of the investment-benefit 
criterion, as well as the investment benefit criterion during 
the life cycle design .The research of this paper provides a 
scientific basis for the whole life design of the economic 
structures in Bohai.

Tab. 4. Management and maintenance measures of economical ice-resistant structures 

Risk human feeling pipeline operation structure fa-
tigue

foundation settlement foundation overturn

Mea-
sures

monitor monitor /detect detect monitor reinforce / maintenance
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ABSTRACT

The tumblehome hull adopts some novelty designs such as low-tumblehome freeboard and wave-piercing bow. The new 
form design makes the ship have many special hydrodynamic performances. Especially the green water of tumblehome 
hull is different from that of hulls with flare free board. Green water is a strong nonlinear phenomenon of ship-wave 
interaction, the variation of free surface of liquid is complicated, and there are still some difficulties to solve green water 
problems well with numerical simulation method. In this paper firstly the motion responses of the tumblehome hull 
was calculated based on 3D potential theory, and then the dam-break flow model was used to calculate green water 
height and pressure distribution. According to the result of numerical simulation, some typical working conditions 
are chosen for 3D CFD simulation using RANS method. The results of numerical simulation methods are compared 
with the experimental results measured in towing tank. The influence of different ship form parameters and wave 
parameters to the green water of tumblehome hull is analyzed, and some regularities of green water on tumblehome 
hull in regular waves are summarized.

Keywords: Tumblehome hull; Green water; Dam-break flow; RANSE

INTRODUCTION

The tumblehome hull adopts some novelty designs such 
as low-tumblehome freeboard and wave-piercing bow [1, 2]. 
Compared with flare designed hull forms, the tumblehome 
hull has better stealth performance [3], lower resistance and 
better longitudinal motion performance. However, for the 
low and intilted free board of wave-piercing bow, the wave 
split by wave-piercing bow can flood the deck easily, and some 
devices will be impacted seriously by the rushing water on 
the deck. Therefore, it is important to investigate the pressure 
distribution on deck, green water height and green water 
regularities of tumblehome hull.

Many researchers investigated green water of ships based 
on numerical simulation and model test. Pham [4] carried 

out a simplified numerical simulation of green water on the 
S175 high speed container ship by dam-break flow model, 
then obtained the impact loads on deck and applied to the 
analysis of wave proof effect. ZHANG[5] and Yonguk[6] give 
the dam-break flow wave solutions for green water. Sames[7] 
took a simulation of green water on a moving passenger liner 
by the solver COMET using RANS method. LIANG[8] et 
al. researched the problem of green water on 3D FPSO 
model by founding a numerical tank, the results are similar 
to the experimental phenomena. However, the research of 
green water on tumblehome hull is rarely. FUNENO[9] 
and Liu[10] solve green water problems using SPH method. 
Gó mez-Gesteira[11], Touzé[12] and Kristian[13] analyzed 
green water of ships use viscous flow theory. By analyzing 
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the phenomenon of green water on tumblehome hull, to 
understand   the law of green water, through the rational 
design of ship type parameters to improve the phenomenon 
of green water on tumblehome hull, these can make the study 
has some practical significance.

In this paper, the work mainly pointed to 5 types of 
tumblehome hull models with different stem inclination 
angle and freeboard inclination angle. Firstly, 3D potential 
flow theory is used to calculate the motion response in regular 
waves. Then dam-break flow model is used to calculate the 
height and pressure distribution of green water. By studying 
the effect of wave and ship form parameters on green water 
the green water characteristics of the tumblehome hull is 
analyzed. According to the calculation results, three typical 
working conditions are chosen to carry out 3D numerical 
simulation with RANS method. Finally, comparing the 
results of numerical simulation methods with the results of 
model test in towing tank, some regularities of green water 
on tumblehome hull in waves are summarized, and some 
suggestions for design in tumblehome hull are presented.

NUMERICAL CALCULATION MODELS

In head waves, the principle longitudinal motions of ships 
include heaving and pitching. Based on the linear theory 
of ship motions, ignoring the interference of hull to waves, 
the nominal relative motion of the ship can be expressed as:

0 ( ) -R qS t z t x t t                      (1)

Where: z t  is the heaving of the ship; t is the pitching 
angle of the ship; qx  is the distance between the considering 
point and the center of gravity of the ship; t  is the 
amplitude of incident wave.

The expression of the relative motion RS  of wave is:

0
R RS SUC S                                     (2)

Where: SUC is the step-up ratio of the relative motion, 0
RS is 

nominal relative motion of the ship.
If the water is over the freeboard as expressed in formula 

(3), the green water occurs:

R fS h                                           (3)

Where: fh is the freeboard of the bow, RS is the relative 
motion of wave for floating.

Dam-break flow model is a kind of shallow water wave 
model, which does not concern inertia force effect. Ignoring 
the inertia force, Saint-Venant Equations can be simplified 
as follows:

                         (4)

The coefficient C can be expressed as:

1/61C R
n

                                         (5)

Where: n is manning roughness.

For formula 5 into formula 4:
2 2

4/3-b
h n Vi
x R

                                        (6)

Then get the partial derivative of x on both sides of the 
form. Oder R≈h.

4/3 2

2 2
2
3 2

V V h h h
x h x n V x

                            (7)

For formula 7 into formula 4:
2

2 d
h h hD C
t xx

                                (8)

Where:
7/3

22 2( )b

h VhD hn V i
x

, 5
3dC V .

The formulas above are the flood diffusion wave equation, 
which the following solution can be get through the Laplace 
transform:

2

3/20
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c d

C x D d

C t xh xh x t dt
DttD

h Cx terf
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Cx te erf
DDt

         (9)

Figure 1 shows dam-break flow model used in green water 
calculation.

Fig. 1. Application of dam-break flow model on green water

The maximum time of RS  is taken as the initial time of the 
flow calculation. Considering the influence of the variation of 
the width of the deck on the variation of the height of green 
water, the height of the green water can be linearly corrected:
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( , ) ( , )
( )

0
f f

f

Bh x t h x t
B x                       (10)

Where: ( )fB x is the deck width at fx , 0B is the initial width 
of green water.

After getting the space-time distributing of height of green 
water, the momentum theorem is used for considering the 
dynamic effect of flood peak. The pressure expression is as 
follows:

( cos ) ( )D
GW D

V hP h g V
t t

               (11)

Where: is the density of water; h is the height of green water; 
VD is the vertical velocity of deck; θ is the trim angle of deck.

The first step of CFD simulation of green water is to 
establish the numerical wave tank, which is shown in 
Figure 2. Then the regular wave of different parameters are 
simulated based on unlimited depth wave theory. The size 
of the numerical wave tank is set up the same as the physical 
towing tank, and the parameters are as follows: the length, 
width and height are 108m, 7m and 3.5m, respectively. . The 
scale ratio of the calculated model is 1/40, which is the same 
as the tested model in the towing tank. The numerical wave 
tank has three regions such as the wave-generating region, 
the work region and the wave-absorbing region. Numerical 
simulation of turbulent flow employs the Reynolds Average 
Navier-Stokes (RANS) method. The control equations for 
the flow field include the continuity equation (12) and N-S 
equation (13).

( ) 0i

i

u
t x

( 1, 2,3)i               (12)

( )( ) i j ji i
i i

i i j j i i

u u uu u p S f
t x x x x x

( 1, 2,3)i                                      (13)

Where: is the density of water; is the coefficient of 
dynamic viscosity; if  is the mass force; iS is the additional 
momentum source term. 

For the numerical calculation, RNG k-  model is used, 
and VOF method is used to solve the multiphase problems. 
The computation domain and boundary conditions are set 
up as Figure 2 shows.

According to the results of the potential flow theory, the 
working condition of H=9m, /L=0.8, 1.0 and 1.2 are chosen 
as the typical conditions. Using the basic ship configuration 
C (α = 45 °, β = 10 °) to calculate green water load at the speed 
of 0kn and 18kn. CFD numerical simulation is carried out 
on scale model with scale ratio 1:40. The calculation results 
are the results at model scale.

Tab. 1. CFD simulation calculation parameters

Real ship CFD model

H (Wave height) 9m 0.225m

l (Wavelength) 144m, 180m, 216m 3.6m, 4.5m,5 .4m

Vs (Speed) 0kn, 18kn 0m/s, 1.46m/s

RESULTS AND DISCUSSIONS

The principal dimensions of the computational model are 
as follows The length of waterline (L) is 180m, the width of 
waterline (B) is 20.99m, the depth (D) is 15m and the draft 
(T) is 7m.

Figure 3 gives the definition of the stem inclination angle 
(α) and freeboard inclination angle (β). The computational 
model refers to different α and β using orthogonal combination 
method to obtain 5 types of hull design named configuration 
A(α=30°, β=10°), configuration B(α=45°, β=7°), configuration 
C(α=45°, β=10°), configuration D (α=45°, β=13°) and 
configuration E (α=60°, β=10°). The freeboard inclination 
angle caused by the difference is mainly reflected in the ship 
line above the free surface. Configuration B, C and D adopt 

Fig. 2. Computation domain and boundary conditions
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the same calculation model. The calculated speed of the hull 
and the wave parameters are shown in Table 2. 

Fig. 3. Sketch of inclination angle

Tab. 2. Environmental parameters of numerical calculation

Real ships speeds (kn) 0,10, 18,30

Wave direction (°) 180

Frequency of waves (rad/s) 0.65, 0.59, 0.53

Fig. 4. Sketch of panel model and the hydrodynamic grid ( α=60°, β=10°)

The panel model for computational is shown in Figure 
4. The motions of tumblehome hull in regular waves are 
calculated by using 3D wave loads calculation code WALCS. 
The calculation results are shown in Figure 5. From Figure 5 
it can be found that the motion response of configuration A 
is minimum and configuration E is maximum at 0kn. The 
motion response of three configurations are consistent at 
10kn. The motion response of configuration C is minimum 
and the motion response of configuration A is maximum 
at 18kn. Moreover, the motion response of configuration A 
is minimum and the motion response of configuration C is 
maximum at 30kn.

According to the motion prediction results of the ship, 
typical calculation conditions are set to calculate the height 
and pressure of green water by using dam-break flow model. 
According to the calculation results of configuration C (α=45°, 
β=10°), the influence of environmental parameters on green 
water is analyzed.

As shown in Figure 6, as H=9m, λ/L=0.8, 1.0, the height 
and pressure of green water first increase then decrease. As 
λ/L=0.8, the maximum value appears near the speed of 10kn. 
As λ/L=1.0, the maximum value appears near the speed of 

20kn. As λ/L=1.2, the height and pressure of green water 
increase with the increase of speed.

In order to study the influence of wave height on green 
water, height and pressure of green water under different 
wave height are analyzed. Wave height has direct influence on 
height and pressure of green water. The wave height increases, 
the height and pressure of green water also increased. The 
calculation results of the height and pressure of green water 
are shown in Figure 7~Figure 11. The numerical simulation 
result of the wave tank is like Figure 12 shown.

(a) Pitch response (v=0kn)

(b) Vs=10kn

(c) Vs=18kn
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(d) Vs=30kn

Fig. 5. The pitching angle response of tumblehome hull (Pitch)
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(b) Pressure of green water
Fig. 6. The height and pressure of green water of different l/L (H=9m)
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(b) Pressure of green water

Fig. 7. Green water height and pressure of different wave heights (λ/L=1.0)
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(b) Pressure of green water

Fig. 8. Green water height and pressure of different a (λ/L=0.8, H=9m)
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(b) Pressure of green water

Fig. 9. Green water height and pressure of different velocities (λ/L=1.0, H=9m)
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(a)Height of green water   
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(b) Pressure of green water

Fig. 10. Green water height and pressure of different a (λ/L=1.2, H= 9m)

(a)Height of green water

(b) Pressure of green water

Fig. 11. Green water height and pressure of different b (Vs=30kn, λ/L=1.2, 
H=9m)

Fig. 12. Numerical wave tank and CFD model

In summary, the green water of tumblehome hull mainly 
affected by the wave height, speed and λ/L. The effects of 
wave height on green water is the most significant, height and 
pressure of green water will increase with wave height. The 
influence of speed and λ/L is relatively small. The influence 
of speed on green water is different on different wave length. 
If λ/L=0.8, 1.0, the height and pressure of green water first 
increase then decrease. As λ/L=1.2, the height and pressure of 
green water increase with the increase of speed.  As a whole, as 
λ/L=0.8, the green water cannot occur easily; When λ/L=1.0, 
it is more prone to occur the green water; When λ/L=1.2, and 
the maximum value of green water is 30kn.

Change of stem inclination angle causes different shapes of 
hull under the waterline. Therefore, configuration A, C, E have 
different motion responses in regular wave. With the analysis 
of stem inclination angle effecting on green water like Figure 
7~Figure 11 shown. When λ/L is 0.8, with the increasing 
of stem inclination angle, the height and pressure of green 
water will increase, the height and pressure of green water 
will decrease at low speed. When λ/L is 1.0 or 1.2, with the 
increasing of stem inclination angle, the height and pressure 
of green water will decrease, the decreasing trend is more 
obviously at high speed.

It can be found that, the stem inclination angle has a great 
influence on the green water of tumblehome hull in regular 
waves. The proper increase of stem inclination angle can 
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reduce the occurrence of green water, and the external load 
generated by green water can also be reduced.

The differences of the three models: configuration B (α=45°, 
β=7°), configuration C (α=45°, β=10°) and configuration D 
(α=45°, β=13°) only reflected in the different deck width. 
The three height and the pressure curves of green water are 
almost coincident under different speeds with the change 
of freeboard inclination angle. The difference of height and 
pressure is very small among the three models, and the 
relative change of configuration C and D compared with 
configuration B is less than 1%. One side, the motion response 
of the three ships in regular waves is consistent, the height 
of green water at bow vertex is consistent; on the other side, 
The difference of deck width caused by different freeboard 
inclination angle is very small, did not have a significant 
impact on green water. The difference of green water with 
configuration B, configuration C, configuration D is small. 
The effect of green water on tumblehome hull in regular 
waves is not obvious in freeboard inclination angle. Figure 
10 shows the influence of freeboard inclination angle on the 
green water. When speed is 30kn, λ/L=1.2, H=14m.

In order to measure the pressure distribution of the ship’s 
bow, the number of measuring point is set as shown in Figure 
13.

The green water is closely related to the motion of the hull 
in waves. In regular wave, after the movement of the hull is 
stable, the green water appears periodically, from Figure 14 
and Figure 15 it can be found that the pressure amplitude of 
those measuring points show a periodic change. From Figure 
14 it can be found that at zero speed the pressure amplitude 
of the measuring points on the deck is markedly different. 
The maximum pressure point is closer to the bow and the 
pressure at IP12, which is farthest from the bow, has tended 
to be zero. Generally, the closer to the bow the amplitude is 
greater. As shown in Figure 15, at the speed of 1.46m/s, the 
pressure amplitude of the measuring points on the bow also 
indicate that the closer to the bow the amplitude is larger. 
However, the relative change is smaller. Comparing Figure 
14 with Figure 15, as the wave-length is 4.5m (λ / L = 1.0), the 
phenomenon of green water is more likely to stabilize with 
forward speed and the pressure amplitude also significantly 
greater than zero speed.

Figure 16, Figure 17 and Figure 18 give the comparison 
of numerical calculation results of dam-break model and 
experimental results measured in towing tank. According to 
the results of numerical calculation, three typical working 
conditions of configuration C are selected for model test in 
the towing tank of Harbin Engineering University (HEU), the 
working condition 1 (v=10kn, H=12m, λ / L = 1.0), working 
condition 2 (v=18kn, H=9m, λ / L=1.0) and working condition 
3(v=30kn, H=6m, λ / L=1.0). The green water height and 
pressure on the deck of model test results are compared with 
the numerical simulation results of dam-break flow models.

By comparing the results of model test with dam-break 
flow calculation results, the following conclusions are 
summarized:

1. The calculation results of heights and pressures of green 
water are less than those of model test. However, the 
trend of green water height distribution on deck of the 
two methods is similar. The results of the dam-break 
flow calculation at low speed are closer to the model test 
results than high speed.

2. For the ignorance of green water on motions prediction 
methods, the motion prediction results do not match 
the model test results well. Therefore, the errors of green 
water results at some points from dam-break flow model 
are large comparing with model test results.
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123
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Fig. 13. CFD simulation calculation of deck pressure measuring point layout 
diagram

Fig. 14. Wave pressure on the measurement point of deck (Vm=0m/s, λ=4.5m, 
H= 0.225m)

Fig. 15. Wave pressure on the measurement point of deck (Vm=1.46m/s, 
λ=4.5m, H=0.225m)
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Fig. 16. Comparison of numerical and experimental values (Vs =10kn, 
H=12m, λ/L =1.0)

Fig. 17. Comparison of dam-break flow and experimental values (Vs =18kn, 
H=9m, λ/L =1.0)

Fig. 18. Comparison of dam-break flow and experimental values (Vs=30kn, 
H=6m, λ/L=1.0)

CONCLUSIONS

The green water of tumblehome hull is different from 
traditional flare hull form induced by the complex hull 
shape. By analyzing the influence of wave parameters and 
dimensions of hull on green water of tumblehome hull, 
and comparing with the test results, some conclusions are 
summarized as follows:
1. Wave height has a great influence on green water of 

tumblehome hull, with the increase of wave height, the 
green water are more prone to happen and the loads of 
green water on deck is larger. The effect of wavelength 
on the generation of green water and the impact of wave 
loads will be varied with speed. Overall, as λ/L=1.0, the 
green water is most prone to happen; and as λ/L=1.2, at 
the speed of 30kn, the green water height is maximum.

2. The results of potential flow theory calculation and 3D 
CFD simulation indicate that, the height of green water 
is small under lower sea state, and green water happens 
only on a small area near the bow, along the ship breadth 
direction from the longitudinal section to the side of the 
descending. In a high state of the sea, the height of green 
water is large, and the pressure on bow deck is very small 
in the direction of the ship length and breadth.

3. The relative change of the green water height caused by 
the change of freeboard inclination angle is small, and 
the effect of the stem inclination angle on green water 
in the regular wave is obvious. With the increase of the 
stem inclination angle, the height and pressure of green 
water are obviously reduced.

4. The results of CFD simulation show that the process of 
inversion of the ship in the regular wave is closely related 
to the response of the hull, and the relative position of 
waves and hull has a direct impact on green water.

5. The calculation results of heights and pressures of green 
water are less than those of the model test. The results 
of the theoretical calculation at low speed are closer to 
the test results. The errors of green water results at some 
points from dam-break flow model are large compared 
with model test results for the ignorance of influence of 
green water on motion prediction.
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ABSTRACT

Coastline is one type of valuable non-renewable resources. From the perspective of economic theory, it can gather 
population, promote traffic construction, and then improve the level of international trade. The research object of this 
paper is the coastline resource in Dafeng area. Firstly, we have a brief summary of the existing coastline evaluation 
literature, then introduce the location and natural attributes of the coastline resources in Dafeng. Following that, 
the Analytic Hierarchy Process (AHP) model is used to build the economic evaluation index system based on the 
characteristics of coastline in Dafeng. Specially, this index system consists of 6 factors, and a total of 41 detailed 
indicators were chosen including water depth, GDP, etc. On this basis, we use the assignment method to quantify the 
weight of each index, and calculate the comprehensive score of coastline resource by using the YAAHP software. The 
final conclusion is as follows: The total score of economic evaluation of coastline resource in Dafeng is 0.87. Therefore, 
the coastline resource in Dafeng will eventually be constructed a unique coastal economic zone, where the implemented 
port industrial projects will include shipbuilding, logistics, mechanical processing etc.

Keywords: Coastline; Analytic Hierarchy Process; Evaluation System

INTRODUCTION

As coastline resource is an important natural resource, 
scientific evaluation is a prerequisite for the efficient use 
of this valuable resource. Therefore, research on coastline 
especially the evaluation of it has been a hot topic in academic 
circles for a long time. However, in the existing research 
on coastline resource evaluation, researchers mainly use 
GIS or engineering index system methods to study it based 
on geography theory. And there are few studies focus on 
the comprehensive utilization of coastline resource from 
the perspective of economics. Though, some scholars have 
done the research on coastline using some special economic 
methods in recent years, they still ignore the economic 
characteristics of coastline resource. Besides, the main 

objects of these studies are port coastline resource, few of 
them are aimed at silt coastline[1,2,3,4,5]. To solve the above 
drawbacks, this paper constructs the economic evaluation 
index system which meets the characteristics of coastline 
resource. Then, using the AHP method to get the weight of 
various indicators, and evaluate the utilization of coastline 
finally.

The research object of this paper is the coastline resource 
in Dafeng area. Obviously, this coastline is located in Dafeng 
City. In this place, the depth of the water is about 15m and 
it is stable. Meanwhile, the length of the coastline is about 
55km, and the width of -15m isobath is a bout 3-4km. 100000 
ton-ships can enter this area. The east side of Dafeng coastline 
is the small sand, it is a natural barrier and can prevent the 
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coastline from the erosion of wind and waves. The average 
velocity of small tide is 0.56-1.2 m/s and the average velocity 
of large tide is 0.83-1.26 m/s. The coastline in Dafeng area 
is not frozen all year round and can be used for more than 
300 days per year. The location and the TM Remote sensing 
image of coastline resource in Dafeng are shown in Fig.1 
and Fig.2 respectively. 

METHODS

THE PRINCIPLE OF THE MODEL

In this paper, the Analytic Hierarchy Process (AHP) 
method is used to evaluate the development of coastal 
resource. The model of AHP method covers the following 
5 steps:

1. The establishment of hierarchical model

The problem is divided into three specific levels according 
AHP method: the first level is the Target Hierarchy, it 

Fig.1. The location of coastline resource in Dafeng

Fig.2. The TM Remote sensing image of coastline resource in Dafeng
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represents the goal to be resolved; the second level is the 
Criterion Hierarchy, it will refine the target to the relevant 
secondary indicators; the third level is the Index Hierarchy, 
it will further refine the detailed indicators. The schematic 
diagram of the AHP model is shown in Fig.3.

2. The construction of judgment matrix 

The judgment matrix is used to determine the relative 
importance of each element in the hierarchy (for an element 
of the previous hierarchy), the number 1-9 and its reciprocal 
usually used to present the value of it. The meaning of the 
value of the judgment matrix is shown in Tab.1:

Tab.1. The meaning of the value of the judgment matrix

The value The meaning of the value 

1 The factor i is as important as the factor j

3 The factor i is slightly more important than 
the factor j

5 The factor i is  more important 
than the factor j

7 The factor i is very more important than the 
factor j

9 The factor i is extramly more important 
than the factor j

2,4,6,8 Half of the value of the above situation

reciprocal The reciprocal representation of the above 
situation

3. The single sequence of the hierarchy

The single sequence of the hierarchy is the process of 
determining the weight of the sequence of importance of 
the elements associated with it (for an element in the previous 
hierarchy). Its specific method of operation is to calculate the 
eigenvalues and eigenvectors of the judgment matrix. For 
the judgment matrix A, the eigenvalues and eigenvectors 
satisfying AW = λmaxW are calculated. Where λmax is the 

largest eigenvalue of A, W is the normalized eigenvector 
corresponding to λ max, the component Wi of W is the weight 
value of the corresponding element single sequence[6,7]. 

For the judgment matrix A, if aij=aij/ajk (i,j,k=1,2,3,…,n) is 
satisfied, it is said to be fully consistent. But this situation is 
generally impossible to achieve, so it is necessary to conduct 
a consistency check on the basis of the single sequence of the 
hierarchy. Then the consistency index CI of the measurement 
matrix A have to be calculated (n> 1 order square matrix), 
where CI= (λmax-n) / (n-1). When CI = 0, A is called fully 
consistent. And there is the greater the CI, the worse the 
consistency of A. The consistency ratio CR and the average 
random consistency index RI are introduced to test whether 
the judgment matrix A has a satisfactory consistency. The 
values of RI are shown in Tab.2.

Tab.2. The values of RI 

O
rd

er
 (n

)

1 2 3 4 5 6 7 8 9

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45

When CR <0.1, the judgment matrix A has a satisfactory 
consistency; otherwise, when CR ≥ 0.1, the consistency of 
the judgment matrix A can not be accepted, and it needs to 
be adjusted until it is satisfied.

4. The total sequence of the hierarchy

Calculate the same level of all factors for the highest level 
(the total target) relative importance of the sorting weights, 
called the total ranking of the hierarchy. If the previous 
hierarchy A contains the m elements A1, A2, ..., Am, the value 
of the total sequence of the hierarchy A are a1,a2,…, am. 
The weights value of the n elements B1, B2, ..., Bn of the next 
hierarchy B are b1j, b2j, ..., bnj respectively (where bij = 0, if Bi is 
not associated with Aj), then the value of the total sequence 
of the hierarchy B are shown in Tab.3.

Fig.3. The schematic diagram of the AHP model
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If 
1 1

1
n m

j ij
i j

a b , then its total sequence of the hierarchy is 

the normalized normal vector.

5. Consistency test

The calculation steps for consistency test of the total sequence 
of the hierarchy are as follows:

1

m

j j
j

CI a CI                                         (1)

1

m

j j
j

RI a RI                                         (2)

CICR
RI

                                            (3)

When CR <0.1, the judgment matrix A has a satisfactory 
consistency; otherwise, when CR ≥ 0.1, the consistency of 
the judgment matrix A can not be accepted, and it needs to 
be adjusted until it is satisfied[8,9,10].

FORMULA OF THE MODEL

In this paper, the quantification of indicators of coastline 
resource utilization model is complicated. Some of the 
indicators can be quantified directly, such as the natural 
conditions in the model of climate conditions. It can be 
expressed by Equation (4). A satisfactory value (upper limit) 
and an unsatisfactory value (lower limit) can be determined 
according to the actual situation.

Wki= (Pki – Pi min) / (Pi max - Pi min)                   (4)

In Equation (4), Wki -- the quantitative score of the index i of 
the coastline k, 0< Wki <1;

Pki -- the direct value of the index i of the coastline k;

Pi max -- the upper limit of the satisfaction value of the 
index i of the coastline;
Pi min -- the lower limit of the satisfaction value of the index 
i of the coastline.

The value of most qualitative indicators can not be quantified 
directly. In this paper, the expert scoring method is used to 
quantify these indicators by setting the most satisfactory 
value (upper limit) to 1, the most dissatisfied value (lower 
limit) is 0.Specifically, the satisfaction value is 0.9 - 1, the 
satisfaction value is 0.6 - 0.8, the general satisfaction value is 
0.4 - 0.5, the dissatisfaction value is 0 - 0.3.On this basis, the 
multi-factor comprehensive evaluation model is established 
according to the Equation (4)[11,12,13]. This model is used 
to evaluate the utilization of the coastline resource, and the 
specific formula is given in Equation (5).

1

m

k i ki
i

S Z W                                      (5)

In Equation (5), Si -- the total score of the coastline k, 0< Si <1;
Zi -- the total weight value of the index i of the coastline, 
0< Zi <1;
Wki -- the quantitative score of the index i of the coastline 
k, 0< Wki <1.

RESULTS

The economic evaluation index system of coastline 
resource includes 6 factors (ie. Natural Factors, Policy & 
Regulatory Factors, Economic Development Factors, Social 
Service Factors, Environmental Resource Factors, Traffic 
Regional Factors), which contain 41 detailed indicators. The 
indicator system is shown in Fig.4.

In this paper, AHP method is used to assign value to 41 
refinement indexes and operate by YAAHP software[14,15]. 
And the final score of the economic evaluation of Dafeng 
coastline resource is caculated according the Equations (4) 
and (5). The results are shown in Tab.4.

Tab.3. The schematic diagram of the toal sequence of the hierarchy

Sequence
A1 A2 … Am The toal sequence of 

the hierarchya1 a2 … am

B1 b11 b12 … b1m 1
1

m

j j
j

a b

B2 b21 b22 … b2m 2
1

m

j j
j

a b

… … … … … …

Bn bn1 bn2 … b1m
1

m

j nj
j

a b
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The coastline resource is classified as four different grades 
according to the final score and the port coastline level 
classification criteria[11-14]. They are shown in Table 4: (1) 
the best economic effect of coastline resource A (0.7 ≤ A ≤ 
1); (2) the excellent economic effect of coastline resource B 
(0.6 ≤ B <0.7); (3) the general economic effect of coastline 
resource C (0.5≤ C <0.6); (4) the poor economic effect of 
coastline resource D (0≤ D <0.5). 

The economic evaluation of coastline resource in Dafeng 
is shown in Fig.5.

Tab.4. The classification criteria for shoreline resources

The results of the evaluation Score

1. The best economic effect of coastline 
resource -- A 0.7 ≤ A ≤ 1

2. The excellent economic effect of 
coastline resource -- B 0.6 ≤ B < 0.7

3. The general economic effect of 
coastline resource -- C 0.5≤ C < 0.6

4. The poor economic effect of 
coastline resource -- D 0≤ D < 0.5

Fig.4. The schematic diagram of the indicator system

Fig.5. The economic evaluation of coastline resource in Dafeng
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CONCLUSIONS

In this paper, the Natural Factors are the most important 
prerequisites for the use of the coastline resource according 
to the above results. The total score of coastline sedimentation 
weight is 0.09018, which is the most important detailed factor 
in all. The Policy & Regulatory Factors play a significant 
role in the development of the coastline. Among them, the 
score of whether the development and utilization of coastline 
conforms to the regional development plan is 0.0888 and 
the score of the national regional industrial support policy 
is 0.0611. These two detailed factors are the key factors that 
affect the implementation of coastline development.

The comprehensive score of the coastline resource in 
Dafeng is 0.87. According to the classification standard, it 
belongs to Class A ( the best economic effect of coastline 
resource A (0.7 ≤ A ≤ 1) ) and it can be used to construct the 
port. And the implemented port industrial projects includes 
shipbuilding, logistics, mechanical processing. The coastline 
resource in Dafeng will eventually be constructed a unique 
coastal economic zone.
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ABSTRACT

Intense marine reclamation activities bring obvious benefits, meanwhile, these activities also influence the coastal 
natural formation, hydrodynamic processes and water environment etc. In order to investigate the exact influence in 
the Qinzhou Bay  brought by marine reclamation behaviors  in recent years, based on the remote sensing image data 
in the Qinzhou Bay in 2006, 2008, 2009, 2012 and 2014, with the help of GIS and RS software, the thesis interprets 
Qinzhou Bay coastline and artificial reclamation by man-machine interaction and makes quantitative analysis in 
the Qinzhou Bay coast evolution recently. The results show: (1) Qinzhou Bay coastal morphology change degree was 
strong in 2006 - 2012 and the coastline changed greatly. Originally part of the natural shore segments which had twists 
and turns were gradually filled into artificial coast, the coast constantly advanced to the sea, coastline became regular 
and straight; (2) The change degree of coastline was relatively small in 2006-2008, the average artificial coastline 
increased 8.86 km/a, the average artificial reclamation area was 20.79 km2 /a; in 2008-2012, the change range of 
coastline was the greatest, coastline changed most severely, the average artificial coastline increased 16.07 km/a, the 
average artificial reclamation area was 58.52 km2 /a; however, in 2012-2014, coastline change degree relatively slowed, 
the average artificial coastline increased 4.04 km per year, the average artificial reclamation area was 3.464 km2 /a. 
(3) Compared to the studies of predecessors, the innovation of this paper is that it is the first to carry out the detailed 
research on coastline evolution caused by  reclamation engineerings of the Qinzhou Bay, then formed the change results 
on coastline that caused by intense human activities in the Qinzhou Bay, provided the area of the marine environment 
protection with full and accurate data.

Keywords: Qinzhou Bay; marine reclamation; remote sensing; geospatial analysis; coastline evolution

INTRODUCTION

 Coastal zone is an important part of the ocean and 
the key area of ocean space which is useable The seawall, 
artificial island, harbor wharf, sea reclamation works 
etc., which were built for developing and utilizing were 
called coastal engineering. marine reclamations and other 
coastal engineering artificially can effectively alleviate the 
contradiction between people and land in the coastal zones, 
but also will cause harmful interference to the marine natural 

ecological environment. With the rapid development of 
regional social economy in our country, the acceleration of 
the modern urbanization and the modern industrialization 
pace, in order to expand their own survival and development 
space, people will naturally ask for development space from 
marine, so the contradictory problem between  people and 
the land will become more prominent. From the beginning 
of the founding of the PRC to the end of the 20th century, 
marine reclamation in coastal areas was a total of about 
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1.1×104 km2, the average reclamation area is 210-220 km2 
/a; in 2000 - 2005, the marine reclamation is near 300 km2 /a; 
however, in 2006 - 2010, this number increased to 700 km2 /a. 
These large-scale reclamation activities have made the length 
of coastline in China shortened by 2000 km than the early 
days of the founding of PRC [1]. The intense human activities 
bring obvious benefits to our country; at the same time, 
also influence on coast natural formation, hydrodynamic 
processes and water environment etc., like these problems that 
have emerged, led to quality reduction of coastal ecological 
environment, intertidal wetlands disappeared, ovipositor 
sites of offshore fish were buried and damaged, biodiversity 
was greatly reduced, variation of tide and tidal wave caused 
by the flow direction changed by near shore ocean currents 
, along with self-purification capacity decreased on the coast 
and others.

Fig. 1 Study area location and coastline distribution map

Beibu Gulf is located in the southwest coast of China, 
with an area of about 130 thousand km2. Coastal cities 
include Beihai, Qinzhou, Fangchenggang City of Guangxi 
and Zhanjiang-an important city in western Guangdong 
etc., which are relatively less developed coastal areas. In 
recent years, with the establishment of China - ASEAN Free 
Trade Area, the Beibu Bay Economic Zone rose for national 
strategy, “one axis two wings” M type regional cooperative 
strategic concept of Guangxi Zhuang Autonomous Region 
Party committee proposed, an unprecedented high tide of 
opening and development occurs frequently in Beibu Gulf 
(Guangxi) economic zone, a batch of major industrial projects 
centrally settled in Beihai, Qinzhou, coast of Fangchenggang 
City. Due to reclamation cost far less than that of land 
acquisition, most of these projects selected reclamation. After 
comparing with Zhenzhu Harbor area in Beibu Gulf area, 
Fangchenggang City area, Qinzhou Bay, Beihai and Tieshan 
port and other sea areas and analyzed, Ge Zhenpeng, Dai 
Zhijun [2] and other scholars thought that these areas had 
utilized shorelines to make reclamation to different degrees, 
and recently the coast by human reclamation changed 
most greatly was in the Qinzhou Bay. In order to get more 

representative research data, this study intends to select 
Qinzhou as the research object, because it is positioned as 
the industrial center city of coastal port by Guangxi, which is 
characterized in that the port and industrial lands were mostly 
formed by artificial reclamation and the speed and scale of 
reclamation was unprecedented. Since January 2008, the 
country formally approved the implementation of Guangxi 
Beibu Gulf Economic Zone Development Plan. Until to 2012, 
in less than 5 years, Qinzhou grabed opportunity, , created 
40 acres reclamation in a day, built a floor “Qinzhou speed” 
in seven days in Qinzhou, made10 million tons petrochemical 
enterprises, million tons paper-making enterprises, 10 square 
kilometers bonded port area, 55 square kilometers in China-
Malaysia industrial park and other projects have settled in 
Qinzhou. Qinzhou has reclamation and did big industry in 
common with most coastal cities, is a typical new industrial 
city asking for lands from marine with rapid development, 
has a general character that represents the research field that 
artificial reclamation change coastal morphology. It shows 
that the coastal people claim development space from marine 
for their life and development,. This study uses TM and ETM 
high resolution remote sensing image in different periods, 
analyzes Qinzhou Bay coastline morphology changes, and 
draws a conclusion that the influence of regional reclamation 
and other coastal engineering on the gulf natural shoreline 
morphology.

CURRENT CONDITION OF THE STUDY 
AREA

The Qinzhou Bay in the middle of coastal top of northern 
gulf in Guangxi (Figure 1), consists of the inner bay (Maowei 
Sea), outer bay (Qinzhou Bay) and the tidal inlet connecting 
with two bays (Bay neck). There, numerous islands, narrow 
in the middle, both ends are broad, East, west and north are 
surrounded by low mountains and hills.The Qinjiang River 
and Maoling River input in the north and to the south is 
the Beibu Bay. it is a semi-enclosed natural bay. The harbor 
entrance width of Qinzhou bay is 29km in west-east direction 
and  39 km in north-sourth direction. The bay area is 380 km2, 
where the shoal area is about 200 km2. According to the 
lithology along the coast in Qinzhou Bay, hydrodynamic 
conditions, shoreline stability and other factors, combined 
with field survey, the coastal morphology can be roughly 
divided into the following several types (Correspond 
with the number marked in Figure1 ): (1) bed rock cape 
coastal morphology, mainly distributed in the narrow bay 
neck area between outer bay and inner bay, the terrain is 
extremely patched.  mountains and low hills directly face 
sea, winding coastline and numerous branching streams, 
sea islands scattered, is a typical hilly Liman coast, such 
coastline is 175.38 km (account for 52.2% [3]); (2) The sandy 
coastal morphology, mainly distributed on both sides of 
the Qinzhou bay, is formed by external force, especially by 
sorting sediment of wave after sea level tends to be stable, the 
sand coast was generally far away from mountainous region, 
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mainly grew from the wave shadow that piles up behind 
the monadnock and bench terrace, also called a tombolo, 
coastal erosion morphology and accumulation morphology 
alternately distributes, promontory of monadnock or bench 
terrace raised up to sea, bay is concave, such coastline was 
32.2 km (account for 9.58%) [3]; (3) muddy coast morphology, 
mainly distributed in delta plain coastline of inner Maowei 
bay top, belongs to the Qinjiang River - Maoling River Delta 
complex delta region, riverbed inlets cover densely, coastline 
cuts fragments, shoal and tidal flat are wide, coastline 
seaward, tidal flat well develops, such coastline is 49.62km 
(Account for 14.76%) [3]; (4) biological coast morphology, 
mainly distribute in the north and northwest of the Maowei 
Sea and the Jingu River, and also distribute disjunctively in 
the Longmen Islands (the central Gulf), is composed by the 
mangrove, such coastline is about 100 km[3]; (5) Artificial 
shoreline morphology includes port construction, road 
construction around Sea, land reclamation, coast protection 
and artificial coastal engineering shoreline of all kinds, 
shoreline morphology is regular, appear to be flat.

THE SOURCE AND PROCESSING OF DATA

In order to study the influence of Qinzhou Bay reclamation 
project on the shoreline morphology, we selected the remote 
sensing images in 2006, 2008, 2009 and 2012 and 2014, which 
were the most intense period of time of opening-up and 
development of the Beibu Gulf Economic Zone as the main 
data source [4], and combined with the “2008-2025 Qinzhou 
City Overall Planning Graph”, investigate different change 
characteristics of coastline caused by reclamation engineering 
in the Qinzhou Bay in near future and next 10 years. Remote 
sensing image data come from China geographic spatial data 
cloud (http://www.gscloud.cn/) website, the spatial resolution 
is 30 m, and the spatial coordinates system is GWS-84. The 
shooting time of TM image in 2006 was October 30th, cloud 
cover was 1.0, the image quality was good; shooting time of 
TM image in 2008 was November 20th, cloud cover was 0.03, 
the image quality was better; shooting time of TM image in 
2009 was November 23rd, cloud cover was 0.04, the image 
quality is also very satisfied; shooting time of ETM image in 
2012 was October 22nd, cloud cover was 24.65, cover area 
of cloud was not within the study area, had no effect on the 
image quality in the study area; shooting time of ETM image 
in 2014 was October 12th, cloud cover was 20.53, cloud cover 
area was not in the study area. The study area had no effect 
on the image quality; after obtaining remote sensing images, 
the main application of ArcGIS10.0, ERDAS9.0, ENVI5.0 
and other GIS software and remote sensing image processing 
software did a pretreatment about shadowgraph, including 
geometric correction, atmospheric correction, image band 
fusion, image cutting and other images in the study area. 
Interpretation is mainly to make water and land divide, with 
the help of ENVI5.0, combined with the field survey, in the 
interpretation process. 

 Geometric correction is to enable remote sensing images 
have the same projection and coordinate system, influenced 
by earth curvature and rotation and other factors, resulting 
that pixels on the image would produce a certain distortion 
between coordinates in the image coordinate system and 
map coordinates system [5] and to obtain precise coordinates 
on remote sensing image where each pixel correspond with 
ground target, need to do geometric correction. We adopt 
the land use planning database as a reference in central city, 
Shabu Town, Qinzhou, in image, choose typical features and 
artificial buildings with clear location identification mark 
(such as road intersection, river intersection point, building 
boundary, etc.) as a reference point, complete image geometric 
correction in the geometric correction module of ERDAS9.0. 

Image band fusion is to enhance the remote sensing image 
processing, in order to make the remote sensing images can 
provide more categories and higher classification accuracy, 
synthesize the characteristics of the land sat bands and the 
combination contrast between different bands and research 
achievements of the predecessors, this thesis selects 5, 4, 
3 band combination. The false color image complexed by 
3 bands is close to the true color, land features are easy to 
identify, and the boundary is clearly visible.

COASTLINE EXTRACTION

Coastline is one of the elements of coastal geomorphology, 
and many researchers have put forward their own views and 
opinions on the coastline according to their research. Many 
researchers believe that the coastline is the boundary between 
the ocean and the land, that is, the boundary between water 
level of mean high tide and land, because it is relatively easy to 
locate in the field or make photography interpretation [6, 7]. 
The determined coastline in this paper is based on the water 
edge, which is interpreting by remote sensing, to determine 
coastline of study area after tide level correction.

Water edge extraction

There are many kinds of methods to extract water edge, 
including by visual interpretation, density slicing or edge 
extraction for single band image and multi-band classification 
extraction etc. [8]. In the process of extracting coastline, 
extracting water edge line is a very important step. Different 
coastal types make their different characteristics. We mainly 
study the influence of reclamation on the Qinzhou Bay 
coastline morphology changes, so the coastal types are rock 
coast and artificial coast will be taken into consideration. 
In the remote sensing image, the Bedrock Coast and the 
artificial coast have very obvious boundaries of water and 
land. According to the reflectance characteristics of water 
spectrum to select water pixel to make a analysis from the 
image, and determine average spectral curves of water pixel, 
make average spectral curve of water pixel as central criterion, 
if the target pixel spectrum falls within the average spectral 
curves of water pixel, it is determined to be water, otherwise 
land [9].
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TIDE LEVEL CORRECTION

Because the coastline is affected by the tide, the water edge 

it is just the instantaneous water edge when taking the 

(coastline is the dividing line between the ocean and land, 
namely boundary between mean high tide of sea water tide 
and land). Understandably, the probability is very small that 
image shooting is just the mean high tide line, therefore, to 
get real coastline need to make tide of water edge correction 
to the mean high tide line. Tide corrections are generally 
based on the tide height of satellite imaging time, mean high 
tide level and coast slope and other information to calculate 
horizontal distance between  instantaneous waterline and 
high-water line, so as to determine the shoreline position 
[10]. In this paper average monthly maximum tidal range 
and average monthly minimum tidal range in the study area 
of Longmen tide station in 2009 were collected, according 
to tide correction principle; we can get the adjusted distance 
4.04 m from water edge to the coastline in 2009. Due to the 
data at the Longmen tide gauge station in other years cannot 
be collected, we cannot calculate in 2006, 2008, 2012 and 
2014. due to 2009 was in the middle of 2006 and 2014, the 
correction in 2009 can be regarded as the average year. For 
lack of original data, the 4.04m obtained using tidal level in 
Longmen gauge was applied in the other years. Actually, our 
interesting region is far away from wide shoals. Here no 

of ‘4.04m’ is acceptable, and the average correction distance 
from water edge to coastline was 4.04 m in 2006 to 2014.

RESULTS ANALYSIS

Through super positions of interpretation results of 
five  satellite remote sensing image, it can be seen that: 
in 2006-2008 shoreline change of  the Qinzhou Bay was 
significantly complex, during these two years, new lans 
emerge continuously; while in 2008 – 2009, the Qinzhou 
Bay coastline changed rapidly, through 2009 - 2012 coastline 
change moved close to the level maintained in 2014, that 
is, reclamation area has tended to be relatively stable, but 
according to the Qinzhou City 2008-2025 Qinzhou Overall 
Planning, Qinzhou Bay coastline, in the next 10 years, 
Qinzhou Bay will continue to change along with the current 
trend, but will not change too intensely.

ANALYSIS OF COASTAL MORPHOLOGICAL CHANGES 
IN QINZHOU BAY

From the point of overall change space, the Qinzhou Bay 
Coastal morphology change rate was relatively great, bedrocks 
and biological mud coastline on both sides of the entrance of 
the Jingu River almost disappeared, new coast and part of the 
natural bank segments all turned into artificial coasts, coast 
continue to advace seaward, many originally winding coast 
were gradually filled, coastlines became increasingly flat.
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Coastal morphological changes in Qinzhou port area

In October 2006, the coastline in the Qinzhou Port 
only had wing angles, which toward the Gulf, land form 
was a shaped hook , forming an inner sound, coastlines 
with twists and turns, close to natural status; at this time, 
artificial coastline morphology changed slightly (Figure 1-1). 
Compared with images in November 2008, in the Qinzhou 
port a sea embankment was built up from bay wing to north-
south direction, the inner zone were encircled and coastal 
morphology became aciform (Figure 1-2). From the image 
in November 2009, it can be seen that from 2006 to 2009, 
Qinzhou port “hook-shaped” bay wing topography has 
become a small peninsula in bursting into the sea, inner 
Harbors became land (Figure 1-3), bedrock-typed natural 
meandering coastline was surrounded by regular and straight 
artificial coastline, so shoreline space form changed, and 
during this 3 years, due to artificial reclamation, land area 
increased 1.81 km2; in contrast with images in 2009-2012, the 
Qinzhou port coastline morphological changed little during 
this period, the Qinzhou port “hook-shaped” Bay coasts and 
the original bedrock shoreline merged to form a complete 
zone plate artificial land area (figure 1-4). While during the 
period of 4 years, due to the artificial reclamation project 
continued to expand, land area of the Qinzhou port increased 
4.52 km2. Until to 2014, in Qinzhou port, artificial reclamation 
was fully completed, coastline completely changed into 
artificial coastline.

Coastal morphological changes in Qinzhou Free Trade 
Zone

From satellite images in October 2006, the present 
position of the Qinzhou Bonded Port was in the sea (Figure 
1-1). Therefore, the Qinzhou Bonded Port Shoreline changes 
greatly in Qinzhou Bay, because it is in the depths of the ocean 
added an artificial coastal engineering without foundation. 
From (Figure 1-2) can be seen by November 2008, at an 
approximately pentagonal bonded port area had landed in 
the boundless ocean, from the east coast of theJingu estuary 
as a starting point, a long 3.48 km cross-sea road was built 
from north to south connected to the land in the sea, and at 
that time, The Sandun island was a dot that cannot be seen 
in satellite imagine. However, satellite image In November 
2009 displayed, the bonded port area of 6.95 km2 was basically 
formed in the sea (Figure 1-3), and a cross-sea road was built 
to connect it, and at the same time, The Sandun island had 
greatly changed. It is developed from scratch in the sea, and 
directly emerged a rectangular artificial island with 1.33 km2, 
and built 10.05 km long cross-sea road connected with land. 
In contrast with satellite images in October 2012, it can be 
found that the main artificial land of Qinzhou Bonded Zone 
and the Sandun island in the sea changed little, only filled 
lands between the bonded area land and Makouling coastline 
to connect lands in bonded area with landmass into a piece, 
formed a second delta artificial peninsula corresponding 
with the Qinzhou Port. According to the evolution trend 
and combined with the Qinzhou City Master Plan (Figure 
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2), we can see that in the next 10 years (2025) the Qinzhou 
Gulf coastal morphology changes might occur centrally  in 
the sundun island and bonded port area, a peninsula land 
might emerge between them.

COASTAL SHORELINE CHANGES IN QINZHOU BAY

According to the satellite image data, the period of time 
related to this study are 2006 - 2008 - 2009 - 2012-2014 and 
the coastline changes in tte Qinzhou Gulf in next 10 years 
(2025). As for the Qinzhou Gulf Coastline changes before 
2006, HuangGu[6], Zhou Xiangjun [5], MaYanli [11], Ge 
Zhenpeng [2] et al. combined with related discourse of the 
Beibu Gulf coastline changes, this paper will not repeat them. 
In this paper, the focus is set on the influence of the Qinzhou 
Bay reclamation project on the other coastline during 2006 
to 2014 and the next 10 years.

From the Interpretation results it can be seen that : In 
2006-2008, the Qinzhou Bay coastline change greatly, in 2006, 
it was 137.01 km2, while in 2008, it was 178.59 km2, within 
2 years, new coastal areas emerged continuously , increased 
41.58 km2, with an average increase of 20.79 km2/a (Figure 
3-1 to 3-2), and artificial coastline length increased 17.72 
km, the artificial coastline increased 8.86 km/a; in 2008-
2009, the Qinzhou Bay coastline changed rapidly, in 2009, 
reached 301.20 km2, annual growth was 122.61 km2 (Figure 
3-3), compared with coastal land areas in 2006, it increased 
164.19 km2, and compared with artificial coastline in 2008, 
it increased by 36.74 km, compared with 2006, it increased 
54.46km; during 2009-2012, in the Qinzhou Bay, coastline 
variation was still relatively severe. it was 458.89 km2 in 2012, 
the annual growth was 37.16 km2 (Figure 3-4), compared 
with 2006, it increased 321.88 km2 land area; while compared 
with the artificial shoreline in 2006, it increased 82.01 km; 
compared with 2009, increased 27.55 km, from 2009 to 2012, 
the annual average of artificial shoreline was 9.18 km, in 
2012-2014 the Qinzhou Bay coastline variation was relatively 
slowly, 528.17 km2 in 2014, increased 69.28 km2, annual 
growth was 34.64 km2 (figure 3-4), and compared with the 
coastal land areas in 2006, increased 391.16 km2, compared 
with artificial shoreline length in 2006, it increased 90.09 
km, compared with 2012, it increased 8.08 km; During the 
period of 2012-2014 an average annual increase in artificial 
shoreline was 4.04 km; from the Qinzhou City shoreline 
planning figure in 2025(Figure 2), and the coastal land area 
increased by 2401 km2  related to that of 2006, an annual 
increase was about 88 km2, compared with the coastal land 
area in 2015, it increased approximately 1149 km2. 

In summary, the Qinzhou Bay shoreline change degree 
was little in 2006-2008, in 2008-2012, it speed up, changed 
most dramatically, and in 2012-2014, it changed slowly, within 
the next 10 years from 2014 to 2025, growth will become 
relatively slow.

DISCUSSION

From the Qinzhou Bay coastal morphology and analysis of 
coastline evolution, the 6 years from 2006 to 2012 is the fastest 
time in the Qinzhou Bay coastal morphological changes. 
Because in May 2008, the State Council formally approved 
the establishment of the Qinzhou Bonded Port Area and 
Qinzhou began by blowing sand reclamation was conduced in 
the construction of the bonded zone. From May to November 
in 2008, in less than six months of the founding of bonded 
area, a land of 2.6 km2(Figure 3-2) was filled out, which 
created a “Qinzhou speed” by blowing sand reclamation 
projects. With this reclamation rate, by September 2009, 
increased land area had expanded 2-3 more times (Figure 
3-3). And before 2008 The Sandun island was just a sea land 
with a sanatorium in Xiniujiao, in 2009, a large oil project was 
started in the Sundun island,an meanwhile land reclamation 
began. Until to August 2010, the area has increased to about 
2 km2, and a road of 50m width and about 10.05 km length 
which connect to with the coast was built. In addition to the 
Qinzhou port for the implementing capacity expansion to 
do the reclamation project, made relatively calm and clean 
original ecology shallow bay in Qinzhou Bay become into 
the most violent regions of human activities in Beibu Gulf 
in recent years.

The inf luence of Qinzhou Bay reclamation project 
on Qinzhou Bay environmental was significent, mainly 
manifested in (1) the natural shoreline shape is changed, 
seawater power in the bay area was affected, so made flow 
velocity increase 0 - 0.2 m/s on the west and east side of the 
project area [12], although effectively reduce the sediment 
deposition in the port area, but will lead to an insufficient 
amount of sediment supply in Qinzhou Bay and may cause that 
northeast seacoast in Qinzhou Bay Sea would be exacerbated 
by seawater. (2) change the actual capacity of Qinzhou Bay 
seawater, admissible water volume was significantly reduced, 
in 2012 Qinzhou Bay water volume was decreased about 2.21% 
than in 2008[13], made Maowei Sea level elevation, gentle 
flow, causing that pollutants brought by the Dafeng River, 
MaoLing River and Qinjiang River  were not easy to spread 
and degrade. (3) coastal industrial and port construction, 
especially oil, paper-making and other industries, will bring 
pollution to the atmosphere of the Qinzhou Bay and seawater, 
including discharge of sewage, production waste, garbage, 
transport ship pollution and others to the gulf (4) influences 
on the Qinzhou Bay biological community, Qinzhou Port 
reclamation engineering dumped and buried shallow sea 
beach and low-lying shrimp ponds, seriously damage to 
the environment for the survival of costal life and some 
mangroves and amphibians may thus became extinct. (5) 
seawater tidal current field and tidal volume were changed, 
the direction of the flow field was changed due to the new 
shoreline in the eastern and South project area, the flow 
direction changed significantly, caused a decline in tidal 
volume in the bay, tidal volume of bay body in the Qinzhou 
Bay was reduced by 3934.38 * 104m3 and accounted for total 
tidal volume of about 2% in the Qinzhou Bay [8].
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CONCLUSION

periods, including 2006, 2008, 2009 and 2012 and 2014, 
combined with ArcGIS10.0 ERDAS9.0, ENVI5.0 and other 
GIS soft-wares and RS image processing software, interpret 
coastline by way of man-machine interaction, and makes 
quantitative analysis on Qinzhou Bay Coastal morphology 
and coastline dynamic changes, the main conclusions are 
as follows: 
1. During 2006-2012, Qinzhou Bay Coastal morphology 

change degree strongly, the bedrock and sludge biological 
mud shoreline on both sides of entrance of the JinGu 
River almost disappeared, new coasts and part of the 
original bank sections all turned into artificial coast 
types, coast continued to seaward, many originally 
winding coasts with twists and turns were gradually 
filled, shoreline became increasingly flat. 

2. In 2006 - 2012, Qinzhou Bay coastline changes greatly, 
but in 2006-2008 shoreline changed to a lesser extent; 
In 2008-2012, the tolerance of increase or decrease were 
biggest and shoreline change was most severe; while in 
2012-2014 speed was relatively slow; in the next 10 years 
from 2014 to 2025, growth rate will become relatively flat. 

3. The reason of Qinzhou Bay coastal change is mainly 
attributed to the reclamation engineering caused by 
the regional economic development. The influence of 
reclamation project on environment is rather large.
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ABSTRACT

Bohai is a typical marginal oil field in an ice region, where most of the oil and gas platforms are economical. Sea ice 
is the main factor that affects the safety of oil and gas platforms in Bohai. Due to the complexity of the ice load and 
ice-induced vibrations, there are large security risks when developing Bohai oil and gas in the winter. It is difficult to 
ensure the safe production of oil and gas in winter using existing sea ice disaster warning technologies. Based on winter 
oil and gas production in the Bohai Sea’s Liaodong Bay, a set of suitable sea ice management systems is proposed in 
this paper. These systems integrate sea ice monitoring, risk assessment and risk prediction technologies. Based on the 
risk warning system, an ice management model of a Bohai ice platform has been put into practice, which ensures the 
safe production of the platform in winter.

Keywords: Bohai; Sea ice management; Ocean platform; Ice-induced vibration; Ice risk prediction

INTRODUCTION

With technological developments and the constant demand 
for energy, the exploitation of offshore oil and gas has been 
extended into ice regions. In open waters, only conventional 
marine environmental loads (winds, waves and currents) 
have been considered in offshore oil and gas exploitation 
and structural design. In ice regions, however, both for 
marine engineering structure design and resource drilling, 
development must confront the problems caused by sea ice. 

In most ice regions, the threats to marine resources 
development from sea ice are much larger than those for waves 
and winds. Throughout history, accidents have occurred due 
to sea ice. In the 1980s, lighthouses in the Gulf of Bothnia 
experienced ice-induced vibrations, and one collapsed[1]. 
Over the same period, Molikpaq’s foundation, a sand base 

induced vibrations[2]. In 1969, a Bohai oil platform collapsed 
due to a severe sea ice disaster. 

In the late 1980s, significant ice-induced vibrations affected 
more than a dozen platforms in the Bohai Sea’s Liaodong Bay 
and imposed large security risks on oil and gas exploitation 
during the winter. During the winter of 2000, ice-induced 
vibrations caused pipeline fatigue fracturing and loosened a 
flange on the JZ20-2MSW platform. Continuous ice-induced 
vibrations on the JZ20-2MUQ and JZ9-3 platforms also 
reduced the comfort and work efficiencies of the operators 
and even led to serious harm to their physical and mental 
health. In such cases, sea ice management is needed as an 
important means to ensure the operational security of oil 
and gas platforms in winter.

International sea ice management is a comprehensive 
system that contains a variety of means and technologies. 
Sea ice monitoring, risk warning, emergency measures and 
other means are primarily used to analyze and evaluate the 
threats caused by sea ice and ensure production safety. For 
the establishment and improvement of sea ice management 
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systems in different environment, international scholars 
have done a lot of work on the research of sea ice management. 
Joakim Haugen et al.[3] describe a framework of an ice 
observer system for aiding decisions regarding risk assessment 
of the ice environment, and present Unmanned Aerial 
Vehicles (UAVs) as a viable sensor platform for dynamic 
positioning systems. Risto Haimelin et al.[4] discusse the 
risks in ice management operations caused by uncertainties 

ice management system. Charles C. Ryerson[5] provides a 
review of ice protection strategies for functional platform 
areas and suggests a framework for assessing the relative 
threat of ice accumulation types. 

The mainstream international methods for ice management 
are listed in Table 1. 

Tab. 1. Main ice management methods

Sea ice monitoring Risk prediction Emergency measure

satellite

aircraft

image sensor

sea-based radar

sonar

Autonomous 
Underwater Vehicle

evaluation of sea 
ice parameters

meteorological 
and hydrological 
parameter 
evaluation

threat rating

water cannons

icebreaker

iceberg drag

In the Barents Sea, Russian scientists have recorded large 
amounts of iceberg data using observation aircraft and ice 
breaking ships since the 1930s[6]. The data can be used to 
show the direction, size and distribution of icebergs in the 
area. The typical sea ice detection methods are shown in 
Fig. 1.

Fig. 1. Typical sea ice detection methods used throughout the world

In the Beaufort Sea, a set of sea ice management systems 

sea ice on oil and gas exploration and included ice monitoring, 
ice early warning, ice alarm and icebreaker command 
systems[7]. The monitoring system was primarily used to 

monitor the movement and melting of sea ice, the early 

degrees to provide targeted emergency measures, and the 
command system commanded and dispatched icebreakers 
to protect the drilling facilities to reduce the threat of sea 
ice to the project. 

As sea ice in different regions demonstrate the 

data, the principle, risk prediction and emergency measure of 
sea ice management have made progress. Andrew R. Mahoney 
et al.[8] suggest that the differences in the timing of the annual 
landfast ice cycle are largely through analysis of over 2500 
synthetic aperture radar (SAR) scenes spanning the period 
1996–2008 in the Chukchi and Beaufort Seas. Kenneth Eik et 
al.[9,10] present methodologies for both systematic evaluation 
of the need for the iceberg management system and structural 
reliability based on the experiences from the Canadian iceberg 

in the Kanumas area of the Greenland Sea during 2012–2014, 
Renat Yulmetov et al.[11] proposes an iceberg drift model 
including the rotation. Robert S. Pritchard et al.[12] present 
a blended mechanistic-statistical ice motion model for short-
term forecasts by virtue of an investigation of coherent ice 
drift features associated with individual ice beacons during 
winter 2008. J.V. Lukovich et al.[13] has provided an ice 
drift case study analysis relevant to, and template for, high-
resolution sea ice dynamic modeling studies essential for 
safety and hazard assessments of transportation routes and 
shipping lanes, ice forecasting, and nutrient and contaminant 
transport by sea ice in the Arctic. 

For the icebergs threat of oil exploitation on the eastern 
coast of Canada, McClintock[14] proposed a complete set of 
technologies for iceberg detection and tracking. Rudkin[15] 
also proposed a complex set of methods for evaluating the 
effectiveness of dragging an iceberg.

In the Bohai Sea, which is a typical marginal oil field, 
most of the offshore oil and gas platforms are economical 
platforms set in a seasonally frozen region for cost savings, 
which is unique, uncertain and carries great risk; there is 
no global precedent for this. Due to the large quantity and 
difference in ages and structural forms, each platform in Bohai 
has its own characteristics and anti-ice capacity. To date, 
existing technologies are mainly aimed at the observation 
and forecasting of sea ice features and cannot meet the 
risk warning accuracy and timeliness requirements of oil 
and gas platforms. In the field of international engineering 
development in cold regions, there are no monitoring and 
safety management systems for oil and gas exploitation. It is 
therefore necessary to build a risk prediction and emergency 
system for the Bohai Sea in winter. 

OIL AND GAS EXPLOITATION AND SEA 
ICE MANAGEMENT IN BOHAI

China began oil exploration and development in Bohai in 
the 1960s, and more than one hundred offshore platforms have 
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been built there. Because the water depths generally range from 
10-30 m and due to the nature of marginal offshore oilfield 
exploitation, most of the platforms are jacket platforms. Bohai 
lies between 37 degrees and 41 degrees north latitude. As 
a seasonally frozen region, it generally begins to freeze in 
December and melts during the following March. The glacial 
period lasts for approximately 2-3 months, and the longest 
period can be 4 months or more. The maximum volume of ice 
can be up to 60-70 km3. The threats caused by sea ice greatly 
influence oil and gas drilling, exploitation and transportation 
in Bohai. Historically, sea ice has caused many accidents 
on platforms and spawned great economic losses. Ice has 
become the most threatening factor for the oil platforms in 
Bohai Bay when compared with wind, ocean waves, currents, 
tides, and earthquakes. 

Because the general design life of a jacket platform is 15-20 
years, most of the platforms in Bohai are currently close to 
the end of their service lives. Although maintenance costs 
are high, the owners still want to extend the service life of 
the platforms on the oil-reservoir waters due to economics. 
In addition, at the time these platforms were designed, 
the research on sea ice was limited; the ice loads were not 
clearly understood, and the ice-resistant capabilities of these 
platforms are therefore poor. 

Fig. 2 shows a typical jacket platform in Bohai Bay. Early 

induced vibrations in Bohai[16]. Through long-term and 
continuous monitoring, it was concluded that the structures 
of the jacket platforms in Bohai are slender in comparison 
to deep-sea wave-resistant structures and that ice-induced 
vibrations can cause node fatigue failure of structures, 

health[17]. The vibration problems of platforms caused by 
dynamic ice forces are far greater than the overall safety 
risks under extreme loads. 

Fig. 2. Typical jacket platform in Bohai Bay

Yue et al. researched sea ice disasters involving oil and gas 
platforms in Bohai since the late 1980s. In the preliminary 
research stage, the monitoring of ice-induced vibrations 
lacked direction due to a vague understanding of the 
associated problems. Most ice load research studied the 

interactions between sea ice and platform structures. Ice 
force was measured on the jacket platform using a pressure 
box. In addition, there was an undefined understanding 
of sea ice management. Because the interaction between 
sea ice and platform structure is especially influenced by 
environmental conditions, as the research continued, targeted 
environment parameters, including winds, waves, currents 
and temperature, were monitored. A preliminary real-time sea 
ice monitoring system was then built based on the integrated 
application of meteorological observation stations, wireless 
network equipment, radars, cameras, current meters and 
other means. 

A complete sea ice management system has been established 
based on years of field monitoring and research. Ice resistant 
platform security has been gradually developed, and structure 
analyses and an evaluation system have been introduced. 

BOHAI OIL AND GAS PLATFORM SEA ICE 
MANAGEMENT TECHNOLOGY

Based on research on theories of how sea ice disasters 
develop and the failure modes of ice-induced vibrations, 
ice vibration risk levels and early warning standards have 
been advanced, and a real-time safety evaluation system for 
oil and gas platforms has been established. For the purpose 
of developing risk warnings for oil and gas exploitation 
in the Bohai Sea in winter, a set of monitoring systems 
has been developed that realizes a synchronous, real-time 
remote approach to monitoring using wireless transmission 
technology and creates an Internet database. Finally, risk 
prediction and emergency technologies were developed, and a 
Monitoring - Evaluation - Early warning – Emergency measure 
management mode was built based on the environmental 
characteristics of Bohai. The management consists of the 
following parts.

(1) Structural risk monitoring technology
Sea ice field monitoring is the primary purpose of the safety 

system in winter. Information on sea ice, platform structure 
and upper pipeline system is obtained using the monitoring 
technology to provide a basis for safety evaluations of the 
platform systems. On the other hand, the monitoring data 
will form the basis of sea ice prediction and risk warnings.

(2) Structure risk evaluation technology 
For the threats that ice-resistant platforms face in cold 

regions, the ice-induced vibration failure modes and 
discrimination indexes of the ice-resistant jacket platforms 
are determined by mechanical analyses to evaluate the 
security of the platforms in real time and effectively take 
emergency measures. 

 Early warning standards and emergency measures

Because accurate sea ice predictions are critical to ensure 
production safety  in winter, a method that combines 
numerical and statistical predictions has been presented to 
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forecast the generation, disappearance and movement of sea 
ice. Based on the sea ice predictions, the ice forces and ice-
induced vibrations are obtained by further analyses. In this 
manner, the safety level of a platform system can be predicted 
over the next 24 or 48 hours.

The above three parts are complementary and together 
compose the security system.

SEA ICE MONITORING TECHNOLOGY

Utilizing advanced sensors and data acquisition equipment, 
sea ice monitoring systems can monitor the risk factors of 
platforms without interruption, which enables monitoring 
at any time. In addition, with the aid of computer systems, 
monitoring data can be processed and analyzed.

 Using the MUQ JZ20-2 platform as an example (see Fig. 3), 
sea ice field monitoring systems for oil and gas platforms in 
Bohai should include all information that can indicate failures 
and include three monitoring systems: sea ice, environmental 
and structural response. Sea ice monitoring data are the 
requisite information for evaluating platform security and 
include thickness, velocity, distribution, and ice type. A video 
sensor is used to monitor the sea ice in the sea area of the 
platform, and the software shown in Fig. 4 is used to analyze 
ice thickness, velocity and concentration. The monitoring 
of sea ice environmental factors is mainly accomplished by 
monitoring meteorology and hydrology. A weather station 
is used to record wind velocity, water temperature and other 
meteorological parameters. The structural vibration response 
monitoring is divided into two parts: platform vibration 
monitoring and sea ice force monitoring. Acceleration 
was selected as the measurement parameter for structural 
vibration, and an acceleration sensor is used to record the 
platform vibrations. In addition, a pressure box is used to 
measure the sea ice force acting on the structure. 

Fig. 3. Bohai oil and gas platform sea ice monitoring system

Fig. 4. Sea ice image measurement software

As a marginal field, the oil fields in Bohai are scattered. 
Because the marine environments differ, the monitoring 
content in different areas differs. To conveniently manage 
the monitoring data on the platforms, a multi-information 
synchronization measurement system was established. This 
system applies wireless transmission technology to achieve the 
real-time control, monitoring and collection of the data from 
each platform. A typical measurement system is shown in Fig. 5.

Fig. 5. Ice detection and ice-induced vibration measurement system

In the Bohai, the system uses the MUQ JZ20-2 platform 
(center platform) as the relay node, which is connected to 
the Internet via satellite. The controlling terminal on land 
communicates with the field monitoring network through the 
Internet, so that the field monitoring data can be transmitted 
to the controlling terminal’s server on land over the network, 
and the land controlling terminal can also access the data in 
real-time. Using this system, the field monitoring data will 
be automatically transferred to the control center’s server on 
land, and experts can offer rational suggestions by inspecting 
the measured data. As shown in Fig. 6, the operations at each 
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center are interactive so that the monitoring of the risk factors 
can be synchronous, real-time and remotely accomplished.

Fig. 6. Multi-platform Internet monitoring system

SEA ICE RISK ANALYSIS AND EVALUATION 
TECHNOLOGY

The sea ice risk safety evaluation system for oil and gas 
platforms in Bohai is based on the field monitoring data. This 
system defines the failure modes and quantitative failure 
indicators of the platforms under sea ice loads, analyzes 
quantitatively the failure of the ice resistant platforms by 
numerical simulation, and establishes the different degrees 
of warning standards for different ice-resistant platforms. As 
shown in Fig. 7, based on the above methods, risk classification 
and assignment of the corresponding risk grades for the Bohai 
platforms are conducted. 

Fig. 7. Platform risk safety evaluation system

The main risk evaluation criteria for ice-resistant offshore 
jacket platforms should involve the following three parts

(1) Structural safety evaluation. Include structural damage 
caused by exceeding the limits of deformation or strength 
under extreme ice forces and structural fatigue caused by 
dynamic ice loads. 

(2) Personnel comfort evaluation. Deck vibrations caused 
by dynamic ice forces cause operators to feel unwell, which 
leads to inefficiencies when working and even damage to 
health. 

(3) Platform facility evaluation. Under the action of 
dynamic ice forces, strong continuous platform vibrations 
cause pipeline fractures and flanges to loosen, which affects 
facility operations.

The above risk evaluations and corresponding criteria are 
shown in Table 2.

Tab. 2 Evaluation criteria of platform risks in cold regions

Failure type Performance description
Failure 

discrimination 
index

St
ru

ct
ur

al Structural safety damage 
under extreme static ice loads

Structural 
deformation or 

strength

Structural fatigue damage 
under dynamic ice loads

Cyclical stress of 
tubular joints

H
um

an

Physical discomfort, 
degraded work efficiency, and 

even endangered health of 
the crew members induced 

by deck vibrations

Equivalent deck 
acceleration, 

frequency, duration, 
and direction

Fa
ci

lit
ie

s Unserviceability or damage 
to facilities on the platforms 
induced by intensive deck 

vibrations

Equivalent deck 
acceleration

According to the above risk evaluations and corresponding 
criteria, the contents of each failure type specifically related 
to the risk are divided as follows.

(1) Structural security hazard
The Jz20-2 offshore platform, which is composed by 3 

platforms (Jz20-2MUQ, Jz20-2MSW and Jz20-2NW), is used 
as an example. The frequencies, ultimate displacements and 
limiting accelerations of the platforms are listed in Table 3:

Tab. 3 Maximum values for the Jz20-2 platform

Frequency
(Hz)

Maximum 
displacement

(mm)

Maximum 
acceleration

(m/s2)

Jz20-2MUQ 1.17 168 9.06

Jz20-2MSW 1.44 130 10.63

Jz20-2NW 1.01 118 4.74

For each platform, the security of the structure can be 
judged by comparing the displacements or accelerations of the 
platform with the limiting values to avoid damaging effects 
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from sudden sea ice disasters. Considering the complex 
characteristics of the sea ice and platform structures in Bohai, 
Yue Q.J. [18] proposed a fatigue analysis process based on 
research on the ice-induced fatigue problem (as shown in 
Fig. 8). On that basis, Zhang D.Y.[19] put forward a method for 

data to evaluate fatigue damage to platforms, employing the 
method in combination with numerical analysis.

Fig. 8. Time-domain fatigue analysis flow chart

(2) Influence of personnel comfort
The influence of vibrations on the human body is mainly 

related to vibrational frequency, the root mean square value 
of acceleration, duration and direction. Because the vibration 
frequencies of offshore platforms are mainly focused at 1 Hz 
and are horizontal, referring to the Chinese national standard 
(GB/T 13442-92) of the regulation on the less than 2 Hz 
vibration index, the relationship between the root mean 
square value and exposure time becomes clarified, and the 
standard has been defined at three levels: comfort reduction, 
work efficiency reduction and exposure limit (as shown in 
Table 4). By combining the root mean square values of the 
critical acceleration of each stage with the measured values, 
human responses can be evaluated in real time. 

Tab. 4. Acceleration root mean square limits for humans undergoing 
horizontal vibrations (units: m/s2)

24
 h

16
 h

8 
h

4 
h

2.
5 

h

1 
h

25
 m

in

16
 m

in

1 
m

in

I 0.03 0.05 0.07 0.11 0.16 0.27 0.40 0.48 0.63

II 0.095 0.158 0.221 0.347 0.504 0.851 1.260 1.512 1.985

III 0.19 0.316 0.442 0.694 1.008 1.702 2.52 3.024 3.97

(I- comfort reduction, II- reduction in work efficiency, III-exposure limit)

(3) Impact on platform facilities
Under strong ice-induced vibrations, fractures and 

loosening are much more likely to occur on platform pipelines 
and flanges. Based on years of deck and pipeline vibration 
monitoring and research on Bohai oil and gas platforms, it 
can be considered that the root mean square value of the deck 
acceleration is the main parameter to judge the vibrational 
circumstances of pipelines and flanges. The failures can be 
divided into three cases: minor damage, flange loosening and 
pipeline fractures, as shown in Table 5. Evaluations and 
analyses of vibration conditions are then based on actual 
measurement data, and real-time warnings therefore can 
be implemented. 

Tab. 5. Acceleration root mean square limits for pipelines undergoing 
horizontal vibrations units (m/s2)

Status Maximum RMS acceleration

I minor damage arms<0.4

II flange loosening 0.4<arms<1.04

III pipeline fractures arms>0.4

RISE PREDICTION AND EMERGENCY MEASURES

The accurate prediction of sea ice conditions and risk 
warnings for oil and gas exploitation are necessary for safe 
production on oil platforms in Bohai. Using the method 
of combined numerical and statistical forecasting, a 
risk warning model for oil and gas exploitation in Bohai has 
been developed, as shown in Fig. 9. Based on the weather and 
hydrological predictions and initial ice conditions, sea ice is 
predicted, ice forces and the ice-induced vibrational responses 
of different platforms are further analyzed, the safety grade 
of the platform system is predicted over the next 24 or 48 
hours and timely emergency measures are taken. 

Fig. 9 Risk forecasting and warning system

(1) Sea ice prediction
Sea ice prediction is among the key factors for predicting 

ice loads and platform vibrational responses. Numerical 
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prediction models are usually used when making predictions 
based on sea ice and monitoring meteorological and 
hydrological data. Ji S.Y.[20] established a visco-elastic-
plastic constitutive model for sea ice dynamics and developed 
a numerical method that combines Euler and Lagrange 
coordinates to improve numerical prediction accuracy. The 
numerical prediction model transforms satellite images 
into binary images to determine sea ice edge lines and ice 
concentrations. Comparing a gray image with monitoring 
data ensures the relationship between ice thickness and gray 
value. Finally, the initial sea ice distribution data are obtained. 
Referencing the meteorological and hydrological changes in 
the last 24 hours, such as shown in Fig. 10, the thickness and 
density of the sea ice are predicted. Initial ice thickness and 
initial ice intensity distributions are shown in Figures 10 (a) 
and (b), and ice thickness and ice intensity distributions after 
24 hours are shown in Figures 10 (c) and (d).

Through numerical simulation, sea ice conditions can 
be obtained directly. However, the numerical simulation 
accuracies can be influenced by many factors, including the 
initial sea ice field, calculation parameters, thermodynamic 
factors, and computing mode. Especially in the extreme and 
changing climate, the numerical prediction method may 
encounter great difficulties when considering the conversion 
processes of sea ice types. The statistical prediction of sea 
ice elements is an empirical prediction method whereby 
the regularity of the motion and evolution of sea ice in 
areas near oil platforms, including weather conditions, sea 
ice types, and hydrological conditions, are summarized. Based 
on the monitoring data, the following conclusions are drawn.

(i) Meteorological conditions
The influence of wind on ice conditions should be 

considered when north winds reach magnitudes exceeding 5.
Ice conditions would be reduced by south winds, and the 

influence on ice conditions would not be considered when 
the wind is southerly.

For temperatures below -6, ice conditions generally worsen.

(ii) Sea ice type
The platforms have been less affected by broken sea ice 

but have been significant impacted by whole pieces of sea ice. 
The influence on the platforms should be considered for 

nilas ice, pancake ice, gray ice or gray-white sea ice types and 
for thicknesses exceeding 10-12 cm.

(iii) Hydrological Conditions
In general, the danger caused by sea ice usually occurs 

during periods of ebb tides and when the velocity exceeds 
40 cm/s.

Other dangerous moments are at 18:00-23:00 and 0:00-
4:00, at high tide.

Ice-induced vibrations do not occur when sea waves are 
above moderate.

(2) Ice-induced vibration response prediction
The prediction of ice-induced structure vibrations is 

based on a method that combines dynamic calculations and 
statistical analysis. The intensities of ice-induced vibrations 
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on platform are decided by three factors (ice velocity, ice 
thickness and ice breaking strength). Because the breaking 
strength of ice varies little within a sea area, ice condition 
can be described by ice velocity and thickness. Although the 
ice velocity and the ice thickness distributions are unrelated 
stochastic processes, ice condition can be described by a 
combination of ice velocity and ice thickness. The acceleration 
response of a deck under different ice conditions (shown in 
Fig. 12) is calculated using a finite element model (shown 
in Fig. 11). 

Fig. 11. Finite element model of Jz9-3GCP

Fig. 12. Maximum acceleration of the JZ93-GCP platform under different ice 
conditions

Using the above methods, platform vibration response 
can be predicted based on the sea ice predictive parameters 
and research on the interactions between ice and structure, 
and the sea ice risk can then be evaluated. 

According to a statistical analysis of ice acceleration 
data, the relationship between ice acceleration and ice 
velocity has been confirmed to be linear under certain ice 
thickness conditions. Based on the ice-induced vibration 
monitoring data from 2009 to 2013, Fig. 13 shows the 
analyzed relationship between the root mean square values 

of the acceleration of the JZ20-2MUQ platform and nearby 
ice thickness, and Fig. 14 shows the analyzed relationships 
between the maximum acceleration and the velocity and 
ice thickness.

Fig. 13. The relationships between the root mean square value of the 
acceleration and the ice thickness

Fig. 14. The relationships between the maximum acceleration and the velocity 
and ice thickness

Based on the monitoring data, the linear relations between 
the ice-induced vibrations and the ice thickness and ice 
velocity were statistically established. The relations can be 
expressed as 

2
i ia h v                                 (1)

where a  is the acceleration (gal) of the structure,  is an 

undetermined coefficient, ih  is the ice thickness (cm), and 

iv is the ice velocity (cm/s). 
According to the above statistics, the  for predicting 

acceleration on the JZ20-2MUQ platform under different 
ice thickness conditions are given by formula 3-1 and are 
shown in Table 6.
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Tab. 6. The coefficients of different ice thicknesses from JZ20-2MUQ

hi α

6 cm 0.00521

8 cm 0.00370

10 cm 0.00289

12 cm 0.00236

The monitoring data for Jz20-2MUQ from 2014 to 2015 
were used to validate the model. The predicted and measured 
values of the ice-induced vibrations of the JZ20-2MUQ 
platform under different ice conditions are shown in Table 7.

Tab. 7. Predicted and measured values for the JZ20-2MUQ platform
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4.5/9 1.16 1 16%
5.5/9 1.52 1.5 1.3%
6.5/9 1.84 2 8%
7/12.5 2.73 2.5 9.2%

8.5/27.5 6.94 7.5 7.4%
9/17.5 4.67 5 6.6%
10/17.5 5.06 4.8 5.4%

11.5/22.5 7.41 6 23.5%

Table 7 shows that the predicted results were close to the 
measured values, with errors of 5.4% to 23.5%. The statistical 
forecast model can  satisfy the demands of engineering 
applications. 

(3) Risk prediction and emergency measures
Based on years of sea ice monitoring data and practical 

experience, the quantitative indexes for safe production on 
platforms (e.g., early warning of dangerous time, platform 
warning suggestions, and icebreaker management) should be 
proposed for risk prediction and emergency measures to make 
24-hour short-term predictions for the platforms. The early 
warnings for times of danger primarily include weather, ice 
type and hydrological condition forecasts. As shown in Fig. 15, 
the platform warning suggestions intended for potential risk 
predictions for the platforms include personnel health and 
facility and structural safety for the next 24 hours. Icebreaker 
management manages icebreaker dispatches, icebreaking 
directions and icebreaking ranges. 

Fig. 15. 24-hour risk predictions

The management of icebreakers is divided into three levels: 
enhanced monitoring without icebreakers (level I), increased 
numbers of icebreakers on duty (level II), and breaking the 
ice a half hour prior to danger (level III).

CONCLUSIONS

In this paper, for the purpose of risk warnings for oil and 
gas exploitation in the Bohai Sea in winter, an ice-induced 
vibration risk system for platforms has been established, ice-
induced vibration risk grades and early warning standards for 
platforms have been formulated, and a dynamic evaluation 
system for sea ice disasters for platform security has been 
put forward. 

Based on the ice-induced vibration failure modes and early 
warning standards of the platforms, a dynamic monitoring 
system for ice-resistant platforms has been established. The 
system can monitor the risk factors synchronously, remotely 
and in real time using developed mass data transmission and 
analysis software. After years of application, the system has 
proven to be stable and durable. 

Based on a small-scale numerical simulation and prediction 
method for sea ice, an ice condition prediction and risk early 
warning system has been built for the Bohai oil and gas 
platforms. The sea ice disaster risk early warning system for 
the oil field and emergency technologies have been applied 
and incorporated into practical engineering. 

Sea ice management for oil and gas platforms 
guarantees the security of life and property in Bohai and 
brings large economic and social benefits. The system also 
significantly offers field-monitoring data for ice-resistant 
structure designs in cold regions. 
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ABSTRACT

Crosstalk in wiring harness has been studied extensively for its importance in the naval ships electromagnetic compatibility 
field. An effective and high-efficiency method is proposed in this paper for analyzing Statistical Characteristics of 
crosstalk in wiring harness with random variation of position based on Polynomial Chaos Expansion (PCE). A typical 
14-cable wiring harness was simulated as the object of research. Distance among interfering cable, affected cable and 
GND is synthesized and analyzed in both frequency domain and time domain. The model of naval ships wiring harness 
distribution parameter was established by utilizing Legendre orthogonal polynomials as basis functions along with 
prediction model of statistical characters. Detailed mean value, mean square error, probability density function and 
reasonable varying range of crosstalk in naval ships wiring harness are described in both time domain and frequency 
domain. Numerical experiment proves that the method proposed in this paper, not only has good consistency with 
the MC method can be applied in the naval ships EMC research field to provide theoretical support for guaranteeing 
safety, but also has better time-efficiency than the MC method. Therefore, the Polynomial Chaos Expansion method.

Keywords: Naval ships wiring harness; Crosstalk; Polynomial chaos expansion; Statistical characteristics

INTRODUCTION

Crosstalk in naval ships wiring harness can be determined 
by numerous reasons, such as the randomness of binding and 
fixation, variety of driving speed, jolt and vibration caused 
by operating condition etc. [1-3]. Research revealed that 
the crosstalk in naval ships wiring harness is very sensitive 
to positions. Vibration of the crosstalk is able to be raised 
up to 20 dB by the change of relative positions. However, 
computational electromagnetics methods such as multi-
conductor transmission line theory (MTL), finite difference 
time domain (FDTD) and method of moment (MOM) are 
mainly focus on the assumption that all cable positions are 
fixed and invariable [4-9]. Calculations and analysis are based 

on this assumption. Compute resources can be consumed 
tremendously and results can be dissatisfaction if these 
methods are adopted to calculation of random placed cable. 
Therefore, it is becoming a trend to research the fast and 
reasonable method for analyzing the statistical characteristics 
of crosstalk in wiring harness in recent years. 

Monte Carlo (MC) method is an important method that 
are applied in this field [10, 11]. Generally, MC method along 
with numerous methods such as convolution method and 
collocation method are adopted to analyze the statistical 
characters of wiring harness. Statistical characters including 
the mean value, mean square error and reasonable varying 
range of naval ships wiring harness are normally calculated 



POLISH MARITIME RESEARCH, No S2/2017206

besides probability density function for analysis [12]. However, 
the calculating efficiency is influenced by generating cross-
section samples when these methods are adopted to predict 
the related interference statistical characters. In this way, it 
is not efficiency to use these methods in actual industrial 
applications.

In this paper, a polynomial chaos expansion (PCE) method 
is proposed to analysis statistical characters including the 
mean value, mean square error, reasonable varying range 
and probability density function in both time domain and 
frequency domain for naval ships wiring harness. This method 
is based on the distribution type and varying position of naval 
ships cable to choose orthogonal polynomial basis function. 
Then, chaos polynomial expansion of distributed parameter 
is performed. Meanwhile, corresponding coefficient of each 
expansion term is obtained. In this process, related statistical 
characters of naval ships cable distribution parameter can be 
determined by the property of chaos polynomial expansion. 
Then, combined with boundary conditions, related statistical 
characters of crosstalk in naval ships wiring harness in 
frequency domain can be determined by chaos polynomial 
expansion. Finally, results of PCE and MC method are 
compared and discussed. To be noticed that the geometric 
position variable of cables is based on Gaussian distribution 
and uniform distribution, and the uniform distribution 
is discussed specially in this paper. The method proposed 
in this paper can be used as an effective tool to analysis 
electromagnetic compatibility in naval ships aspect.

THEORY

Polynomial chaos expansion method is a powerful and 
effective mehtod which is widely applied in numerous aspects 
such as industrial, material research and mathematical field 
[13-18]. The fundamentals of polynomial chaos expansion 
and uniform distribution will be briefly summarized here 
only to guide the audients and define units. Besides Gaussian 
distribution, uniform distribution is also an important type 
of distribution which is adopted in the engineering field [19-
21]. It exerts its influence in the statistical aspect. Thus, in 
order to analysis its statistical characters, polynomial chaos 
expansion will be performed for random event with random 
variable in accordance with uniform distribution. Under 
such circumstances, the corresponding basis functions are 
Legendre orthogonal polynomials. In this way, assume a 
random process is expressed as:

( )Y y                                            (1)

The random variable 1 2, ,..., T
n can be seen as 

n-dimensional independent uniform distribution input. The 
expression of polynomial chaos with Legendre orthogonal 
polynomials as basis functions can be shown as:

           (2)

where 0b ib ijb ijkb are certain coefficient 
to be solved and pL  is a p-order Legendre orthogonal 
polynomial. For a p-order Legendre orthogonal polynomial 
at n-dimension, it can be expressed as follow:
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2 !
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          (3)

Similarly, expression can be obtained in equation (4) 
with m-term p-order finite terms by using the truncation 
of equation (2).
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Y c                                  (4)

Then the certain coefficient îc  to be solved is 
corresponding to 0b ib ijb ijkb ...... and Legendre 
orthogonal polynomials are corresponding to the polynomials 
obtained by equation (3). In addition, the solution of Legendre 
orthogonal polynomials is a set of complete orthogonal basis 
functions that satisfy the below equation:

 
2,i j i ij                                (5)

where ij  is Kronecker delta function that can be expressed 
as:

0
1ij

i j
i j                                       (6)

For Legendre orthogonal polynomials, weighting function 
( )W  is expressed as:

1 1
2( )
0 1

nW                        (7)

Similarly, coefficient îc  and term m can be obtained by 
using equation (8) and (9).

!
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                                    (8)



POLISH MARITIME RESEARCH, No S2/2017 207

  (9)

Be coupled with equation (9) and (10), the mean response 
LmeanY  and variance LvarY  based on the random events of 

chaos unfolding Legendre orthogonal polynomials can be 
expressed below in equation (11) and (12):

(10)

0ˆ=LmeanY c
                                       (11)
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m

Lvar i i
i

Y c
                           (12)

Therefore, the method of performing polynomial chaos 
expansion to random events, which own random variables 
obey uniform distribution, is obtained and is adopted in 
this paper.

SIMULATION AND ANALYSIS

MODELLING OF NAVAL SHIPS WIRING HARNESS

In order to investigate the crosstalk of naval ships wiring 
harness accurately and reasonably, it is essential to quantify 
key factors and to establish the model. Therefore, the method 
of performing polynomial chaos expansion is adopted to 

analyze the statistical character of distribution parameter 
and cable interference.

The cross section of a typical naval ships wiring harness, 
which is according to the industrial standard, is shown in 
Fig. 1. It contains 14 independent copper cables that are fixed 
tightly inside the insulating layer made of polyvinyl chloride 
(PVC). The radius of the wiring harness and a single cable 
is 4.5 mm and 0.4 mm, respectively. The distance between 
central position and the reference ground (GND) is 25 mm. 
Assume the relative dielectric constant εr=3.0, the thickness of 
insulating layer is 0.6 mm, the length of the wiring harness is 
1.25 m and the weak-coupling cables are electrically lossless. 

The equivalent circuit model of the interfering cable, the 
affected cable and GND is shown in Fig. 2. Considering that 
there are many cables in the wiring harness, the position 
range is relatively large and the insulating layer is thick, the 
inductance and capacitance matrix per unit are obtained that 
is convenient for polynomial chaos expansion. 

Fig. 1 Modeling of wiring harness cross section

Fig. 2 Equivalent circuit model of the interfering cable, the affected cable and 
GND

The inductance matrix per unit L can be expressed as:

       (13)

where 0  is permeability of vacuum, 1r  and 2r  are the radius 
of the interfering cable and the affected cable respectively, 
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1h , 2h  and d are the distance to GND and relative distance 
of the interfering cable and the affected cable, respectively. 

The inductance matrix per unit L  can be ignored 
considering that there are insolating layers. However, 
the capacitance matrix per unit C  is affected and can be 
expressed as:

(14)

where 1e r r is effective dielectric constant, 0  is 
permittivity of vacuum and r  is relative dielectric constant, 

1t  and 2t are the thickness of the interfering cable and the 
affected cable, respectively. 

From equation (13) and (14), the value of each element of 
distribution parameter matrix is decided by cable positions 
when the wiring harness type is fixed. These positions are 
consisting of distance 1h  between the interfering cable and 
GND, distance 2h  between the affected cable and GND 
and the relative distance d . In this way, the statistical 
character of distribution parameter and cable interference 
can be determined by above three coefficients. Therefore, 
the polynomial chaos expansion method is performed in 
the following sections to investigate the statistical characters 
under the condition of uniform distribution.

STATISTICAL ANALYSIS OF CROSSTALK IN WIRING 
HARNESS BASED ON PCE METHOD

The elements of inductance and capacitance augmented 
matrix per unit can obtained based on PCE method. 
Substitute the results obtained from equation 3 and 15 based 
on the Legendre orthogonal basis transfer function i  and 
the corresponding coefficient iL  and iC  into equation 16, 
while p=1. Then, substitute the generated normal random 
number which is comply with the requirement of parameter 
into equation 16. 
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Based on the PCE method, the crosstalk of the model 
shown is analyzed both in time domain and frequency 
domain. Assume 1h 2h [20.5, 29.5]mm d [1.2, 7.8]
mm, the following expression can be obtained.
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For
T

1 2 3, , , p=1, m=4, the following equation 
can be obtained:
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(18)
where the input of the 3-dimention random variable is in the 
range [-1 1], p is the order of expansion and m is the number of 
terms. Assume excitation voltage source is a single frequency 
sine wave signal and the amplitude is 1 V. The frequency 
range is from 1 kHz to 300 MHz. Under two conditions of 
terminating high impedance and low impedance, the mean 
value, mean square error and reasonable varying range of 
the crosstalk in near-end can be calculated based on the 
Legendre-PCE method. Results are compared with MC results 
and are shown in Fig. 3 and Fig. 4.

(a) Mean value and mean square error 

(b) Reasonable varying range

Fig. 3 Comparison of crosstalk in near-end based on Legendre-PCE and MC 
method in frequency domain while terminating high impedance
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(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 4 Comparison of crosstalk in near-end based on Legendre-PCE and MC 
method in frequency domain while terminating low impedance

Similarly, Legendre-PCE method is adopted to investigate 
the mean value, mean square error and reasonable varying 
range of the crosstalk in far-end of naval ships wiring harness 
for both terminating high and low impedance in frequency 
domain. Results are shown in Fig. 5 and 6 and are compared 
with MC results of 3000 samples. 

(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 5 Comparison of crosstalk in far-end based on Legendre-PCE and MC 
method in frequency domain while terminating high impedance 

(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 6 Comparison of crosstalk in far-end based on Legendre-PCE and MC 
method in frequency domain while terminating low impedance

Then, N F EiV  can be obtained by the following equations. 
And probability density function of crosstalk both in near-
end and far-end based on Legendre-PCE and MC method 
in frequency domain can be determined by using equation 
21 at specific frequency. Considering two conditions that 
f=250 kHz and f=300 MHz, results are obtained by using 
3000 samples and are compared with MC results which are 
shown in Fig. 7 and Fig. 8.
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V CI                       (19)
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(a) Terminating high impedance

(b) Terminating low impedance

Fig. 7 Comparison of probability density function of crosstalk in near-end 
based on Legendre-PCE and MC method in frequency domain 

(a) Terminating high impedance

(b) Terminating low impedance

Fig. 8 Comparison of probability density function of crosstalk in far-end based 
on Legendre-PCE and MC method in frequency domain

Experiments from Fig. 3 to Fig. 8 show that the Legendre-
PCE method has good coincidence with the MC method 
for calculating the mean value and mean square error of 
crosstalk in naval ships wiring harness in frequency domain. 
To be noticed that the distance between interfering cable and 
GND, distance between the affected cable and GND and the 
relative distance confirm to uniform distribution. And the 
sampling number is 3000 for each experiment. Meanwhile, 
the probability density function of crosstalk obtained by 
Legendre-PCE is also close to the MC results.

Then, analysis of statistical characters of crosstalk in 
naval ships wiring harness in time domain is performed. 
Crosstalk in near-end and far-end in time domain can be 
expressed as:

1

0

m

iN F E N F Ei
i

t t=                (22)

where N F Ei t  can be obtained by using the equation 
below:
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(23)

In Equation (23), i = 0 1 and m-1, N F Ei sV  
can be calculated by using Equations (19) and (20). 
According to the property of orthogonal polynomial 
chaotic expansion, the mean value and mean square error 
of crosstalk in near-end and far-end in time domain can 
be determined by Equation (24) and (25), similar to the 
frequency domain, the reasonable varying range is set as 

3 ,
N F E N F E

N F E N F Et t t t .

0N F E N F Et t=                          (24)
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2 2

1
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i
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               (25)

0

1V

tr =0.5us

tr tp tf

tf=
tp=4usVoltage
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Fig. 9 The excitation voltage source in time domain

Similar to the frequency domain, mean value, mean 
square error and reasonable varying range of crosstalk in 
near-end are determined while both terminating high and 
low impedance. The excitation voltage source is shown in Fig. 
9. Results calculated by Legendre-PCE and MC are compared 
and are shown in Fig. 10 and Fig. 11.. The sampling number 
of MC method is 3000 for each experiment. 

(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 10 Comparison of crosstalk in near-end based on Legendre-PCE and MC 
method in time domain while terminating high impedance

(a) Mean value and mean square error 

(b) Reasonable varying range

Fig. 11 Comparison of crosstalk in near-end based on Legendre-PCE and MC 
method in time domain while terminating low impedance

Refer to the above analyzing method, numerical experiment 
is carried out to investigate the crosstalk of affected cable 
while terminating high and low impedance in time domain. 
Results are plotted and compared in Fig. 12 and Fig. 13. 

(a) Mean value and mean square error
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(b) Reasonable varying range

Fig. 12 Comparison of crosstalk in far-ene based on Legendre-PCE and MC 
method in time domain while terminating high impedance

(a) Mean value and mean square error

(b) Reasonable varying range

Fig. 13 Comparison of crosstalk in far-end based on Legendre-PCE and MC 
method in time domain while terminating low impedance

Finally, the probability density function of naval ships 
wiring harness is shown in Fig. 14 and Fig. 15.

(a) Terminating high impedance

(b) Terminating low impedance

Fig. 14 Comparison of probability density function of crosstalk in near-end 
based on Legendre-PCE and MC method in time domain

(a) Terminating high impedance

(b) Terminating low impedance

Fig. 15 Comparison of probability density function of crosstalk in far-end 
based on Legendre-PCE and MC method in time domain
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COMPARISON AND DISCUSSION

The specific distribution range and the point probability 
of interference value of naval ships wiring harness at specific 
frequency can be determined by calculating its probability 
density function. On the premise of obtaining accuracy 
results, the PCE method presents much higher efficiency 
than MC method. Comparison between PCE and MC method 
with 3000 samples for crosstalk in near-end while terminating 
high impedance of 1 kΩ is shown in Table 1. It can be seen 
that it only takes 22.32 seconds for Legendre-PCE method 
while the task takes 34 minutes 21 seconds by adopting the 
MC method. This proves the high efficiency of the Legendre-
PCE method.
Tab. 1 Frequency domain comparison between Legendre-PCE and MC method 

with 3000 samples

Interference
voltage

Terminating
Impedance

PCE 
(Legendre) MC (N=3000)

Near-end
High 

Impedance 22.32s 34min21s

Based on numerical experiment and analysis in the 
previous section, the mean value, mean square and varying 
range in time domain reveals consistency by using Legendre-
PCE and MC method. Thus, comparison in time domain 
is performed and is shown in Table 2 between the two 
methods. As shown in Table 2, the Legendre-PCE method 
has much shorter time consumption than the MC method. 
Considering that the results of the two methods are quite 
close, the Legendre-PCE method is more superior due to its 
advantage of high-efficiency. 
Tab. 2 Time domain comparison between Legendre-PCE and MC method with 

3000 samples

Interference
voltage

Terminating
Impedance

PCE 
(Legendre) MC (N=3000)

Near-end
High 

Impedance 1min17s 2h42min57s

Therefore, Legendre-PCE method is adopted to analysis 
statistical characters of naval ships wiring harness in both 
time and frequency domain. Results are compared with MC 
results and comparison show good consistency. Considering 
that the Legendre-PCE method has better time efficiency 
than MC method, it is reasonable to adopt this method to 
applications of the crosstalk in naval ships wiring harness 
analysis.

CONCLUSIONS

A high-efficiency analysis method for crosstalk in naval 
ships wiring harness based on Legendre-PCE is proposed. 
polynomial chaos expansion method is adopted for analyzing 

the statistical characters of crosstalk in naval ships wiring 
harness with random variation of position. Distance among 
interfering cable, affected cable and GND is synthesized and 
analyzed in both time domain and frequency domain. Based 
on the actual 14-cable naval ships wiring harness, detailed 
distribution parameter, mean value, mean square error, 
probability density function and reasonable varying range are 
described in both time domain and frequency domain. The 
method proposed in this paper, not only has good consistency 
with the MC method, but also has better time-efficiency than 
the MC method. Therefore, the PCE method can be applied 
in the naval ships research field by analyzing electromagnetic 
compatible issues of wiring harness in order to provide 
necessary theoretical support and to further guarantee safety.
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