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Abstract 
The safety of a ship is studied using the theory of "safe basin" in 
this paper. The safe basins of the single degree of freedom 
(rolling) in waves and winds are investigated. The influences of a 
static heel angle, waves and winds to the safe basin erosion are 
examined. It is found that the shape of the safe basin is changed 
when a static bias angle takes place, and the area of the safe basin 
decreases while the static heel angle increases, but the safe basin 
will begin to erode in waves or winds. 
 
Introduction  
Current practice in the stability design of ships is based on the 
righting lever in still water (the GZ curve). Such an approach 
considers a ship in calm water, and imposes certain restrictions 
on the characteristics of the GZ curve. As a measure of the safety 
of a ship, the GZ curve gives a good description of the stability of 
a ship in still water, such as the initial metacentric distance (GM); 
the largest steady heeling force that the vessel can withstand 
without capsizing (maximum GZ); range of stability; and angle 
of deck edge immersion. However, large-amplitude ship motions 
are essentially transient due to the sudden appearance of waves 
and a gust of wind. Further, the ship capsizing, resulting from 
these nonlinear motions, is a dynamic process, the transient 
condition is therefore a much more useful measure of capsize.  
[13-15] first introduced the concept of “safe basin” to the study 
of the nonlinear ship rolling motion and capsizing. For a ship in 
still water experiencing a single-degree-of-freedom (1-DOF) roll 
motion due to initial disturbance, plotting the evolving solution 
of the 1-DOF dynamic system as a trajectory in phase space (with 
normalised roll angle and roll angular velocity as x and y axes 
respectively) rather than as a time history, [14,15] obtained a 
trajectory spiral into the origin as the ship comes to rest. 
Stationary steady solutions are represented in phase space by 
points, while periodic solutions appear as closed curves, such as 
the case of a ship in waves. Those stable solutions are called 
attractors, while the unstable solutions are called repellers. The 
combination of the domains of all attractors is termed the safe 
basin [9].  
Marshfield [5] demonstrated the nonlinear character of the 
frequency response curve and the existence of bi-stability within 
a certain range around resonance through “Admiralty model 
tests”. By applying the nonlinear dynamic system theory on the 
ship-capsize problem, [9] and [16] considered the capsize process 
as dynamically equivalent to the escape of a ball rolling in a 
potential well, i.e. a transient phenomenon. The significance of 
the new method of quantifying stability of a ship in waves is that 
the use of the transient capsize diagram to assess the ship hull's 
capsizability, and the demonstration of considerable impact of 
bias on the maximum wave slope at which capsize is still 
resisted. [3] extended the nonlinear dynamic system theory to the 
study of 1-DOF nonlinear rolling motion and capsizing of biased 
ships in random beam seas. Compared to the inertia effects and 
hydrostatic righting moments, the relatively small damping and 
wave excitation moments were treated as perturbations. 
Assuming an unperturbed system model, safe and unsafe areas 
were defined in the phase plane to distinguish the qualitatively 
different ship motions of capsize and non-capsize. Capsize events 
were represented by solutions passing out of the safe region. 

Finally, they presented the quantitative description of the 
influence of bias on the probability of capsize in random beam 
seas, and concluded that the widening of the dangerous 
significant frequency range when bias is presented.  
In this paper, a current-in-use cargo ship is used for the study of 
safe basin erosion. The nonlinear damping, which is very 
important to ship roll motion in waves, is obtained by an 
experiment of the ship model rolling in waves in a wave tank. 
Other coefficients in the roll motion equation of the ship in waves 
are obtained through theoretical methods. The safe basins with 
and without heel angle are discussed, and the safe basin erosions 
caused by the exciting wave spectrum and the pulse wind 
spectrum are investigated by using a quantitative method. 
 
Theoretical Formulation 
A typical roll motion with single degree of freedom can be 
described as 
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where θ  is the roll angle, θ&  and θ&&  are the first and 
second derivatives with respect to time, I is the total 
moment of inertia in roll, )(I ω∆  is the roll added mass 
coefficient, θω &)(B  is the nonlinear damping moment, θC  
is the nonlinear restoring moment, Fwave(t) is the wave 
exciting moment, and Fwind(t) is the wind exciting 
moment. Various expressions of damping and restoring 
terms were used to simulate the nonlinear characteristics 
of roll motion. The commonly used representations are: 
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where BL and BN are the linear and nonlinear damping 
coefficients respectively, C1 and C3 are the linear and 
third-order restoring force coefficients, and C0   is the bias 
moment which can arise due to wind, cargo, ship damage 
or the pull of a fishing net. 
Eq. 1 is a frequency domain description since )(I ω∆  and 

)(ωB  are frequency-dependent due to the presence of the free 
surface. Following [7], the time-domain ship rolling 
motion equation can be written as: 
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where )(I ∞∆  is the hydrodynamic added mass coefficient 
evaluated at the infinite frequency limit; )t(K is the 
hydrodynamic rolling moment due to impulse roll velocity 
expressed as Eq. 5; and its integral is usually called the memory 
function, as it represents how roll-radiation moments depend on 
the history of rolling velocity.  
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Following [17], the wave exciting moment Fwave(t) can be 
expressed by 
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where 
0)( ςωwaveF  is the response function of wave exciting 

moment in frequency domain; )(ωε  is the response function of 
the phase difference in frequency domain represented by a 
random value between 0 and π2 ; and )(S ως

 is the wave 

elevation spectrum represented by ITTC two-parameter formula:  
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H1/3 is the significant wave height and Tz is the zero up-
crossing wave period.  
Following [1], the wind exciting moment Fwind(t) can be 
expressed as: 
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where Cm is the wind moment coefficient; aρ  is the density of 

air; 
wA  is the wind area; az  is the height of the wind area centre; 

and )(tu  is the velocity of wind. In order to determine the safe 
basin erosion caused by the wind, the pulse wind spectrum 
different to that of [1] is adopted, and can be described by a 
Fourier series: 
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where 0u is the average velocity of wind; iω is the pulse 

frequency of wind velocity; iε is the phase difference of wind 
velocity; and iu is the turbulent velocity of wind 
expressed as: 
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where the wind velocity spectrum can be represented by Von 
Karman spectrum [11], 
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where U  is the longitudinal mean wind speed; ω  is the 
frequency of pulse wind; u

xL  is the longitudinal turbulence 

integral length scale of longitudinal turbulence; 2u is the 
variance of longitudinal turbulent velocity; and c is a constant 
that is the function of height of observation site and its 
surrounding terrain.  
Since the general solution for nonlinear ordinary differential 
equation with 1-DOF describing roll motion of a ship in waves is 
unknown, the solution of Eq. 4 will be obtained by numerical 
simulation. The phase space consists of roll angle θ  (-1.5~1.5) 
and roll velocity θ&  (-0.31~0.31), and is divided into 620600×  
small areas. Eq. 4 with initial condition including the values of 
each small area is solved by using the Adams fourth-order trial 
and error method. If the solution can be obtained, the small area 
is called the domain of safe abstract marked black. The safe basin 
is obtained by the combination of the domains of all the safe 
attractors.  
 
Parameters and coefficients of the ship 
The data of a current-in-use cargo ship introduced in our 
study are given in Table 1. The GZ curve of the ship is 
shown in Fig. 1. The linear and third-order restoring 
moment coefficients are obtained by the fitting of the GZ 
curve,  0.56725*

1 =C  and 5-0.4799260*
3 =C . 

Then the linear and third-order restoring force 
coefficients are: 

*
11 gCC ∆=  , and *

33 gCC ∆= . 
The linear damping is obtained by numerical computation using 
3D Source Distribution Method, while nonlinear damping is 

obtained by an experiment of the model ship rolling in irregular 
waves. The value of nonlinear damping NB   ( 610502.2 ×=  

2mkg ⋅ ), is finally obtained from roll time record in irregular 
waves using Random Decrement Technique. For details of the 
obtaining of nonlinear damping in an experiment, readers can 
refer to [4]. 

Length 
overall 105.9 m LP 99 m Displacement 6.2 x 106 kg

Mean 
Draft 5.55 m

Inertial 
Radius of 

Roll 
0.35 m 

Centre of 
Gravity above 

Baseline 
6.715 m 

Breadth 16.0 m Depth 9 m Natural Period 
of Roll 23.55 s 

Table 1. Principle dimensions of the cargo ship. 
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Fig. 1 GZ curve of the ship. 
 
Results and discussion 
Effects of heel angle 
The safe basins with different heel angles without wind and 
waves are shown in Fig 2- Fig. 4. The intersection of the top line 
and bottom line is called a saddle, which is the position where the 
safe basin begins to disappear. The values of saddles with 
different initial heel angle δ  are shown in Table 2.  Several 
significant differences between safe basins with or without heel 
angle can be observed from the figures: 1) The safe basin without 
heel angle, which is symmetric to x-axis and y-axis, is composed 
of a top and bottom curve, while the safe basin which is 
asymmetric to y-axis is closed by a curve when the heel angle 
appears; 2) The value of the left saddle is different from the value 
of the right saddle when the heel angle appears; 3) The area of 
safe basin decreases as the heel angle increases; 4) no safe basin 
erosion occurs if wind and waves are not considered.  

Heel angle (rad.) Values of left saddle 
(rad.) 

Values of right saddle 
(rad.) 

0 -1.0871 1.0871 
0.01 -1.06756 0.9336 
0.08 -1.03998 0.60985 

Table 2 Values of saddle with different hell angles. 

Effects of waves 
Fig. 5 and Fig. 6 are the safe basins in [10] and the present study 
respectively, using wave slope spectrum for the excitation 
parameters 9.0/,03.0/ 0

2
0 == ωωω Na  (equal to excitation 

parameters 63/1 =H m, 10=T s). However, the response 
function of the exciting moment in [10] is a sinusoidal response 
function, while the response function in the present study is a 
response curve obtained from theoretical calculation. As can be 
seen from the figures, excellent agreement is obtained, indicating 
the feasibility of present method. The safe basin using the ITTC 
spectrum with the same excitation parameter 63/1 =H m, 

10=T s is shown in Fig. 7. The quantitative results are obtained 
by an introduction of safe basin ratio 

SA , a value of 
computational area divided by the safe basin area. The values of 

SA  in Fig. 6 and Fig. 7 are 0.548 and 0.352 respectively, 



 

demonstrating the significant impact of the selection of wave 
spectrum on safe basin erosion. The adoption of the wave slope 
spectrum results in the evaluation of a larger safe basin area.      

 
Fig. 2 Safe basin without wind and waves ( 0=δ ) 

 

 
Fig. 3 Safe basin without wind and waves ( 010.=δ ) 

 
Fig. 4 Safe basin without wind and waves ( 080.=δ ) 

 

 
Fig. 5 Safe basin in waves using wave slope spectrum, 

9.0/,03.0/ 0
2
0 == ωωω Na . 

 
Fig. 6 Safe basin in waves using wave slope spectrum, 63/1 =H m, 

10=T s. 

 
Fig. 7 Safe basin in waves using ITTC spectrum ( 63/1 =H m, 10=T s). 
 
Fig. 8 and Fig. 9 show safe basins obtained using ITTC spectrum 
with different 

3/1H  and same T . Fig. 10 is a safe basin obtained 
using ITTC spectrum with excitation parameters 63/1 =H  m, 

6=T s (the same 
3/1H  as in Fig. 7). As can be seen, the higher 

the wave height 
3/1H , the smaller the safe basin area. However, it 

appears that the effect of a wave period on the safe basin area is 
small. This is because the much longer natural roll period of the 
ship compared to the wave periods. 

 
Fig. 8 Safe basin in waves using ITTC spectrum ( 53/1 =H m, 8=T s). 

 
Fig. 9 Safe basin in waves using ITTC spectrum ( 33/1 =H m, 8=T s). 

 
Fig. 10 Safe basin in waves using ITTC spectrum ( 63/1 =H m, 6=T s). 
 
There is a significant difference in the shape of safe basin in 
waves in comparison with the safe basin in calm water without 
wind. The two sides of the boundary have extended outside, and 
even the unsafe attractors appear inside the safe basin, i.e. the 
safe basin erosion occurs. As can be seen, the ship is more 
dangerous under the higher wave height 

3/1H , as the safe basin 
erosion area is larger. 
 



 

Effects of wind and waves 
The velocity and turbulence statistics at the north-eastern coast of 
Taiwan under high-wind condition by [11], is selected as the 
environmental condition for the present study. The different wind 
parameters, also used by [2], are shown in Table 3.  
When wind is considered, safe basin erosion occurs (see Fig. 11 
for 78.18=U  m/s). Fig. 12 is the safe basin obtained using 
ITTC spectrum with wave excitation parameter 53/1 =H  m, 

8=T s and wind parameter 58.15=U  m/s. Compared to the 
safe basin in Fig. 8, it can be seen that their shapes are almost 
identical. However, the different safe basin ratios 

SA  (0.1410 in 
Fig. 8 and 0.1381 in Fig. 12) indicate that the effect of wind on 
the safe basin is not negligible.  
 
Conclusions 
Ship capsize has been studied using safe basin theory. The effects 
of initial heel angle, waves and winds on safe basin erosion have 
been discussed. The following conclusions can be drawn from 
the present study: 
 The area of the safe basin is dependent on the heel angle. The 
larger the heel angle, the smaller the area of the safe basin. 
However, no safe basin erosion occurs if the ship is in calm 
water without wind. 

 The wave exciting spectrum is found to have a significant 
effect on the safe basin erosion. The safe basin area is 
unreasonably large if the ideal wave spectrum is used. 

 The wave height has a greater impact on safe basin erosion than 
the wave period. The pulse wind is also found to cause safe 
basin erosion. The random properties of wind and waves 
should be considered in the investigation of safe basin erosion.  
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