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5.1 Static Equilibrium
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Center Plane

Before defining the coordinate system of a ship, we first introduce three planes, 
which are all standing perpendicular to each other.

Generally, a ship is symmetrical about starboard and port. 
The first plane is the vertical longitudinal plane of symmetry, or center plane.

6
Design Theories of Ship and Offshore Plant, Fall 2017, Myung-Il Roh

The second plane is the horizontal plane, containing the bottom of the ship, 
which is called base plane.

Base Plane
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Midship Section Plane

The third plane is the vertical transverse plane through the midship, which is 
called midship section plane.
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Centerline in
(a) Elevation view, (b) Plan view, and (c) Section view 

℄

℄

Centerline

℄: Centerline

(a)

(b)

(c)

Centerline:
Intersection curve between
center plane and hull form

Elevation view

Plan view

Section view



2017-12-27

5

9
Design Theories of Ship and Offshore Plant, Fall 2017, Myung-Il Roh

Baseline in
(a) Elevation view, (b) Plan view, and (c) Section view 

℄

Baseline

(a)

(b)

(c)
BL BL

Baseline:
Intersection curve between
base plane and hull form

Elevation view

Plan view

Section view
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System of Coordinates

n-frame: Inertial frame xn yn zn or x y z

Point E: Origin of the inertial frame(n-frame)

b-frame: Body fixed frame xb yb zb or x’ y’ z’

Point O: Origin of the body fixed frame(b-frame)

bxny

nz

nx

bz

by

E

O

1) Body fixed coordinate system
The right handed coordinate system with the axis called xb(or x’), yb(or y’), and zb(or z’) is fixed 

to the object. This coordinate system is called body fixed coordinate system or body fixed 
reference frame (b-frame).

2) Space fixed coordinate system
The right handed coordinate system with the axis called xn(or x), yn(or y) and zn(or z) is fixed to 

the space. This coordinate system is called space fixed coordinate system or space fixed 
reference frame or inertial frame (n-frame). 

In general, a change in the position and orientation of the object is described with respect to 
the inertial frame. Moreover Newton’s 2nd law is only valid for the inertial frame.
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System of Coordinates for a Ship

Stem,	Bow

Stern

yb

zb

xb

(a)

FPAP LBP

BL

SLWL

AP:	aft	perpendicular
FP:	fore	perpendicular
LBP:	length	between	perpendiculars.
BL:	baseline
SLWL: summer	load	waterline (b)

xn
yn

zn

xb

yb

zb

:	midship

Space fixed coordinate system (n-frame): Inertial frame xn yn zn or x y z

Body fixed coordinate system (b-frame): Body fixed frame xb yb zb or x’ y’ z’
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Center of Buoyancy (B)
and Center of Mass (G)

Center of buoyancy (B)
It is the point at which all the vertically upward forces of support (buoyant force) can be considered to act.
It is equal to the center of volume of the submerged volume of the ship. Also, It is equal to the first moment 

of the submerged volume of the ship about particular axis divided by the total buoyant force (displacement).

Center of mass or Center of gravity (G)
It is the point at which all the vertically downward forces of weight of the ship (gravitational force) can be 

considered to act.
It is equal to the first moment of the weight of the ship about particular axis divided by the total weight of 

the ship.

※ In the case that the shape of a ship is asymmetrical
with respect to the centerline.

K

x

z z

LCB

LCB VCBB

B

B

CL

K

z

B
TCB

CL

LCG

LCGG

G G
TCG

VCG G

y

x y

z

xy

K : keel
LCB : longitudinal center of buoyancy
VCB : vertical center of buoyancy

LCG : longitudinal center of gravity
VCG : vertical center of gravity

TCB : transverse center of buoyancy TCG : transverse center of gravity

Elevation view

Plan view

Section view
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① Newton’s 2nd law

Static
Equilibrium (1/3)

Static Equilibrium

ma F

G

GF

GF 

m: mass of ship
a: acceleration of ship

G: Center of mass
FG: Gravitational force of ship
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① Newton’s 2nd law

ma F
GF 

Static Equilibrium (2/3)

Static Equilibrium

BF

B

B: Center of buoyancy at upright 
position(center of volume of 
the submerged volume of the 
ship)

FB: Buoyant force acting on ship

BF
for the ship to be in static equilibrium

0 , ( 0)F a  

G BFF 

G

GF
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Static Equilibrium (3/3)

BF

B

I 
② Euler equation

When the buoyant force (FB) lies on the same 
line of action as the gravitational force (FG), 
total summation of the moment becomes 0.

I: Mass moment of inertia
: Angular velocity

for the ship to be in static equilibrium

0 , ( 0)   

Static Equilibrium

: Moment

Static Equilibrium

① Newton’s 2nd law

ma F
GF  BF

for the ship to be in static equilibrium

0 , ( 0)F a  

G BFF 

G

GF
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What is “Stability”?

Stability = Stable + Ability

BF

G

B

GF
W L

℄ BF

G

GF

B1

W1 L1

B

℄

Inclining
(Heeling)

Restoring

BF

G

GF

B1

B

℄
Capsizing
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Stability of a Floating Object

 You have a torque on this object 
relative to any point that you choose. It 
does not matter where you pick a point.

 The torque will only be zero when the 
buoyant force and the gravitational 
force are on one line. Then the torque 
becomes zero.

I 
② Euler equation

When the buoyant force (FB) lies on the same 
line of action as the gravitational force (FG), 
total summation of the moment becomes 0.

for the ship to be in static equilibrium

0 , ( 0)   

Static Equilibrium

① Newton’s 2nd law

ma F
GF  BF

for the ship to be in static equilibrium

0 , ( 0)F a  

G BFF Rotate
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Stability of a Ship

 You have a torque on this object 
relative to any point that you choose. It 
does not matter where you pick a point.

 The torque will only be zero when the 
buoyant force and the gravitational 
force are on one line. Then the torque 
becomes zero.

I 
② Euler equation

When the buoyant force (FB) lies on the same 
line of action as the gravitational force (FG), 
total summation of the moment becomes 0.

for the ship to be in static equilibrium

0 , ( 0)   

Static Equilibrium

① Newton’s 2nd law

ma F
GF  BF

for the ship to be in static equilibrium

0 , ( 0)F a  

G BFF 

Static Equilibrium

(a) (b) 
BF

G

B

GF

Rotate

BF

G

GF

B
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Interaction of Weight and Buoyancy of
a Floating Body (1/2)

(a) (b) 

BF

G

B

GF

BF

G

GF

B1

W L W1 L1

B

℄ ℄

I Euler equation: 0 

Interaction of weight and buoyancy resulting in intermediate state

Restoring 
Moment 

r
Torque 
(Heeling 
Moment)

e
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Interaction of Weight and Buoyancy of
a Floating Body (2/2)

(a) (b) 

BF

G

B

GF

BF

G

GF

B1

W L W1 L1

B

℄
℄

Interaction of weight and buoyancy resulting in static equilibrium 
state

Heeling 
Moment 

e

I Euler equation: 0 

Static Equilibrium
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Stability of a Floating Body (1/2)

Floating body in stable state

G

B

BF

GF

(a) (b) 

G

B

Restoring Moment
Inclined

BF
GF
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Stability of a Floating Body (2/2)

Overturning Moment
Inclined

G

B

(a) (b) 

GF

BF

G

B

GF

BF

Floating body in unstable state
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Transverse, Longitudinal, and Yaw Moment
Question) If the force F is applied on the point of rectangle object, what is the moment?

( ) ( ) ( )

P

P P P P z P y P z P x P y P x

x y z

x y z y F z F x F z F x F y F

F F F

 

 
               
  

M r F

i j k

i j k

xM yM zM

Transverse moment Longitudinal moment Yaw moment

The x-component of the moment, i.e., the bracket term of unit vector i,
indicates the transverse moment, which is the moment caused by the force F 
acting on the point P about x axis. Whereas the y-component, the term of unit 
vector j, indicates the longitudinal moment about y axis, and the z-component, 
the last term k, represents the yaw moment about z axis.

z

x

O

P
zF

yF

F
y

z

j

k
i

x

xF

y

( , , )P P P Px y zr
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5.2 Restoring Moment and Restoring 
Arm
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Restoring Moment Acting on an Inclined Ship

1B

BF

B

G
GF

Z

B

G Z

r
Heeling
Moment 

e

Restoring 
Moment 

W1 L1

BF

B

G

GF

W L
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Restoring Arm (GZ, Righting Arm)

G: Center of mass K: Keel 
B: Center of buoyancy at upright position
B1: Changed center of buoyancy
FG: Weight of ship FB: Buoyant force acting on ship

restoring BF GZ  
• Transverse Restoring Moment

1B

BF

B

G
GF

Z

B

G Z

r

Heeling
Moment 

e

Restoring 
Moment 

• The value of the restoring moment 
is found by multiplying the 
buoyant force of the ship 
(displacement), ܨ஻, by the 
perpendicular distance from G to 
the line of action of ܨ஻.

• It is customary to label as Z
the point of intersection of the line 
of action of ܨ஻ and the parallel line 
to the waterline through G to it.

• This distance GZ is known as the 
‘restoring arm’ or ‘righting arm’.
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Metacenter (M) restoring BF GZ  
• Restoring Moment

r

ZG

1BB

Z: The intersection point of the line of buoyant force through 
B1 with the transverse line through G

GF

BF

e

Definition of M (Metacenter)
• The intersection point of the vertical 
line through the center of buoyancy 
at previous position (B) with the 
vertical line through the center of 
buoyancy at new position (B1) after 
inclination

• GM  Metacentric height

M

• The term meta was selected as a prefix for center 
because its Greek meaning implies movement. The 
metacenter therefore is a moving center.

• From the figure, GZ can be obtained 
with assumption that M does not 
change within a small angle of 
inclination (about 7 to 10), as below.

sinGZ GM  
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Restoring Moment at Large Angle of Inclination (1/3)

G: Center of mass of a ship
FG: Gravitational force of a ship
B: Center of buoyancy in the previous state (before inclination) 
FB: Buoyant force acting on a ship
B1: New position of center of buoyancy after the ship has been inclined

To determine the restoring 
arm ”GZ”, it is necessary to know 
the positions of the center of mass 
(G) and the new position of the 
center of buoyancy (B1). 

• The use of metacentric height (GM) 
as the restoring arm is not valid for 
a ship at a large angle of inclination.

Z: The intersection point of a vertical line through the new position of 
the center of buoyancy(B1) with the transversely parallel line to a 
waterline through the center of mass(G)

GF e

G

B 1B

r

Z

BF

M

//

//

sinGZ GM  
For a small angle of inclination
(about 7 to 10)
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Restoring Moment at Large Angle of Inclination (2/3)

M: The intersection point of the vertical line through the center 
of buoyancy at previous position (Bi-1) with the vertical line 
through the center of buoyancy at present position (Bi) after 
inclination
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Restoring Moment at Large Angle of Inclination (3/3)

G

L35

,35BF

,30BF

C35

=35

Z

35 35sinGZ GM  

L30

C30

M: The intersection point of the vertical line through the center 
of buoyancy at previous position (Bi-1) with the vertical line 
through the center of buoyancy at present position (Bi) after 
inclination
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• Righting (Restoring) Moment: Moment to return the ship to the upright floating position

• Stable / Neutral / Unstable Condition: Relative height of G with respect to M is 
one measure of stability.

Stability of a Ship According to
Relative Position between “G”, “B”, and “M” at Small Angle of Inclination

• Stable Condition ( G < M ) • Neutral Condition ( G = M ) • Unstable Condition ( G > M )

FB

FG

ZG

B

M

FB

FG

G  M

B

FB

FG

M
G

B

B

K

FB

B1

FG

G, Z, M

G: Center of mass K: Keel 
B: Center of buoyancy at upright position B1: Changed center of buoyancy
FG: Weight of ship FB: Buoyant force acting on ship
Z: The intersection of the line of buoyant force through B1 with the transverse line through G
M: The intersection of the line of buoyant force through B1 with the centerline of the ship

B

K

FB

B1

FG

ZG

M

B

K

FB

B1

FG

Z
G

M
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GF

0BF

e

G

B

GF

0BF

e

G

B1B 2B 1B

GF
GF

GF
GF

1BF
2BF

1BF
2BF

The ship is inclined further from it. The ship is inclined further from it.

- Overview of Ship Stability

One of the most important factors of stability is the breadth.
So, we usually consider that transverse stability is more important than longitudinal 
stability.

Importance of Transverse Stability

The ship is in static equilibrium state. Because of the limit of the breadth, “B” can not 
move further. the ship will capsize.

As the ship is inclined, the position of the center of buoyancy “B” is changed. 
Also the position of the center of mass “G” relative to inertial frame is changed.
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G
GF

Summary of Static Stability of a Ship (1/3)

 When an object on the deck moves to 
the right side of a ship, the total center of 
mass of the ship moves to the point G1, off 
the centerline.

B

e

 Because the buoyant force and the 
gravitational force are not on one line, the 
forces induces a moment to incline the 
ship.

* We have a moment on this object 
relative to any point that we choose. 
It does not matter where we pick a 
point.

BF

1GF

1G
1GF

G1: New position of center of mass after the object on the deck moves 
to the right side

Z: The intersection of a line of buoyant force(FB) through the new position 
of the center of buoyancy (B1) with the  transversely parallel line to the  
waterline through the center of mass of a ship(G)

G: Center of mass of a ship

FG: Gravitational force of a ship
B: Center of buoyancy at initial position
FB: Buoyant force acting on a ship
B1: New position of center of buoyancy after the ship has been inclined
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Summary of Static Stability of a Ship (2/3)

 The total moment will only be zero 
when the buoyant force and the 
gravitational force are on one line. If the 
moment becomes zero, the ship is in static 
equilibrium state.

e

G
GF

B

BF

1G

BF

1B

BF

1GF

r

1B

BF

B

G

r

B

G
1G

e

1GF

G1: New position of center of mass after the object on the deck moves 
to the right side

Z: The intersection of a line of buoyant force(FB) through the new position 
of the center of buoyancy (B1) with the  transversely parallel line to the  
waterline through the center of mass of a ship(G)

G: Center of mass of a ship

FG: Gravitational force of a ship
B: Center of buoyancy at initial position
FB: Buoyant force acting on a ship
B1: New position of center of buoyancy after the ship has been inclined
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Summary of Static Stability of a Ship (3/3)

 When the object on the deck returns to the 
initial position in the centerline, the center of 
mass of the ship returns to the initial point G.

1B

 Then, because the buoyant force and the 
gravitational force are not on one line, the 
forces induces a restoring moment to 
return the ship to the initial position.

 By the restoring moment, the ship 
returns to the initial position.

BF

1G

B

G

r

e

GF
Z

B

G Z

 The moment arm of the buoyant force 
and gravitational force about G is 
expressed by GZ, where Z is defined as the 
intersection point of the line of buoyant 
force(FB) through the new position of the 
center of buoyancy(B1) with the 
transversely parallel line to the waterline 
through the center of mass of the ship (G).

righting BF GZ  
• Transverse Righting Moment

※ Naval architects refer to the restoring 
moment as “righting moment”.

G1: New position of center of mass after the object on the deck moves 
to the right side

Z: The intersection of a line of buoyant force(FB) through the new position 
of the center of buoyancy (B1) with the  transversely parallel line to the  
waterline through the center of mass of a ship(G)

G: Center of mass of a ship

FG: Gravitational force of a ship
B: Center of buoyancy at initial position
FB: Buoyant force acting on a ship
B1: New position of center of buoyancy after the ship has been inclined
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5.3 Evaluation of Stability
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[Review] Statical Stability Curve

100 30 4020 50 60 70 80

Angle of heel 
()

 = const.Righting arm
(GZ)

Statical Stability Curve

(: displacement)

GM

57.3

The peck of the curve

Maximum righting 
arm

Angle of maximum stability
The range of stability

The angle of 
vanishing stability

Slope of the curve at zero 
degree: metacentric height (GM)

sinGZ GM 

The peak of a statical stability 
curve: maximum righting arm, 
angle of maximum stability

The range of stability: the 
range over which the ship has 
positive righting arms 

 The area under the curve, 
such as between angle A and 
angle B: the work required to 
heel the ship from angle A to 
angle B.

A B

The product of the 
displacement and the maximum 
righting arm: the maximum 
heeling moment that the ship 
can experience without capsizing

What criteria is considered to evaluate the ship’s stability?
What is satisfactory stability? How much stable a ship must be?
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Stability Criteria in General

Static considerations 
- The angle of steady heel
- The range of positive stability
- The relative magnitudes of the heeling arm and the maximum righting arm.

The work and energy considerations (dynamic stability)

 Various researchers and regulatory bodies prescribed criteria for 
deciding if the stability is satisfactory.
In this chapter, we present examples of such criteria based on 
consideration of actual shape and characteristics of the curves of 
righting and heeling moment (or arm) for an undamaged ship (intact 
ship) through large angles of heel.

 Features of the curves that warrant consideration from a purely static 
viewpoint are:
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Stability Criteria
- IMO Regulations for Intact Stability

100 3020 50 60 70 80

Angle of heel
( [])

Righting arm
(GZ [m])

A B

(a) Area A ≥ 0.055 (mrad)

Area A: Area under the righting arm curve 
between the heel angle of 0 and 30

Area B: Area under the righting arm curve
between the heel angle of 30 and
min(40, f )

※ f : Heel angle at which openings in the hull submerge
m: Heel angle of maximum righting arm

(c) Area B ≥ 0.030 (mrad)
(d) GZ ≥ 0.20 (m) at an angle of heel equal to or greater than 30.

(b) Area A + B ≥ 0.09 (mrad)

(e) GZmax should occur at an angle of heel equal to or greater than 25.

m

※ After receiving the approval for 
the intact and damage stability of 
IMO regulation from owner and 
classification society, ship 
construction can be proceed.

 = const.

IMO Regulations for Intact Stability

(: displacement=FB)

f

40

r BGZ F  
(IMO Res.A-749(18) ch.3.1)

(f) The initial metacentric height GMo should not be less than 0.15 (m).
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B

Merchant Ship Stability Criteria
- IMO Regulations for Intact Stability

(a) Area A ≥ 0.055 (mrad)

(c) Area B ≥ 0.030 (mrad)
(d) GZ ≥ 0.20 (m) at an angle of heel equal to or greater than 30

(b) Area A + B ≥ 0.09 (mrad)

(e) GZmax should occur at an angle of heel preferably exceeding
30 but not less than 25.

(f) The initial metacentric height GMo should not be less than 0.15 (m).

(IMO Res.A-749(18) ch.3.1)

※ After receiving approval of 
calculation of IMO regulation 
from Owner and Classification 
Society, ship construction can 
proceed.

IMO Regulations for Intact Stability

100 30 4020 50 60 70 80

Angle of heel
( [])

Righting arm
(GZ)

A

m

 = const.
(: displacement)

f

GM

57.3

 IMO recommendation on intact stability for passenger and cargo ships

Static considerations 

The work and energy 
considerations
(dynamic stability) 

Area A: Area under the righting arm curve 
between the heel angle of 0 and 30

Area B: Area under the righting arm curve
between the heel angle of 30 and min(40, f )
※ f : Heel angle at which openings in the hull
m: Heel angle of maximum righting arm
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Merchant Ship Stability Criteria
- IMO Regulations for Intact Stability
 Special Criteria for Certain Types of Ships 

- Containerships greater than 100 m
These requirements apply to containerships greater than 100 m. They 
may also be applied to other cargo ships with considerable flare or large 
water plane areas. The administration may apply the following criteria 
instead of those in paragraphs of previous slide.

(a) Area A ≥ 0.009/C (m-rad)

(c) Area B ≥ 0.006/C (m-rad)

(d) GZ ≥ 0.033/C (m) at an angle of heel equal to or greater than 30

(b) Area A + B ≥ 0.016/C (m-rad)

(e) GZmax ≥ 0.042/C (m)

(f) The total area under the righting arm curve (GZ curve) up to the angle of 
flooding f should not be less than 0.029/C (m-rad)

IMO Regulations for containerships greater than 100 m

In the above criteria the form factor C should be calculated using the formula
and figure on the right-hand side.

2
2

100B

m W

CdD d
C

B KG C L

 
  

 

where, d: Mean draught (m)
22 HD

D

lb B
D D h

B L

      
 



D: Moulded depth of the ship (m)

B: Moulded breadth of the ship (m)
KG: Height of the centre of gravity in (m) above the 

keel not to be taken as less than d
CB: Block coefficient
CW: Water plane coefficient

as defined in figure
on the right-hand side.

(IMO Res.A-749(18) ch.4.9)

Area A: Area under the righting arm curve 
between the heel angle of 0 and 30

Area B: Area under the righting arm curve
between the heel angle of 30 and min(40, f )

※ f : Heel angle at which openings in the hull submerge
m: Heel angle of maximum righting arm
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Design Criteria Applicable to All Ships
- IMO Regulations for Severe Wind and Rolling Criteria (Weather Criteria)

 Scope
The weather criteria should govern the minimum requirements for passenger or cargo ships

of 24 m in length and over.
0: Angle of heel under action of steady wind

f : Angle of heel at which openings in the hull submerge

1: Angle of roll to windward due to wave action

2: Angle of down flooding (f ) or 50°, whichever is less

where,

c: Angle of the second intersection between wind 
heeling arm and GZ(righting arm) curves

The ship is subjects to a steady wind pressure acting perpendicular to the ship’s center line which results in a steady wind 
heeling arm (lw1).

IMO Regulations for Severe Wind and Rolling Criteria (Weather Criteria)

The ship is subjected to a gust wind pressure which results in a gust wind heeling arm (lw2).

1 ( )
1000

P A Z
lw m

g

 


 

2 11.5 ( )lw lw m 

(a) 0 should be limited to 16° or 80% of the angle of deck edge immersion (f), whichever is less.

Area a: The shaded area between angle 1 and the first 
intersection of righting arm curve with heeling arm 
curve

Area b: The shaded area between the first intersection of 
righting arm curve with heeling arm curve and 
angle 2

0

1

2 c
1lw 2lw

b

a

A
rm

2 2( 504 / , 9.81 / )P N m g m s 

A : Lateral projected area above water line.
Z : Vertical distance from the center of wind pressure to the center of water pressure

(b) Under these circumstances, area b should be equal to or greater than area a. The work and energy 
considerations 
(dynamic stability) 

(IMO Res.A-749(18) ch.3.2)

lw1: steady wind heeling arm
lw2: gust wind heeling arm
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War Ship Stability Criteria
- U.S. Navy Criteria (1/2)

* Brown, A.J., Deybach, F., “Towards A Rational Intact Stability Criteria For Naval Ships”, Naval Engineers Journal, pp.65-77, 1998

L: Center height of projected sail area above 0.5T
A: Projected sail area (ft2), V: average wind speed

(knots)
: Angle of heel (degree), : Displacement (LT)
m: Angle of maximum righting arm (degree)

 General U.S. Navy criteria are intended to ensure the adequacy of 
stability of all types and sizes of naval ships, as evidenced by sufficient 
righting energy to withstand various types of upsetting of heeling 
moments.

(Example) Beam Winds Combined with Rolling
When winds of high velocity exist, beam winds 

and rolling are considered simultaneously.

If the water were still, the ship would require only 
sufficient righting moment to overcome the 
heeling moment produced by the action of the 
wind on the ship’s “sail area”.

However, when the probability of wave action is 
taken into account, an additional allowance of 
dynamic stability is required to absorb the energy 
imparted to the ship by the rolling motion.

Draft
T/2

Center of
Lateral Area

Center of
Lateral Resistance

L

Wind, V

e

r
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War Ship Stability Criteria
- U.S. Navy Criteria (2/2)

100 30 4020 50 60 70 80

Angle of heel
()

0

1=25

90-10-20

GZ: Righting Arm Curve

HA: Heeling Arm Curve

A1

A2

m

GZ0

GZmax

25 left side about intersection point 
between HA and GZ

• Regulation

(b) A2  1.4·A1

(a) GZ0  0.6·GZmax

Draft
T/2

Center of
Lateral Area

Center of
Lateral Resistance

L

Wind, V

L: Center height of projected 
sail area above 0.5T

A: Projected sail area (ft2)
V: Average wind speed

(knots)
: Angle of heel (degree)
: Displacement (LT)
m: Angle of maximum 

righting arm

2 20.0195 cos

1,000

V A L
HA

 




: Static considerations 
: The work and energy considerations (dynamic stability) 

* The formula uses S.I units (except V in knots).

 Stability is considered satisfactory if:

* Brown, A.J., Deybach, F., “Towards A Rational Intact Stability Criteria For Naval Ships”, Naval Engineers Journal, pp.65-77, 1998
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5.4 Example of Stability Evaluation for 
7,000 TEU Container Carrier at Homo. 

Scantling Arrival Condition (14mt)
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B

Merchant Ship Stability Criteria
- IMO Regulations for Intact Stability

(a) Area A ≥ 0.055 (mrad)

(c) Area B ≥ 0.030 (mrad)
(d) GZ ≥ 0.20 (m) at an angle of heel equal to or greater than 30

(b) Area A + B ≥ 0.09 (mrad)

(e) GZmax should occur at an angle of heel preferably exceeding
30 but not less than 25.

(f) The initial metacentric height GMo should not be less than 0.15 (m).

(IMO Res.A-749(18) ch.3.1)

※ After receiving approval of 
calculation of IMO regulation 
from owner and classification 
society, ship construction can 
proceed.

IMO Regulations for Intact Stability

100 30 4020 50 60 70 80

Angle of heel
( [])

Righting arm
(GZ)

A

m

 = const.
(: displacement)

f

GM

57.3

 IMO recommendation on intact stability for passenger and cargo ships

Static considerations 

The work and energy 
considerations
(dynamic stability) 

Area A: Area under the righting arm curve 
between the heel angle of 0 and 30

Area B: Area under the righting arm curve
between the heel angle of 30 and min(40, f )
※ f : Heel angle at which openings in the hull
m: Heel angle of maximum righting arm
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Effect of Free Surfaces of Liquids in Tanks

For all conditions, the initial metacentric height (GM) and the stability curves 
should be corrected for the effect of free surfaces of liquids in tanks. 

GM KB BM KG  

0 0

0

0

( )

( ) )

G M KB BM KG GG

KB BM KG GG

GM GG

   

   
 

Correction for the effect of free 
surfaces of liquids in tanks

0 0KG KG KG GG  

0
F T

SW

i
GG










iT: Moment of inertia of liquid plane area in tank about longitudinal axis
F: Density of liquid in tank
SW: Density of sea water
: Displacement volume of the ship

: Free surface moment

Initial metacentric height(GM) 

How can you get the value of free surface moment?

(Assumption) Small angle of inclination

(IMO Res.A-749(18) ch.3.3)

G: Center of total mass (gravity)
G0: Virtual risen center of gravity
G1: New position of center of total mass (gravity)
G1’: The intersection of the line GZ with G0G1
B: Center of buoyancy
B1: New position of center of buoyancy after the ship has been inclined
g: Center of the emerged volume
g1: Center of the submerged volume
b: Center of liquid in tank
b1: New position of center of liquid in tank
m: Metacenter of cargo hold
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Effect of Free Surfaces of Liquids in Tanks
- 7,000 TEU Container Carrier at Homo. Scantling Arrival Condition 0

F T

SW

i
GG








 : Free surface 

moment

(Example) Free surface moment of No. 4 heavy fuel oil tank (center) in No. 4 hold

14.44l m

10.26h m

10.44b m

iT: Moment of inertia of liquid plane area in tank about longitudinal axis

3 3
4(14.44) (10.44)

1,369( )
12 12T

l b
i m

 
  

.4 ( )Free surface moment

0.98 1,369

1,342( )

NO HFOT C F Ti

m ton

 

 
 

F: Density of liquid in tank (heavy fuel oil) = 0.98 (ton/m3)

-l/2 l/2

b/2

-b/2

y
dA = x  dy = l  dy

/2 /2
2 2

/2 /2

/2 3
2

/2

( )

12

b b

T x

b b

b

b

i i y dA y l dy

l b
l y dy

 



   


 

 



x

y



2017-12-27

25

49
Design Theories of Ship and Offshore Plant, Fall 2017, Myung-Il Roh

Effect of Free Surfaces of Liquids in Tanks
- 7,000 TEU Container Carrier at Homo. Scantling Arrival Condition

Free surface moments of all heavy fuel oil tanks

.4 ( )Free surface moment 1,342( )NO HFOT C m ton 

Free surface moment 7,109.2( )Total HFOT m ton 

0
F T

SW

i
GG








 : Free surface 

moment
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Effect of Free Surfaces of Liquids in Tanks
- 7,000 TEU Container Carrier at Homo. Scantling Arrival Condition

Calculating free surface moment of other tank at homo. scantling arrival condition(14mt) 

0

7, 253.3
0.06( )

120,038
F T

SW

i
GG m





  




0 0

0.64 0.06 0.58( )

G M GM GG

m

 

  

 Initial metacentric height (GM) at this loading condition = 0.64(m)

Correction for effect of free surface of liquid in tanks is as follows:

0
F T

SW

i
GG








 : Free surface 

moment
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IMO Regulations for General Intact Stability Criteria
- 7,000 TEU Container Carrier at Homo. Scantling Arrival Condition

(a) Area A ≥ 0.055 (mrad)

(c) Area B ≥ 0.030 (mrad)

(d) GZ ≥ 0.20 (m) at an angle of heel equal to or greater than 30

(b) Area A + B ≥ 0.09 (mrad)

(e) GZmax should occur at an angle of heel preferably exceeding 30 but not less than 25.

(f) The initial metacentric height GM0 should not be less than 0.15 (m).

Area A: Area under the righting arm curve 
between the heel angle of 0 and 30

Area B: Area under the righting arm curve
between the heel angle of 30 and min(40, f )

※ m: Heel angle of maximum righting arm = 36.8

0.148( )Area A m rad  0.055( )m rad 

0.301( )Area A B m rad   0.090( )m rad 

A B

f = 50

※ f : Heel angle at which openings in the hull

Area B: Area under the righting arm curve
between the heel angle of 30 and 40

0.153( )Area B m rad  0.030( )m rad 

30 0.909( )at angle of heelGZ m   0.20( )m

36.8m   25 

0.58GM m 0.15( )m

m 57.3

0.58 ( )GM m

0.909

1.050

All regulations are satisfied.
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Merchant Ship Stability Criteria
- IMO Regulations for Intact Stability
 Special Criteria for Certain Types of Ships 

- Containerships greater than 100 m
These requirements apply to containerships greater than 100 m. They 
may also be applied to other cargo ships with considerable flare or large 
water plane areas. The administration may apply the following criteria 
instead of those in paragraphs of previous slide.

(a) Area A ≥ 0.009/C (m-rad)

(c) Area B ≥ 0.006/C (m-rad)

(d) GZ ≥ 0.033/C (m) at an angle of heel equal to or greater than 30

(b) Area A + B ≥ 0.016/C (m-rad)

(e) GZmax ≥ 0.042/C (m)

(f) The total area under the righting lever curve (GZ curve) up to the angle 
of flooding f should not be less than 0.029/C (m-rad)

IMO Regulations for containerships greater than 100 m

In the above criteria the form factor C should be calculated using the formula
and figure on the right-hand side.

2
2

100B

m W

CdD d
C

B KG C L

 
  

 

where, d: Mean draught (m)
22 HD

D

lb B
D D h

B L

      
 



D: Moulded depth of the ship (m)

B: Moulded breadth of the ship (m)
KG: Height of the centre of gravity in (m) above the 

keel not to be taken as less than d
CB: Block coefficient
CW: Water plane coefficient

as defined in figure
on the right-hand side.

(IMO Res.A-749(18) ch.4.9)

Area A: Area under the righting arm curve 
between the heel angle of 0 and 30

Area B: Area under the righting arm curve
between the heel angle of 30 and min(40, f )

※ f : Heel angle at which openings in the hull submerge
m: Heel angle of maximum righting arm
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IMO Regulations for Intact Stability: Containerships greater than 100 m
- 7,000 TEU Container Carrier at Homo. Scantling Arrival Condition
In the above criteria the form factor C should be calculated using the formula and figure 
on the right-hand side.

2
2

100B

m W

CdD d
C

B KG C L

 
  

 

where, d: Mean draft (m)
22 HD

D

lb B
D D h

B L

      
 



D: Moulded depth of the ship (m)

B: Moulded breadth of the ship (m)

KG: Height of the centre of gravity in m above the keel 
(m) not to be taken as less than d

CB: Block coefficient

CW: Water plane coefficient

(a) Area A ≥ 0.009/C = 0.117 (mrad)

(c) Area B ≥ 0.006/C = 0.078 (mrad)

(d) GZ ≥ 0.033/C = 0.431 (m) at an angle of heel equal to or greater than 30°

(b) Area A + B ≥ 0.016/C = 0.209 (mrad)

(e) GZmax ≥ 0.042/C = 0.549 (m)

(f) The total area under the righting arm curve (GZ curve) up to
the angle of flooding f should not be less than 0.029/C = 0.379 (mrad)

IMO regulations for containerships greater than 100 m
0.148( )Area A m rad 

0.301( )Area A B m rad  
0.153( )Area B m rad 

max 1.050(m)GZ 
0.4644( )Area GZ Curve m rad 

30 0.909( )at angle of heelGZ m  

All regulations are satisfied.
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Design Criteria Applicable to All Ships
- IMO Regulations for Severe Wind and Rolling Criteria (Weather Criteria)

 Scope
The weather criteria should govern the minimum requirements for passenger or cargo ships

of 24 m in length and over.
0: Angle of heel under action of steady wind

f : Angle of heel at which openings in the hull submerge

1: Angle of roll to windward due to wave action

2: Angle of down flooding (f ) or 50°, whichever is less

where,

c: Angle of the second intersection between wind 
heeling arm and GZ(righting arm) curves

The ship is subjects to a steady wind pressure acting perpendicular to the ship’s center line which results in a steady wind 
heeling arm (lw1).

IMO Regulations for Severe Wind and Rolling Criteria (Weather Criteria)

The ship is subjected to a gust wind pressure which results in a gust wind heeling arm (lw2).

1 ( )
1000

P A Z
lw m

g

 


 

2 11.5 ( )lw lw m 

(a) 0 should be limited to 16° or 80% of the angle of deck edge immersion (f), whichever is less.

Area a: The shaded area between angle 1 and the first 
intersection of righting arm curve with heeling arm 
curve

Area b: The shaded area between the first intersection of 
righting arm curve with heeling arm curve and 
angle 2

0

1

2 c
1lw 2lw

b

a

A
rm

2 2( 504 / , 9.81 / )P N m g m s 

A : Lateral projected area above water line.
Z : Vertical distance from the center of wind pressure to the center of water pressure

(b) Under these circumstances, area b should be equal to or greater than area a. The work and energy 
considerations 
(dynamic stability) 

(IMO Res.A-749(18) ch.3.2)
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IMO Regulations for Severe Wind and Rolling Criteria (Weather Criteria)
- 7,000 TEU Container Carrier at Homo. Scantling Arrival Condition

(a) 0 is suggested to 16 or 80% of the angle of deck edge immersion (f), whichever is less.

2 2504( / ), 9.81( / )P N m g m s 

A : Lateral projected area above water line = 9,871(m2)

Z : Vertical distance from center of wind pressure to center of water pressure

= (Vertical distance from base line to center of wind pressure) - (Vertical distance 
from base line to center of water pressure)

= 29.749 – 7.714 = 22.04(m)

First, we have to know the value of a steady wind heeling arm (lw1).

1

504 9,871 22.04
0.1( )

1,000 1,000 9.81 117,110

P A Z
lw m

g

   
  

   

29.749( )m

7.714( )m

Second, the angle of heel under action of steady wind (0) is angle of intersection between GZ 
curve and lw1. The 0 is 4.5°.

The regulation (a) is satisfied.

0

1

2 c
1lw 2lw

b

a

A
rm

4.5

1 ( )
1,000

P A Z
lw m

g

 


 
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IMO Regulations for Severe Wind and Rolling Criteria (Weather Criteria)
- 7,000 TEU Container Carrier at Homo. Scantling Arrival Condition

(b) Under these circumstances, area b should be equal to or greater than area a.

First, we have to know the value of a gust wind heeling arm (lw2).

2 11.5

1.5 0.1 0.15( )

lw lw

m

 
  

Second, we have to know the angle of roll (1 ).

1 1 2109

109 0.99 0.93 1 0.887 0.054

21.963

k x x r s      

     
 

Third, 2 is angle of down flooding (f ) or 50, whichever is less. We assume that 2 for this container 
carrier is 50°.

Forth, the area a is 0.0384 (m·rad) and the area b is 0.3661 (m·rad).

The regulation (b) is satisfied.

0

1

2 c
1lw 2lw

b

a

A
rm

17.463 

21.963 

4.5

Area a: The shaded area between angle 1 and the first 
intersection of righting arm curve with heeling arm curve

Area b: The shaded area between the first intersection of righting 
arm curve with heeling arm curve and angle 2
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5.5 Damage Stability
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Damage of a Box-Shaped Ship

When a compartment of the ship is damaged, what is the new 
position of this ship?

 A ship is composed of three compartments.

TCompartment 1 Compartment 2 Compartment 3
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Compartment 1 Compartment 2 Compartment 3Compartment 1 Compartment 2 Compartment 3

Damage of a Box-Shaped Ship (Immersion)

When the compartment in the midship part is damaged, what is the new 
position of this ship?

* The new position of the ship can be calculated by the lost buoyancy and added weight methods.

The position of the ship will be changed.

Immersion
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Damage of a Box-Shaped Ship (Immersion, Trim)

When the compartment at the after part of the ship is damaged, what is the 
new position of this ship?

The position of the ship will be changed.

TrimImmersion 

* The new position of the ship can be calculated by the lost buoyancy and added weight methods.

“Trim by stern”(draft at AP > draft at FP)
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Damage of a Box-Shaped Ship (Immersion, Trim, Heel)

 When the ship is composed of “six” compartments.

Heel

cL

When the compartment at the after and right part of the ship is damaged, 
what is the new position of the ship?

The position of the ship will be changed.

TrimImmersion  

PortStarboard

* The new position of the ship can be calculated by the lost buoyancy and added weight methods.
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Damage of a Box-Shaped Ship (GZ Curve)

 To measure the damage stability, we should find the a statical stability curve (GZ 
curve) of this damage case by finding the new center of buoyancy (B) and center 
of mass (G).

o

f

θe: Equilibrium heel angle

θv: 

(in this case, θv equals to θo)

GZmax: Maximum value of GZ

Range: Range of positive righting arm

Flooding stage: Discrete step during the flooding

process

minimum( , )f o 

Statical Stability Curve
(GZ Curve)

Heeling Angle
0               10              20              30              40              50

0 
  

  
  

 0
.5

  
  

  
  

G
Z

e

maxGZ

Range

θf: Angle of flooding (righting arm becomes negative)

θo: Angle at which an “opening” incapable of being closed weathertight becomes submerged

Compartment 1 Compartment 2 Compartment 3

cL

cL
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Two Methods to Measure the Ship’s Damage Stability

How to measure the ship’s stability in a damaged condition?

: Calculation of survivability of a ship
based on the position, stability, and 
inclination in damaged conditions

: Calculation of survivability of a ship
based on the probability of damage

Deterministic Method

Probabilistic Method

Compartment 1 Compartment 2 Compartment 3

cL

cL
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Deterministic Damage Stability
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Definition of Damage and Flooding

D.L.W.L

Damage

Damaged
compartments

D.L.W.L

Flooding

Water plane

Compartment

Damage

Watertight transverse bulkhead

* D.L.W.L: Design Load Water Line
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Procedures of Calculation of Deterministic Damage Stability

 Step 1: Determination of international regulations to be applied 
according to ship type

 Step 2: Assumption of the location of damage according to ship 
length

 Step 3: Assumption of the extent of damage

 Step 4: Assumption of the permeability for each compartment

 Step 5: Evaluation of the required damage stability of international 
regulations
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Step 1: International Regulations for Damage Stability 
According to Ship Type

Ship Type Freeboard Type
Deterministic Damage Stability Probabilistic Damage Stability

ICLL1 MARPOL2 IBC3 IGC4 SOLAS5

Oil Tankers
A6 O O

B7 O

Chemical Tankers A O O

Gas Carriers B O

Bulk Carriers

B O

B-60 O

B-100 O

Container Carriers

Ro-Ro Ships

Passenger Ships

B O

1: International Convention on Load Lines
2: International Convention for the Prevention of Marine Pollution from Ships
3: International Bulk Chemical Code
4: International Gas Carrier Code
5: Safety Of Life At Sea
6: Freeboard type for a ship which carries liquid cargo (e.g., Tanker). Its freeboard is smaller than that of Type B.
7: Freeboard type for a ship which carries dry cargo (e.g., Container ship, passenger ship).
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Step 2 & 3: Location and Extent of Damage in International Regulations
- MARPOL, IBC, IGC

Regulation MARPOL IBC IGC

Draft
For any operating draft 

reflecting loading conditions

Location of 

Damage in 

Lengthwise

Anywhere Lf>225m Type 11)

Any Lf

Type 21)

Lf>150m

Type 31)

Lf>225m

Type 1G2),

Type 2PG2)

Any Lf

Type 2G2)

Lf>150m

Type 3G2)

Lf≥125m

Anywhere

(Engine room:

1 

compartment)

150m<Lf

<225m

Type 2

≤150m

Type 3

125m<Lf

<225m

Type 2G

Lf≤150m

Anywhere

(Engine room:

exception)

Lf≤150m Type 3

Lf<125m

Lf<125m

Type 3G

Regulation MARPOL IBC IGC

Extent

of

Damage

Side 

Damage

Longitudinal Extent Lf
2/3/3 or 14.5m, whichever is the lesser

Transverse Extent B/5 or 11.5m, whichever is the lesser

Vertical Extent No limit

Bottom 

Damage

Longitudinal 

Extent

FP‘∼0.3Lf Lf
2/3/3 or 14.5m, whichever is the lesser

0.3Lf∼Aft
Lf

2/3/3 or 5.0m, whichever is the 

lesser

Lf/10 or 5.0m, 

whichever is the 

lesser

Transverse 

Extent

FP‘∼0.3Lf B/6 or 10.0m, whichever is the lesser

0.3Lf∼Aft B/6 or 5.0m, whichever is the lesser

Vertical Extent B/15 or 6.0m, whichever is the lesser

B/15 or 2m, 

whichever is the 

lesser

 bottom raking damage3), Reg. 28 of MARPOL 73/78

－ Longitudinal Extent: 

－ Transverse Extent:

－ Vertical Extent:

20,000ton ≤ DWT ≤ 75,000ton

75,000ton ≤ DWT

20,000ton ≤ DWT

20,000ton ≤ DWT

: 0.4Lf from FP’

: 0.6Lf from FP’

: B/3 anywhere

: breach of outer hull4)

1) Type 1, Type 2, Type 3: Classification of chemical tanker according to the danger of the loaded cargo. The ship which carries most dangerous cargo is
classified into Type 1.
2) Type 1G, Type 2G, Type 2PG, Type 3G: Classification of gas carrier according to the danger of the loaded cargo. The ship which carries most 
dangerous cargo is classified into Type 1G.
3) The bottom raking damage is only considered in MARPOL
4) The outer shell is only damaged in the vertical direction.

Extent of damageLocation of damage 



2017-12-27

35

69
Design Theories of Ship and Offshore Plant, Fall 2017, Myung-Il Roh

Step 2 & 3: Location and Extent of Damage in International Regulations
- ICLL

Regulation ICLL

Draft Summer load line

Location of damage in 

lengthwise

Anywhere (Engine room: 1 compartment)

Lf>150m

Ship type

A: 1 compartment / B-60: 1 compartment / B-100: 2 compartments

Anywhere (Engine room: exception)

100m<Lf≤150m

Ship type

B-60: 1 compartment / B-100: 2 compartments

Regulation ICLL

Extent

of

Damage

Side Damage

Longitudinal Extent

Type A: 1 compartment

Type B-60: 1 compartment

Type B-100: 2 compartments

Transverse Extent 1/5 or 11.5m, whichever is the lesser

Vertical Extent No limit

Damage assumptions
(a) The vertical extent of damage in all cases is assumed to be from the base line upwards 

without limit.
(b) The transverse extent of damage is equal to one-fifth (1/5) or 11.5 m, whichever is the 

lesser of breadth inboard from the side of the ship perpendicularly to the center line at the 
level of the summer load water line.

(c) No main transverse bulkhead is damaged.

Extent of damage

Location of damage 
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Step 4: Permeability of Compartment (1/2)

Permeability of each general compartment

The compartment of the ship already contains cargo, machinery, liquids, accommodations, or 

any other equipment or material. To consider this characteristics, the concept of permeability is 

introduced.

The permeability (μ) of a space is the proportion of the immersed volume of that space 

which can be occupied by water.

When the ship is flooding, how to calculate the actual amount of flooding water?

Spaces MARPOL IBC IGC ICLL

Appropriated to stores 0.60 0.95

Occupied by accommodation 0.95 0.95

Occupied by machinery 0.85 0.95

Void spaces 0.95 0.95

Intended for liquids 0 to 0.95* 0.95

* The permeability of partially filled compartments should be consistent with the amount of liquid carried in the compartment.
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Step 4: Permeability of Compartment (2/2)

Spaces Permeability at draft ds Permeability at draft dp Permeability at draft dl

Dry cargo spaces 0.70 0.80 0.95

Container cargo spaces 0.70 0.80 0.95

Ro-Ro spaces 0.90 0.90 0.95

Cargo liquids 0.70 0.80 0.95

Timber cargo in holds 0.35 0.70 0.95

Permeability of each cargo compartment

Definitions of three draft
Light service draft (dl): the service draft corresponding to the lightest anticipated loading and
associated tankage, including, however, such ballast as may be necessary for stability and/or
immersion. Passenger ships should include the full complement of passengers and crew on board.
Partial subdivision draft (dp): the light service draft plus 60% of the difference between the light
service draft and the deepest subdivision draft.
Deepest subdivision draft (ds): the waterline which corresponds to the summer load line draft of the
ship
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Step 5: Evaluation of the Required Damage Stability

0
Angle of heel()

Righting arm
(GZ)

m f

Equilibrium
Point

GZmax

GZ Area

※ f: An angle of heel at which
openings in the hull submerge

m: Angle of maximum righting armTo be greater than 20

Regulations MARPOL IBC IGC ICLL

Equilibrium point (angle of heel) Below 25 or 30 Below 30 Below 15 or 17

Maximum righting arm (GZmax) Over 0.1 m within the 20 range

Flooding angle (f) Over 20 from the equilibrium point

Area under the curve within this range Over 0.0175 mrad
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0
Angle of heel()

Righting arm
(GZ)

m f

Equilibrium Point
(Within 25~30)

To be greater than 0.1 (m)

To be greater than 0.0175 (m·rad)

To be greater than 20

※ f: An angle of heel at which
openings in the hull submerge

m: Angle of maximum righting arm

Step 5: Evaluation of the Required Damage Stability
- MARPOL Regulation for Damage Stability

(a) The final waterline shall be below the lower edge of any opening through which progressive flooding 
may take place.
(b) The angle of heel due to unsymmetrical flooding shall not exceed 25 degrees, provided that this 
angle may be increased up to 30 degrees if no deck edge immersion occurs.

(c) The statical stability curve has at least a range of 20 degrees beyond the position of equilibrium in 
association with a maximum residual righting arm of at least 0.1 meter within the 20 degrees range

(d) The area under the curve within this range shall not be less than 0.0175 meter-radians.

• Regulation

MARPOL 1973/78/84 Annex I/25
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Step 5: Evaluation of the Required Damage Stability
- Damage Stability Criteria in Battleship*

10 3020 40 50 Angle of heel()

Righting
arm

r = 8

0

GZ(Righting Arm Curve)

HA(Heeling Arm Curve)

A1

A2

 = min(45, f)

0

r: Angle of heel in transverse wind
(It varies depending on displacement, r = 8 in 
case of battleship with displacement of 9,000 
ton.)
f: An angle of heel at which openings in the hull 

submerge

0(Initial Angle of Heel)  15, A2  1.4·A1

* Surko, S.W., “An Assessment of Current Warship Damaged Stability Criteria”, Naval Engineers Journal, 1994

• Regulation
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Probabilistic Damage Stability 
(Subdivision and Damage Stability, 
SDS)

76
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The probability of damage “pi” that a compartment or group of compartments may be flooded 

at the level of the deepest subdivision draft (scantling draft)

The probability of survival “si” after flooding in a given damage condition. 

Probabilistic Method

The attained subdivision index “A” is the summation of the probability 
of all damage cases.

1 1 2 2 3 3 i i

i i

A p s p s p s p s

p s

       

 


A R

The required subdivision index “R” is the requirement of a minimum 
value of index "A“ for a particular ship.

128
1

152s

R
L

 
 where, ”LS“ is called subdivision length and related with the ship’s length.

Overview of Probabilistic Method
- Subdivision & Damage Stability (SDS)
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Ship Types for Subdivision & Damage Stability

 Bulk carriers, Container carriers, Ro-Ro ships having over 80m in 
length

 Passenger ships of any length

Ship Type Freeboard Type
Deterministic Damage Stability Probabilistic Damage Stability

ICLL1 MARPOL2 IBC3 IGC4 SOLAS5

Oil Tankers
A6 O O

B7 O

Chemical Tankers A O O

Gas Carriers B O

Bulk Carriers

B O

B-60 O

B-100 O

Container Carriers

Ro-Ro Ships

Passenger Ships

B O
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Definition of Subdivision Length (Ls) (1/2)

 The greatest projected molded length of that part of the ship at 
or below deck or decks limiting the vertical extent of flooding 
with the ship (12.5m) at the deepest subdivision load line

Maximum
damage
height

Fore castle deckPoop deck Upper deck
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Definition of Subdivision Length (Ls) (2/2)

Space for
mooring
equipment

Space for
mooring and anchoring
equipment

Maximum
damage
height

Maximum
damage
height
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Required Subdivision Index (R)

 The regulation for subdivision & damage stability are intended to provide 
ships with a minimum standard of subdivision.

 The degree of subdivision to be provided is to be determined by the 
required subdivision index R.

 The index, a function of the subdivision length (Ls), is defined as follows.
 for cargo ships over 100m in LS:

 for cargo ships of 80m in LS and upwards, but not exceeding 100m in length LS:

where R0 is the value R as calculated in accordance with the formula relevant to ships over 
100 m in LS.

 for passenger ships

where, N=N1+2N2, N1: number of persons for whom lifeboats are provided, N2: number of 
persons (including officers and crew) the ship is permitted to carry in excess of N1

128
1

152s

R
L

 


0

0

1
1

1
100 1

S

R
L R

R

 
 



5000
1

1 2.5 15225S

R
L N

 
  
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Attained Subdivision Index (A)

 The attained subdivision index A, calculated in accordance with 
this regulation, is to be not less than the required subdivision 
index R.

 The attained subdivision index A is to be calculated for the ship 
by the following formula.

Where,
i: Represents each compartment or group of compartments under consideration.
pi: Accounts for the probability that only the compartment or group of compartments under consideration 
may be flooded, disregarding any horizontal subdivision, pi is independent of the draft but includes the 
factor r.
si: Accounts for the probability of survival after flooding the compartment or group of compartments under 
consideration, including the effects of any horizontal subdivision, si is dependent on the draft and includes 
the factor v.

0.4 0.4 0.2Where  s p lA A A A  A R

 , ,s p l i i
i

A A A p s 
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Considerations for Loading Conditions and Drafts

 The SDS calculation is carried out on the basis of three standard 
loading conditions relevant to the following drafts.

 The deepest subdivision draft (ds): corresponding to summer draft 
(scantling draft)

 The light service draft (dl): corresponding to the lightest loading 
condition (“ballast arrival condition”) included in the ship’s 
stability manual

 The partial subdivision draft (dp): corresponding to the light 
service draft (dl) plus 60% of the difference between the deepest  
subdivision draft (ds) and the light service draft:

0.6( )p l s ld d d d  
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Overall Procedures to Evaluate the Probabilistic Damage 
Stability

Definition of virtual 
subdivision bulkheads

Subdivision of 
compartments

Definition of damaged 
compartments

Calculation of the 
probability of damage (pi)

Calculation of the 
probability of survival (si)

Calculation of the 
attained subdivision 

index (A)

Comparison with the 
required subdivision 

index (R)

Generation of damage cases

Location of damage

Extent of damage
Location of damage

Extent of damage
Location of damage

Extent of damage
…

Extent of flooding
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Probability of Damage

: Probability of damage that a compartment or group of 
compartments may be flooded at the level of the deepest subdivision 
draft “ds”, that is, scantling draft. 

 Dependent on the geometry of the ship
(Watertight arrangement and main dimensions of the ship)

What is the factor “pi”?

Compartment 1 Compartment 2 Compartment 3

cL

cL

: Related to the generation of “Damage Case”

p : The probability of damage in the longitudinal subdivision
r : The probability of damage in the transverse subdivision

ip p r 

i iA p s 
A: Subdivision index
pi: Probability of damage
si: Probability of survival

 Not dependent on the draft. Thus, we use the deepest subdivision draft “ds”.



2017-12-27

43

85
Design Theories of Ship and Offshore Plant, Fall 2017, Myung-Il Roh

Probability of Survival (1/2)

: The factor “si” is the probability of survival after flooding in a given 
damage condition.

 Dependent on the “initial draft (ds, dp, dl)”

Compartment 1 Compartment 2 Compartment 3

cL

cLi iA p s 
What is the factor “si”?

: Calculation the probability of survival in a given “Damage Case”

A: Subdivision index
pi: Probability of damage
si: Probability of survival
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Probability of Survival (2/2)

What is related to the factor “si”?

Compartment 1Compartment 2 Compartment 3

cL

cL

max( , , , , )i i e vs s GZ Range Flooding stage  (For cargo ships)

i iA p s 

o

f

θe: Equilibrium point(angle of heel)

θv: 

(in this case, θv equals to θo)

GZmax: Maximum value of GZ

Range: Range of positive righting arm

Flooding stage: Discrete step during the flooding

process

minimum( , )f o 

Statical Stability Curve
(GZ Curve)

Heeling Angle
0               10              20              30              40              50

0 
  

  
  

 0
.5

  
  

  
  

G
Z

e

maxGZ

Range

θf: Angle of flooding (righting arm becomes negative)

θo: Angle at which an “opening” incapable of being closed weathertight becomes submerged

: The factor “s” is to be calculated according to the range of GZ curve and 
GZmax.
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Comparison Between the Deterministic and Probabilistic 
Damage Stability

Items

Deterministic Damage Stability Probabilistic Damage Stability

ICLL1 MARPOL2 SOLAS

Ships Oil tankers, Chemical tankers
Bulk carriers, Container carriers, Ro-Ro ship

s, Passenger ships

Definition of damaged 

compartments

Define the compartments as same with actual 

compartments

Define virtual damage compartments after 

subdividing the compartments by using vir

tual subdivision bulkheads

Assumption of extent 

of damage

Assume the extent of damage with actual 

compartments as a basis

Assume the extent of damage with the virt

ual damage compartments as a basis

Generation of damage 

cases

Generate a damage case 

per two compartments

Generate a damage case 

per one or two compart

ments

Generate a damage case for each extent of 

damage

Draft under 

consideration

The deepest subdivision 

draft (ds)

All drafts to be applied in 

the intact stability 

calculation

The deepest subdivision draft (ds), the parti

al subdivision draft (dp), the light service dr

aft (dl)

Evaluation of damage 

stability

All damage cases should satisfy each criterion for the 

regulation of damage stability.

The attained subdivision index should satis

fy the regulation of damage stability (AR).

1: International Convention on Load Lines
2: International Convention for the Prevention of Marine Pollution from Ships
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5.6 Hydrostatic Values



2017-12-27

45

89
Design Theories of Ship and Offshore Plant, Fall 2017, Myung-Il Roh

Hydrostatic Values

 DraftMld, DraftScant: Draft from base line, moulded / scantling (m)
 VolumeMld(), VolumeExt: Displacement volume, moulded / extreme (m3)
 DisplacementMld(), DisplacementExt: Displacement, moulded / extreme (ton)
 LCB: Longitudinal center of buoyancy from midship (Sign: - Aft / + Forward)

 LCF: Longitudinal center of floatation from midship (Sign: - Aft / + Forward)

 VCB: Vertical center of buoyancy above base line (m)
 TCB: Transverse center of buoyancy from center line (m)
 KMT: Transverse metacenter height above base line (m)
 KML: Longitudinal metacenter height above base line (m)
 MTC: Moment to change trim one centimeter (ton-m)
 TPC: Increase in DisplacementMld (ton) per one centimeter immersion
 WSA: Wetted surface area (m2)
 CB: Block coefficient
 CWP: Water plane area coefficient
 CM: Midship section area coefficient
 CP: Prismatic coefficient
 Trim: Trim(= after draft – forward draft) (m)
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Hydrostatic Curve

 Hydrostatic curve: Curve for representing hydrostatic values

Example of Hydrostatic Curve
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b(x): Half breadth of each section
sw: Density of sea water(1.025[ton/m3])

WP yM M x dA  

Water Plane Area (AWP) , Tones Per 1cm Immersion (TPC), 
Longitudinal Moment of Area (LWP), Longitudinal Center of Floatation (LCF)

WP

WP

M
LCF

A


0
2 ( )

L

WPA dA b x dx   

x dx dy 

 1st moment of water plane 
area about y axis

 Longitudinal Center of Floatation   

 Water plane area

: waterplane area WPA

B

T

L

nx ny

nz

E

100

1
 WPsw ATPC 

 Tones Per 1 Cm immersion (TPC)

waterseaofdensity:sw

Exnynzn: Water plane fixed frame

yn

xn

dA

dy
dx

x

b(x)
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Sectional Area (A), Displacement Volume ()

 Displacement volume

( )A x dx  

L

form hull

runder wate

B

T

( )A x ( )A x dA dy dz  
 Sectional area

nx ny

nz

E

 
dV dx dy dz

dy dz dx

  


 

 
( )A x

After calculating each sectional area, displacement 
volume can be calculated by integration of section 
area over the length of a ship.

dy
dz

Exnynzn: Water plane fixed frame
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Longitudinal Moment of Displacement Volume (M,L) and
Longitudinal Center of Buoyancy (LCB)

 Longitudinal Center of Buoyancy   

, ,L A LM M dx  

,LM
LCB 



L

form hull

runder wate

B

T

 Longitudinal moment of 
displacement volume

 

,L yzM M x dV

x dx dy dz

x dy dz dx

  






 

,A LM
MA,L: Longitudinal moment of

area about y axis

After calculating each longitudinal moment of sectional 
area about the y axis (MA,L), longitudinal moment of 
displacement volume can be calculated by integration of 
longitudinal moment of section area over the length of ship.

nx ny

nz
E

x

Exnynzn: Water plane fixed frame

( )A x
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Vertical Moment of Displacement Volume (M,V) and
Vertical Center of Buoyancy (VCB or KB)

 Vertical Center of Buoyancy   

, ,V A VM M dx  

,VM
VCB KB  



L

form hull

runder wate

B

T

 Vertical moment of 
displacement volume

 

,V xyM M z dV

z dx dy dz

z dy dz dx

  






 

,A VM
MA,V: Vertical moment of

area about y axis

After calculating each vertical moment of sectional area 
about the y axis (MA,V), vertical moment of displacement 
volume can be calculated by integration of vertical moment 
of section area over the length of ship.

nx ny

nz

z

Exnynzn: Water plane fixed frame

( )A x

E
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Transverse Moment of Displacement Volume (M,T) and
Transverse Center of Buoyancy (TCB)

 Transverse Center of Buoyancy  

, ,T A TM M dx  

,TM
TCB 



L

form hull

runder wate

B

T

 Transverse moment of 
displacement volume

 

,T xzM M y dV

y dx dy dz

y dy dz dx

  






 

,A TM
MA,T: Vertical moment of

area about z axis

After calculating each transverse moment of sectional area 
about the z axis (MA,T), transverse moment of displacement 
volume can be calculated by integration of transverse 
moment of section area over the length of a ship.

nx ny

nz

y

Exnynzn: Water plane fixed frame

( )A x

E
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WPA : waterplane  area

B

T

L

CWP (Water Plane Area Coefficient)

WP
WP

mld

A
C

L B




underwater

hull form

Block Coefficient (CB) and Water Plane Area Coefficient (CWP)

B
mld

C
L B T




 

CB (Block coefficient)

underwater

hull form

B

T

L

∇: Moulded volume of displacement
L: Length (LWL or LBP)
Bmld: Moulded breadth
Tmld: Moulded draft

AWP: Water plane area
L: Length (LWL or LBP)
Bmld: Moulded breadth
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Midship Section Coefficient (CM) and Prismatic Coefficient (CP)

CM (Midship Section Coefficient)

L

underwater

hull form

: maximum transverse underwater areaMA

M
M

mld

A
C

B T




B

T

P
BP M

B

BP mld M M

C
L A

C

L B T C C







 
  

CP (Prismatic Coefficient)

Bmld: Moulded breadth
Tmld: Moulded draft
AM: Sectional area at midship

∇: Moulded volume of displacement
L: Length (LWL or LBP)
Bmld: Moulded breadth
Tmld: Moulded draft
CM: Midship section coefficient
CB: Block coefficient
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Transverse Metacentric Radius (BM), Longitudinal Metacentric Radius 
(BML), Moment to change Trim 1 Cm (MTC), and Trim

 2
0 1 tanTI

BM  


GM KB BM KG  
sinGZ GM      Transverse righting moment =

KB : Vertical center of displaced volume

: Transverse metacentric height

BM : Transverse metacentric Radius

KG : Vertical center of gravity

GM

BM

TI
BM 



BML

 2
0 1 tanL

L

I
BM  



KB

L LGM KB BM KG  

: Vertical center of displaced volume

: Longitudinal metacentric height

LBM : Longitudinal metacentric Radius

KG : Vertical center of gravity

LGM

sinL LGZ GM      Longitudinal righting moment =

L
L

I
BM 



: Considering the change of the center 
of buoyancy in vertical direction

: Without considering the change of the 
center of buoyancy in vertical direction

( : Angle of heel)

Moment to change Trim 1 Cm

1

100L
BP

MTC GM
L

   


L LGM KB BM KG  
If we assume that KB, KG are small than BML

L LGM BM

1

100 100
L

L
BP BP

I
MTC BM

L L

 
     

 

(Unit conversion for centimeter)

MTC Trim

[ ]
100

Trim Lever
Trim m

MTC

 




Transverse Moment Arm LCB LCG 

100
L

BP

I
MTC

L

 




: Considering the change of the center 
of buoyancy in vertical direction

: Without considering the change of the 
center of buoyancy in vertical direction

( : Angle of trim)
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D
ra

ft
[m

]

Given: Offsets table, Formulas for calculating hydrostatic values
Find: Hydrostatic tables as function of draft, Hydrostatic curves

<Hydrostatic Tables>

 Calculation of hydrostatic values as function of draft

Calculated, Scaled Value

draft

Calculated values with respect to 
draft in the hydrostatic tables

Generated curve using B-spline

<Hydrostatic Curves>

Generation of Hydrostatic Tables and Hydrostatic Curves
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Example of Offsets Table of a 6,300TEU Container Ship

Waterline

Stations

Half-Breadth

* Unit: mm
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Example of Lines of a 6,300TEU Container Ship
- Fore Body
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Example of Lines of a 6,300TEU Container Ship
- After Body
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Relationship Between Lines and Offsets Table (1/2)

Generation of offsets table
from the lines

Lines

Offsets table
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Relationship Between Lines and Offsets Table (2/2)

Waterline at 18m

Half-breadth for each station
at 18m waterline

Waterline at 18m

Half-breadth for St. 19

7036

Half-breadth for St. 18

13033
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Example of Hydrostatic Tables of
a 6,300TEU Container Ship (1/2)
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Example of Hydrostatic Tables of
a 6,300TEU Container Ship (2/2)
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Example of Hydrostatic Curves of
a 6,300TEU Container Ship
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Example of Programming for Calculation of the Hydrostatics 
- Example of Hydrostatic Tables of a 320K VLCC (1/2)
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Example of Programming for Calculation of the Hydrostatics 
- Example of Hydrostatic Tables of a 320K VLCC (2/2)
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Example of Programming for Calculation of the Hydrostatics 
- Example of Hydrostatic Curves of a 320K VLCC


