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ABSTRACT

Damage stability calculations are car-
ried out for column stabilized drilling
Following types of rigs are consi-
dered: multi-legged rigs with circularly
and rectangularly arranged columns, with

units.

and without footings,

and

with subdivided

and non-subdivided columns.
Formulas are set up showing the influ-

ence of the geometric characteristics on the

angle of inclination in the final stage of

flooding.

From the results conclusions are

drawn as to the type of rig to be preferred
from the standpoint of damage stability.

Finally,

it is demonstrated that rigs

with favourable characteristics can attain

a probability of survival of P =
any subdivision of the columns.

1 without
Rigs which

are not primarily designed with respect to

damage stability must be subdivided. It
will be shown how subdivision must be in or-
der to get also for these rigs high probab-

ility values.

NOMENCLATURE

a = half height of a compartment
breadth of a rectangular rig (measured

B =

between the centers of two opposite columns)

center of buoyancy of
part of the rig after
center of buoyancy of
part of the rig after
inclination about the
center of buoyancy of
part of the rig after
inclination about the
transverse metacenter
ancy before damage

the remaining intact
parallel sinkage

the remaining intact
parallel sinkage and
axis x'

the remaining intact
parallel sinkage and
axis y'

above center of buoy~

longitudinal metacenter above center of

buoyancy before damage
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transverse metacenter of the remaining in-
tact part of the rig above center of buoy-
ancy after flooding

longitudinal metacenter of the remaining
intact part of the rig above center of
buoyancy after flooding

B/2 = half breadth of a rectangular rig
diameter of a column

half vertical extent of damage

center of the remaining intact waterplane
area after parallel sinkage

center of gravity

transverse metacentric height before damage
longitudinal metacentric height before
damage

transverse metacentric height of the remain-
ing intact part of the rig

longitudinal metacentric height of the re-
maining intact part of the rig

acceleration due to gravity

height of a column

moment of inertia of the waterplane area of
the rig before damage, related to the longi-
tudinal principal axis

moment of inertia of the waterplane area of
the rig before damage, related to the trans-
verse principal axis

moment of inertia of the remaining

intact waterplane area after parallel sink-
age, related to axis x (x')

moment of inertia of the remaining intact
waterplane area after parallel sinkage,
related to axis y (y')

centrifugal moment of the remaining intact
waterplane area after parallel sinkage,
related to axes x and y (J_, , = 0)

center of buoyancy above

bottom before damage

center of buoyancy of the remaining intact
part of the rig above bottom after flooding
center of gravity above bottom before and
after flooding (lost buoyancy method)



L = length of a rectangular rig (measured between
the centers of the outer columns of a row)

L = force of buoyancy

{ = L/2 = half length of a rectangular rig

m = projection of r on axis x'

n = projection of r on axis y'

N = number of columns

p = distance of B, from axis y, (measured in a

horizontal plane at the level of Bg)

q = distance of B, from axis x, (measured in a
horizontal plane at the level of B,)

R = distance of a column from the vertical center-
line of a radial symmetric rig

r = distance between the forces of buoyancy and
welght acting on the remaining 1ntact gart of
the r1§ after parallel sinkage (r2 = p2 + q2 =
m? + n?)

T, = draft before damage

AT = parallel sinkage

u = distance of F from axis y, (measured in the
waterplane after parallel sinkage)

v = distance of F from axis x, (measured in the
waterplane after parallel sinkage)

V. = volume of displacement before and after flood-
ing (lost buoyancy method)

W = force of weight

x, = longitudinal principal axis of inertia of the
waterplane area before damage

x = axis running through F in parallel direction

to axis x4

= principal axis of inertia of the remaining

intact waterplane area after parallel sinkage
(about this axis the moment of inertia comes
to a minimum value)

Yo = transverse principal axis of inertia of the
waterplane area before damage

y = axis running through F in parallel direction
to axis y,

y' = principal axis of inertia of the remaining
intact waterplane area after parallel sinkage
(about this axis the moment of inertia comes
to a maximum value)

a = angle between the directions of the axis x' and
the 1ongitudina1 axis (applicable to rectangu-
lar rigs if N = 4 and n = 1 or if N = 6 and
n= (- -Sus)/ (18- 6us) ) or transverse axis
of the rig (applicable if N = 4 and n 2 1 or if
N =6 and n = y(2-8us)~ (48—6,“5) )

B = angle of inclination about axis x' at which the
center of the upper flat of a compartment im-
merges

y = angle between axis x_ and the line connecting
the centers of the diagonally opposite corner
columns of a rectangular rig

n = B/L = breadth-length ratio

)b = angle of inclination of the platform against sea
level in the final stage of flooding

ug = surface permeability

My = volume permeability

py = mass density of water

fo = angle of inclination about axis x' due to loss
of buoyancy ("angle of heel')

y = angle of inclination about axis y' due to loss
of buoyancy ("angle of trim")

1. INTRODUCTION

This paper is concerned with the influ-
ence of the geometric characteristics of
semisubmersible rigs on damage stability.
Only damages to the columns caused by colli-

sions will be considered. The intention is
to find out what types of rigs can survive
damages even without any watertight subdivi-
sion of the columns and what types must be
subdivided in order to obtain a certain
amount of survival probability.

Contrary to ships, semisubmersible off-
shore units have several buoyant bodies con-
tributing to the buoyancy of the rig. 1In
general, spacing of columns is wide enough
for excluding damage to two or more adjacent
columns. Hence, for a high degree of abil-
ity to survive collisions, it only must be
observed that the rig can withstand the
total flooding of one column. This method
of providing survivability, which is only
applicable to multihull units, is much more
effective than the well known method of sub-
dividing a floating body into watertight
compartments. Of course, a watertight sub-
division of the columns of a multi-legged
rig is also possible and contributes addi-
tionally to its survivability.

From these simple considerations we may
conclude that it is much more easier to at-
tain high survival probability values for
rigs than for ships. 1In spite of this fact
there exists a number of semisubmersibles
which evidently were designed without closer
regard to the influence of hull configura-
tion on damage stability. For example,
three-legged rigs without a well-considered
subdivision will hardly survive a damage to
one of the legs.

Modern drilling rigs meet damage stabil-~
ity and subdivision requirements of the clas-
sification societies and of IMCO [1]. They
all have a minimum amount of survival probab-
ility. But the rules are not as effective
as they could be. Especially, they do not
give practical instructions to the designer
what type of rig should be preferred from
the damage stability point of view. After
the capsizing of the rig "Alexander Kielland"
the Norwegian Maritime Directorate (NMD)
introduced amendments to the existing natio-
nal stability rules for floatable drilling
units [2]. In future, semisubmersible rigs
operating off the Norwegian coast must be
able to withstand heeling moments even if
the buoyant force of one of the legs will be
lost. This requirement is an important step
forward to more safety on rigs and we only
can hope that IMCO will follow the Norwegian
Maritime Directorate in adopting this amend-
ment to IMCO's "MODU CODE" [1].

2. DAMAGE STABILITY OF DIFFERENT TYPES OF
RIGS

2.1 Multi-legged rig of radial symmetric
type with non-subdivided columns and
without footings

Fig.1 of Appendix 1 illustrates a
column stabilized rig without footings (N =
number of columns). All columns have the
same diameter D, the same distance R from
the vertical centerline of the rig and are
spaced equidistantly. The columns are not



subdivided by watertight bulkheads or flats.
If one column is damaged the center of gra-
vity G - according to the lost buoyancy
method - is the same as before flooding.
The center of buoyancy, however, changes its
location because of the fact that the form
of the remaining intact part of the rig dif-
fers from the original configuration. The
resultant force of buoyancy L acts ver-
tically upward through the new center of
buoyancy By . It is equal to the resul-
tant force of weight W , but of opposite
direction. 1In the upright position, the
distance between these two forces is r .

By reasgons of symmetry By 1is located
on the connecting line drawn at the level
of Bp between the center of the column
being flooded and the center of the rig.
In this special case where no footings are
arranged the center of buoyancy B, and
the center F of the remaining intact wa-
ter plane area are lying on the same verti-
cal line. The principal axis of inertia x',
about which the moment of inertia attains
its minimum value, runs through F and has
a normal direction to the connecting line
mentioned above.

The forces of buoyancy and weight cause

a list of the rig about the axis x' . As
shown in Appendix 1 the angle of inclination
about x' - called angle of heel o — can

be calculated from the remaining transverse
metacentric height GMp and the leverarm

r of the couple of forces. For small angles
of heel the result is

&Ly R
Sm s — X
o= (‘&')1;
1

AR+ e + 0-RRS-2 ¢

(where ug = surface permeability, uy =volu-
me permeability, T, = draft before flooding,
KG = center of gravity above base). This
formula is only applicable if the final
waterline is below the lower edge of the
platform and above the bottoms of the co-
lumns.

The second principal axis of inertia
y' of the remaining intact waterplane area
(about this axis the moment of inertia at-
tains its maximum value) intersects the
axis x' 1in PF and runs through the cen-
ter of the flooded column. Because of the
radial symmetry of the rig the forces of
buoyancy and weight have no component mo-
ment causing an inclination about the axis
y' . Thus, the inclination of the rig in
this direction - designated as angle of
trim y, - is zero.

In a rough sea, rigs can withstand da-
mages the more likely, the smaller the
angle of inclination of the platform
against sea level in the final stage of
flooding is. Therefore, it can be taken as
a safety standard. Generally this angle,
denoted by 3(), must be calculated from

(1)

(f and Y, (for details see Section 2.4).
?y if flooding does not cause a trimming
moment, & and are identical. This is
true for a?l radial symmetric types of rigs.

From formula (1) conclusions may be
drawn how the characteristics of this type
of rig should be in order to minimize the
angle of inclination. depends on six
parameters: = f (ug, wy, KG/Tq, N, R/Tg,,
D/To) . Parameters N, §/T° and D/T, are
geometric factors which are of main interest
because they can be freely chosen in the
early design stage. Permeability and locati-
on of center of gravity, however, can only
be varied within a limited range of values.

To get a comprehensive graphical repre-
sentation of the results obtained for this
and the following types of rigs, several
sets of curves were plotted by computer.
They will be published in [3]. 1In this pa-
per some interesting partial results are
given in tabular form. They clearly show the
influence of the geometric characteristics
on damage stability.

Table I presents for the multi-legged
rig without footings values of KG/To which
must not be exceeded if after flooding of
one column the angle of inclination shall be
limited to &, = 8% . Permeability is as-
sumed to be g ny = 1.

TABLE I. Radial symmetric rig with non-
subdivided columns and without

footings:

Maximum permissible values of
KG/T5 if inclination shall be
limited to 4, = 89 (ug = uy = 1),

R/To- 2 R/To- 3 R/To- 4 R/To- 6

N=4; D/T = 0.25 - - - -
o]

0.50 - - - -

1.00 - - - -

N=5; D/To- 0.25 - - - -
0.50 - - - -

1.00 - - - -

N=6; D/To- 0.25 - - - 2.80
0.50 - - - 2.80

1.00 - - - 2.83

N=7; D/T = 0.25 - 0 1.14 > 5
° 0.50 - 0 1.14 > 5

1.00 - 0 1.18 > 5

N=8; D/T = 0.25 0 0.70 2,17 > 5
° 0.50 ) 0.70 2.18 > 5

1.00 0 0.75 2,23 >5

N=9; D/T = 0.25 0.27 1.23 2.98 >5
° 0.50 0.28 1.25 2.99 > 5

1.00 0.32 1.30 3.0l > 5

In those cases where values of KG/T, are
given, &, = 8° can be attained without
emersion of the bottom of any column.
Values KG/To <0 and KG/T >5 are of no
practical interest. The platform is assum-
ed to be arranged at such a height that in
the final stage of flooding its lower edge



does not immerge. Results which were achiev-
ed for other types of rigs will be presented
in the same way.

2.2 Multi-legged rig of radial symmetric
type with subdivided columns and
without footings

Rigs that cannot withstand flooding of
one column must be subdivided in order to
reduce the angle of inclination to an accept-
able value. The effect of subdivision is
similar to that of reduction of permeability.
This 1is especially true in the case of ver-
tical subdivigsion. If the columns are sub-
divided horizontally the free-surface effect
cannot be neglected, except the upper flat
of the flooded compartment is below the
final waterplane.

For this reason, separate damage stabil-
ity caiculations were carried out for rigs,
the columns of which are subdivided by wa-
tertight flats. As can be seen in Fig.2 of
Appendix 2, the center of the flooded com-
partment is assumed to be located at the le-
vel of the waterplane in the initial stage
of flooding. The height of the compartment
(=2a), however, can vary.

Separate calculations are necessary for
two different regions: In region I the up-
per flat of the flooded compartment is above
and in region II below the final waterplane.
These two regions are approaching each other
if the final waterline intersects the center
of the upper flat. In that case the angle
of inclination is = By or By respect-
ively. The difference between 8y and Bpp
follows from the different waterplane areas
and the different positions of their centers.
As can be seen in the lower illustration of
Fig.2, the center of the waterplane area
moves back to the center of the rig as soon
as the flooded compartment is fully submerg-
ed. For details of damage stability calcul-
ations see Appendix 2. Following results
are obtained:

Region I

-2}t
in ‘fo 4_& (2)

(R s o2&

In Region I the angle of inclination must

e‘llﬂ
LI ;{]Jd

satisfy the inequation ?o < By where
4_/_“5
Ay N a
fan (”"2 ) (1__ ,_44&_1) R (3)
Region IT
4. a. R
N T T (4)

In Region II the angle of inclination must
satisfy the inequation fo > By; where

fan{ln-‘-‘(‘f‘Z';l“")' -%' (s)

Formulas (2) and (4) are applicable provided
that the angles of inclination are small, the
lower edge of the platform does not immerge
and the bottom of a column does not emerge.

The positive effect of subdivision on
damage stability becomes evident in Table
(2). The limits of KG/T which must be ob-
served if the angle of inclination shall not
be greater than 89, are considerably higher
than for the rig without subdivigion of the
columns. The values are calculated for a
homogeneous permeability of ug = uy =1.
TABLE II, Radial symmetric rig with sub-
divided columns and without
footings:

Maximum permissible values of
KG/To if inclination shall be
limited to & = 89 (ug =uy, = 1) .

a) a/To = 0.5

R/T,= 2 R/T,= 4 R/T =6
N =3; D/T = 0.25 - - 4.30
°  0.50 - ~ 4,40
1.00 - - 4.40
N =4; D/T_=0.25 - 1.42 >5
0.50 - 1,45 >5
1.00 - 1.48 > 5
N =5; D/T =0.25 - 2.82 >5
0.50 - 2.83 >5
1.00 - 2.90 >5
N =6; D/T = 0.25 0.29 3.78 5
0.50 0.30 3.80 >5
1.00 0.33 3.82 5
N =7; D/T = 0.25 0.66 4.43 5
0.50 0.67 4. 45 > 5
1.00 0.70 4.50 > 5
N =8; D/T =0.25 0.91 4.95 > 5
0.50 0.93 4.97 >5
1.00 0.98 5.01 >5
N=9; D/T =0.25 1.11 >5 >5
0.50 1.12 > 5 > 5
1.00 1.17 > 5 >5
b) a/T, = 0.25
R/T,= 2 R/T= 4 R/T,= 6
N =3; D/T =0.25 0.13 3.77 > 5
0.50 0.15 3.79 > 5
1.00 0.20 3.82 > 5
N=14; D/T = 0.25 0.73 4.96 > 5
° o.50 0.74 4.98 >5
1.00 0.80 5.0l >5
N=5; D/T = 0,25 1.09 > 5 >5
0.50 1.10 >5 > 5
1.00 1.15 >5 >5



N=6; D/T =0.25 1.33 > 5 > 5
° 0.50 1.34 5 > 5

1.00 1.39 >5 > 5

N =7; D/To = 0,25 1.50 > 5 > 5
0.50 1.51 5 >5

1.00 1.55 >5 > 5

N =8; D/T = 0.25 1.61 > 5 > 5
° o.50 1.62 > 5 > 5

1.00 1.67 >5 > 5

N=29; D/T = 0.25 1.71 > 5 > 5
° o.50 1.73 > 5 > 5

1.00 1.77 > 5 >5

Of course, the results given in Table
ITI are only correct i1f flooding is limited
to the compartment under consideration.
Much smaller or even negative KG/T -values
may be obtained if location and extent of
damage are of such kind that adjacent com-
partments are involved too. Taking this in-
to account it can be concluded that, in
reality, the effectiveness of watertight
subdivision is smaller than may be assumed
from Table II. 1In Section 3 it will be de-
monstrated that in the case of watertight
subdivision a true judgement of the ability
to survive flooding can be made by including
the randomness of damage dimensions and cal-
culating the probability of survival.

2.3 Multi-legged rig of radial symmetric
type with non-subdivided columns and
a ringlike lower hull

For reasons of minimizing motion in
waves the columns of a multi-legged rig
shall not be too big. Therefore, normal
semisubmersibles have additional displace-
ment bodies. They are arranged at the bot-
toms of the columns (e.g. one small footing
at each column, one common ringlike footing
for the columns of radial symmetric rigs,
two longitudinal parallel footings for the
columns of rectangular rigs).

From the stability standpoint, however,
the additional buoyant hull should be as
small as possible. 1Its unfavourable effect
on intact stability follows from the lower
height of the center of buoyancy [4]. It is
to be expected that in most cases footings
will also reduce damage stability. 1In or-
der to get an idea to what extent the angle
of inclination will change if footings
are fitted, damage stability calculations
were carried out for a radial symmetric rig
with a ringlike footing (Fig.3 of Appendix
3). The dimensions of the columns are the
same as in Fig.1 (Appendix 1). All columns
are connected by a ring with a box beam
section; breadth and height are identical
with the diameter D of the columns. The
bottoms of the ring and the columns are ly-
ing in the same horizontal plane.

As shown in Appendix 3 the angle of
inclination o after flooding of one

column is as ‘follows: ;wAv

2 J‘v; )

This formula can be applied if the angle of
heel is small and neither the footing nor
the platform will reach the surface of the
water. .
The values of KG/T, being necessary in

order to obtain an angle of inclination of

= 8° are presented in Table III. Perme-

lity is again assumed to be ug = uy =1 .
For conclusions which may be drawn from these
results see Section 3.
TABLE III. Radial symmetric rig with non-
subdivided columns and a ringlike
lower hull:

Maximum permissible values of
KG/To, if inclination shall be
limited to & 5 = 89 (ug = uy = 1).

R/To- 2 R/To- 3 R/To- 4 R/To- 6

Ne4; D/T_= 0.25 - - - -
0.50 - - - -
N=5; D/T = 0.25 - - - 0
0.50 - - - 0.11
N=6; D/T_= 0.25 - - 0.04 0.42
0.50 - - 0.14 0.55
N=7; D/T = 0.25 - 0.09 0.31 0.82
° o0.50 0 0.19 0.42 0.95
N=8; D/T_= 0.25 0.06 0.28 0.56 1.18
0.50 0.13 0.38 0.68 1.33
N=9; D/T_= 0.25 0.18 0.45 0.78 1.53
0.50 0.26 0.57 0.92 1.70

Large diameter columns with D/Tg = 1 are
not considered as the lower hull contributes
to the displacement and, accordingly, the
columns must be made more slender in compari-
son to a rig without footings.

2.4 Four-leqged rig of rectangqular type with
non-subdivided columns and two longitud-
inal parallel footings

This type of rig is often preferred be-
cause of its low towing resistance and its
cost-saving construction. The section of
each footing is quadratic; its breadth, its
height and the diameters D of the four
columns are equally large. An illustration
is given in Fig.4 of Appendix 4.

As compared with the radial symmetric
type, rectangular rigs have an additional
dgeometric parameter, the breadth-length
ratio n = B/L. From Table III it may be con-
cluded that in the special case n =1 a four-
legged rig will hardly withstand the flood-
ing of a column. 1In case the breadth-length
ratio is smaller {(n < 1), the final angle of
inclination, & 45, will presumably even be
greater, This assumption follows from the
strong influence of breadth on intact stabil-
ity.

In Appendix 4 the angles of inclination

R
(6)

sin ) =
" (P + @+ -

{265 ) B



about the two axes x' and y' are calculated.
The results are applicable to rigs with n<£1
and with columns of sufficient length in or-
der that after flooding footings are still
below and the platform still above water

surface. Furthermore, the angles and ¢,
must be small. The formulas obtained are as
follows:
Angle of heel:

5‘77‘ [7+

This formula can directly be derived from
Fig.5. Let Pj; be a point on the axis y'
which will move down by heeling from P; to
P'y, then a point P, exists on the axis x'
which will move_down by trimming to the same
level: P,P'y = P4P'y . After flooding, the
plane marked by the points F, P'y, and P', is
parallel to the platform deck. he fina
angle of inclination, 45 , lies within a

go-1] o

Shqu
B lepd 1-aflger9 32

Angle of trim:

T/a' [4—

TR ) el

k2]

9 et @

sin Z/«o =

{'(‘*/‘v {( )(1"()“" 1)[2Tz Fopy

New symbols are
L= L/2 and

242 Ms-n Y2
g =W4_7 ) + (2-—/.4 )
As shown in Fig.4 the principal axes
x' and y' have their origin in F ; their

directions are given by a . If n<1, a is
obtained as follows:

2 (9)
Jy—Jx (2-pg)-(4-1*)

After parallel sinkage, heeling about
axis x' and trimming about axis y', the

final angle of inclination of the platform
against sea level is

tan 3’0 =. 1/%0'%‘?0 + 'tdﬂz?a

tan 20 =

(10)
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Fig.5 Position of the platform plane

element F PH PE after flooding
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vertical plane being perpendicular to the
line P‘1P'2 .

Systematic calculations which were made
for different diameter-draft ratios (D/Tq =
0.25 and 0.50), different length-draft ratios
(8/Ty = 4 and 6) and different breadth-length
ratios (n = 0.8, 0.9 and 1.0) proved the cor-
rectness of the assumption that, without sub-
division, the rig will hardly survive the
flooding of a column. Ip each case a final
angle of inclination of = 8C is not attain-
able if permeability is ug = uy =1 and
KG/T 20 . In order to demonstrate the infi-
ence of n , additional calculations were
made for ug = uy = 0.5 . Here, 4, is con-
siderably smaller. Table IV presents maximum
values of KG/T, that are just allowable if
the final angle of inclination shall be

o = 6° .
TABLE IV. Four-legged rectangular rig with
non-subdivided columns and two
longitudinal parallel footings:

Maximum permissible values of
KG/To if inclination shall be
limited to ¥4= 6° (ug = uy = 0.5) .

L/t =4 l/'ro-e

.81 1.83
.91 *)

1.59

n=1.0; D/To - 0

0

0.69

0.80 1.70
0.52

0.64

n=0.9; D/To-

1.27

n=0.8; D/T =
o 1.39

#) formulas not applicable because footings
become awash

In case of a breadth-length ra-
n< 1 heeling as well as trimming
Trimming can only be avoided if
from equation (9) follows o = 45

tio of
occurs.
n=1":



(axis y' runs through the center of the dam-
aged column). As can be seen from Table IV,
n = 1 should be preferred because of the
higher allowable center of gravity.

2.5 Six-legged rig of rectanqular type with
non-subdivided columns and two longi-
tudinal parallel footings

A six-legged rig with a catamaran hull
is a compromise between considerations of
economy and of damage stability. Further-
more, columns can be made smaller in diame-
ter and, as a consequence, excitation by
waves will be less severe compared to a
four-legged rig.

Damage may occur to a central column or
a corner column. In the latter case the ef-
fects of flooding will be more serious. For
this reason, damage stability calculations,
as carried out in Appendix 5, start out
from a damage to a corner column.

The footings of the six-legged rig are
of the same shape as the footings of the
four-legged rig in Section 2.4 . The box
beam section is of equal breadth and height.
Each column is assumed to be floodable right
down to the bottom of the hull.

The directions of the heel axis x'
the trim axis y' are obtainable from

tan 2« = l 3, _J‘ | = lfz--"'::“s;z?"(:“}‘%)

f.< 2-5pms
= i43“ s | moments of inertia J, and

Jx is positive. The angle of direction, a,
must then be measured as shown in the upper
illustration of Fig.6 . For values

and

(11)

the difference between the

s [12-5us the difference J,, - Jy will
1 48-Cus ! be negative and " a must be

established as demonstrated in the lower
illustration.

Details of calculation are given in
Appendix 5. It must be observed that in the
’42-5&5
8- 6ug
ways lies within the first quadrant of the
x'-y'-system of coordinates. 1In the case of

122-5us
T>Y 18- 6 us
the exception of a very small range of n-
values - within the second quadrant of the
x'-y'-system. The narrow limits of the

case of 7£ the damaged column al-

the damaged column lies - with

et

aforementioned range are as follows: —
Angle of heel; = /1275As
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Axis y' runs through
the center of the
damaged column if:

M =V2/73

OHONO

+

X

Fig.6 Six-legged rectangular rig with two
longitudinal parallel footings:
Location of axes x' and y' for dif-
ferent breadth-length ratios n
41'5&5 ’_2_

48-6/55 “ ',z = 3

This range is of some importance in so far
as there is a change in the direction of
inclination about the axis y'. Accordingly,
the point of emersion of the hull is situat-
ed on the opposite side. or,
Depending on whether n s below /above

={1£j§ﬂL different formulas are obtained
N=Vi8-cpus !
for 70 and  yq

(12)

X
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Symbol ¢ 4in equations (12) to (15) was calculations carried out for different valu-
introduced for the purpose of contracting es of ug, wy, n, l/To, D/To, and KG/Tg clearly
2 show the favourable effect of the arrange-
the formulas: {4"' [12 ~Sus-Cy (3/-,] ment of the two additional legs. Compared
From these formulas the final angle of to the four-legged rig the final angle of
inclination against sea level can be deter- inclination, ATO , is smaller. Some results

mined by using equation (10). Systematic are given in Table V.



TABLE V. Six-legged rectangular rig with
non-subdivided columns and two

longitudinal parallel footings:

a) Maximum permissible values of
KG/To if inclination shall be
limited to &, = 89 (ug = uy = 1)

t/To-a l/ro-s
n=1,0; D/T° = 0.25 <0 0.52
0.50 0 »)
n=20.9; D/T_ = 0.25 <0 0.44
0.50 <0 ")
n=20.7; D/To = 0.25 <0 0.21
0.50 <0 »)
n=0.6 ; D/T° = 0.25 <0 0.10
0.50 <0 0.20
n=0.5; D/To = 0.25 <0 0
0.50 <0 0.09

#) formulas not applicable because footings
become awash

b) Maximum permissible values of
KG/Tgs if inclination shall be
limited to ¥4 = 6° g = uy = 0.5)

1 /To -4 L/'ro =6
n=1.0; n/'ro = 0.25 1.27 2.47
0.50 1.41 )
n=0.9; D/T =0.25 1.20 2.37
0.50 1.35 »)
n=0.7; D/T =0.25 0.90 1.80
0.50 1.04 1.97

#) formulas not applicable because footings
become awagh

Comparing the results presented in Sec-
tions 2.3, 2.4 and 2.5 it can be deduced
that the damage stability values of rect-
angular rigs with a catamaran hull and a
breadth-length ratio of n =1 do not differ
much from the damage stability values of a
radial symmetric rig with a ringlike lower
hull and a radial distance of columns of
R= . This statement is approximately true
on condition that number and diameter of the
columns are the same. For instance, Table
III may be used for a rough assessment of
damage stability of a eight-legged rectan-
gular rig. Formulas for this type of rig
are not given in this paper but can be de-
rived in a similar way as demonstrated in
Appendix 5.

3. ASSESSMENT OF THE ABILITY TO SURVIVE
DAMAGES AND CONCLUDING REMARKS

An assessment of the ability to sur-
vive damages can be made by calculating the
probability of survival. Requlations based
on this principle exist for some ten years
for passenger ships [5]. Contrary to ships,

rigs can attain a survival probability of

P = 1 under good weather conditions and of

P = 1 or nearly 1 under bad weather conditi-

ons. Assuming that no heeling moments are

acting, a rig can be made "unsinkable" even
without any watertight subdivision if follow-
ing points are observed:

-~ high number of columns (N>8 is to be pre-
ferred)

- columns arranged as far as possible from
the vertical centerline of the rig (R/Tq
or 1/Ty>3 is to be preferred)

- no footings

-~ breadth-length ratio of rectangular rigs
not smaller than n = 1

- big columns (compared to other parameters
the influence of D/T, is rather small)

- center of gravity as low as possible

Example: Nine-legged radial symmetric rig
without footings (N=9, R/Tp=4, ug = uy = 1).
From equation (1) follows:

Yo = 5.72 if RKG/Ty = 1.5] influence of D/T,
3o 8.0° if KG/To 3.0 | can be neglected

It is quite evident that this rig can with-
stand any damage to a column. Therefore,
under good weather conditions, the probab-
ility of survival will be P = 1.

For "unsinkability" also under bad
weather conditions, additicnal factors are
important:

- ability to withstand large heeling moments
in damaged condition (&, should be as small
as possible; large righting moments over a
wide range of angles are to be aimed at)

- minimization of wind heeling moment®) (in
heeled condition the total projected area
exposed to wind should be as small as
possible; structural members are to be
arranged and shaped with a view to a mini-
mum wind force coefficient)

- minimization of wave heeling moment (the
rig, considered to remain in its position,
will be affected by a heeling moment which
can be kept small if the volume of dis-~
placement is concentrated at the bottoms
of the columns. Hence, footings also have
a positive effect on survivability)

- avoidance of large amplitudes of wave-in-
duced motions (small column diameters are
to be preferred because the special quality
of semisubmersibles, namely small amplitu-
des of motion, will be reached all the more
the smaller the waterplane is. Another po-
sitive effect is that parametric excitation
cannot occur)

If for reasons of economy and practicab-
ility the conditions stated above cannot be
fulfilled, a probability of survival P < 1
must be accepted. Before calculating sur-
vival probability some definitions must be
made. First of all, it must be tried to
define the boundary between survival and
non-survival. It may be assumed that a rig

*) The percentage of collisions occurring at severe
storm conditions will be higher for rigs than for
ships., Ships chiefly collide when sailing at bad
visibility conditions and, according to nature,
wind velocity will then be low [6].



will survive a damage if the angle of incli-
nation caused by flooding and a resulting
heeling moment does not exceed a critical
value (wind heeling moment based on a wind
velocity of 50 knots [1]; wave steepness
according to the stability regulations for
the German Navy = (10+0.05 m™ ' A)~f, where

A = wave length; the most unfavourable wave
length may be taken). This critical angle
may be determined by the location of lowest
opening through which progressive flooding
may take place or by an absolute value of
25 degrees, whichever is less.

In those cases in which the boundary
between survival and non-survival will be
almost reached, no reserve stability exists
which enables the rig to survive a larger
resulting heeling moment than the assumed
one. This may be taken into account by
introducing a factor which will reduce sur-
vival probability if the rig cannot with-
stand additional moments (in [5] this is
done by the factor "s" which evaluates the
effect of freeboard, stability and heel in
the final flooded condition).

A rig which cannot withstand flooding,
must be subdivided by watertight decks or
bulkheads. Subdivision, however, will be
only effective, if in case of collision at
least some watertight decks or bulkheads
remain undamaged. In order to calculate the
probability that flooding will be limited to
a compartment or a group of adjacent compart-
ments it must be derived from damage sta-
tistics how location and dimensions of dam-
age are distributed. As for rigs a suffi-
cient quantity of damage data does not ex-
ist, realistic assumptionsmust be made for
the frequency functions.

Collisions will mainly occur near the
level of the waterplane. The vertical ex-
tent of damage will vary from very small
values to large values. It can be deduced
from [ 7] that the half vertical extent of
damage, e , follows a lognormal frequency
function:

2
0.4343 (_[lo e- ])
fk)“-f“?vr——".e'-e P —‘—1&—26_ (16)
where u and o are parameters which must
be determined from damage statistics.

In Fig.7 the lognormal function (broken
line) 1is replaced by a linear function (so-
1id line):

e
fle) = £ (1 - Z; ) (17)
H
If eo is estimated at €, = ¢ (H = height
of column) *) ,f° follows from

e, €
[ferde = [(1-E)de = 1 1)
0 0

12

The solution is fo * and equation (17)

becomes

fe) = (0 -Fe) (19)

» . . .
) For comparison: in [5] a maximum total damage
length of 0.24 L is assumed for passenger ships

10

Fig.7 Horizontally subdivided damaged
column and frequency function f (e)
of vertical extent "e" of damage

In view of the lacking knowledge of the cor-
rect function this simplification may be ac-
cepted. Furthermore, it may be assumed that
the center of damage is located at the level
of To . Then, in case of horizontal water-
tight subdivision, a most simple formula can
be derived for the probability P that dam-
age extent "e" will be smaller than the di-
stance "a" of a watertight flat from the in-
itial waterplane (see Fig.7):

Ple=a} = f}(eu. = 12(%) - 3(8)° (20)
[

Of course, this formula is only applicable
if %‘ﬁ % . If % = % , maximum damage ex-
tent e, does not exceed flat distance "a"
and thus P {e= a} =1 .,

Example: Seven-legged radial symmetric rig
without footings (N=7, R/Tgo=2, To/H=0.5,
KG/Tp=1.5, ug = uy = 1). The influence of D/T
on damage stability is rather small and wilY
therefore be ignored. Heeling moments are
assumed to cause capsizing if the angle of
{gclinatéon due to loss of buoyancy exceeds
o = 109 .
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c) —,1‘3- =5 or %- i Ple=a} = 0.9375 Calculation of damage stability of a multi-
o d = 8%ife<a; legged radial symmetric rig with non-sub-
32 >10° ife> a . divided columns and without footings

From this example it can be seen that
also rigs with non-optimum geometric charac-
teristics (e.g. small values R/T, as in this Circular arrangement of columns
case) can survive damages 1f they are sub-
divided effectively. In this example, a

probability of survival of P = 0.9375 can be ﬁz::7/ |

— V -—

attained by the arrangement of watertight
flats at a digstance a = H/8 from the level
of T, . As 36 = 10° will not be reached, : /;>
the aamaged rig can withstand some addition- / Q
al moments and, accordingly, the reduction
of P , as mentioned afore, will be very : | F 4¢/// y!
small or even unnecessary. ?

Considering that the correct distribu-
tion of damage data may differ from the as- \ /

sumed one, the real probability of survival '

may be somewhat higher or lower than P = N
0.9375. For the purpose of judging surviv- S~ |
ability, however, these differences are not

problematic if P , as calculated in this by,

paper, will be taken as a criterion.
The question of the minimum amount of

P that should be required is a point of Damaged rig after parallel sinkage :

discussion and cannot be answered in this M
paper. From the technical point of view Tr
even a regulation prescribing P = 1 for all I

semisubmersible rigs could be satisfied. | X
If also values P < 1 shall be permitted the |

minimum values can be set a good deal higher Ll | X
than those which are required in [5] for G AJ,
passenger ships. ~
9
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All symbols are listed and defined in the

nomenclature.
(k8)
T 0 _ 4
U =4ND'T T "z

R 1-pg /N R 4—/11/N
_A_T /‘v/N (‘_‘_B)R _ _’1 1 )
T " Tou N T - 2w

T VT Z\4=-psIN\T,
tE(-mN(R)"
(¢H) ~3u/NY/R )2
2 = H(Tew) )+ ) Z)
*%(4-,1/~) Kf?‘
. R

et _E T
sinf, = G, = (Rl T

The final formula for the angle of inclina-
tion is obtained by using the foregoing ex-
pressions for r/R and (GM)Rp/T, : see
Section 2.1, equation (1)

From Fiqg.1

APPENDIX 2 :

Calculation of damage stability of a multi-
legged radial symmetric rig with subdivided
columns and without footings

a) Intact Stability

b) Damage_Stability
Depending on whether the upper flat of
the damaged compartment is located above
or below final waterline, damage stabil-

ity values will be different.
REGION I: Upper flat above final waterline

_"r L'_
! | ;
’ T
| .
l ;
Ly T
Final-Watetline [ | e
== | . !
[}
T te
w ~ 4
——\/—>i l
——
REGION I : Upper flat below tinal waterine
!
| L
IL//‘ A
) T f
0 o]
o 4
| N
| i
e —————i
I
Fig.2 Radial symmetric rig with subdivided

columns: upper flat of the damaged com-
partment above and below final waterline
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1-ps/N
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(GH)y 4 [1-3xINYR)V? | 4 D)2 v e
- = 2‘(4‘,.5/,4)(?;) + (1)@ +
/”v/” a _V_é. /Z
[4+(4-/A N)—f; ] - To . ‘
/ R
The angle of inclination can be calculated E -y

as shown in Appendix 1. The result is given
in Section 2.2, equations (2) and (3).

0
[Region II : ¢, > BIJ %
In this case, characterized by a constant R g_ :
amount of flooding water, preference is
given to the "added-weight" method of cal-
culating damage stability. From Fig.2 fol- Xt
lows: *
tg 8y = a'RAT = (1—2 uv/N)- % ~ M
with AT = 2 (uy/N)-a :
the volume of displacement, including the T
weight of the flooding water, becomes IR
v'o= I N [1+2(u /N) -a-—] p?r i
3 v To o 'ﬁ
- :
The height of the center of gravity after A G
flooding is I
— a K§ ' 1
(K&)l . Zﬁ,/N)'ﬁ + -’%- Further, one gets e ¥
T - @ Bo| w Q
— 1 /R)2 D)2 "
MR (3
(B - z(% L and ig.3 dial ig with inglik
- Fig. Radial symmetric rig with a ring e
T 4+2(/ly/N)% hull in damaged condition
(KB , a) Intact Stability
- a
T z[’,-f'ZO‘V/N)T;] . V= INDT (4_D +_:_E)
0 o & 0 T,  NT,
The results of the "added-weight" method of (-—) 4_(_2)2._{_ dRD
calculation are: KBJ, _ h N T
T D R
[—- i ° Z(41-T+ -NgT)
GM) = ’, X L] [
To

— pA 4 /D2
1+2.(/“v/~)% (BM), _ Jox = ("E'L) +—B-('ﬂ-)
. D 8 R
_ T Wl z2(1-F+5%)
_4.(.R_)z+ 1(2.)2._’. i +Z(/i‘l)z(_g.)z_. _Kﬁ RD D\2 —
27 Tl TZTANI R T Gm), _(8)°+ 8582 +1 -1(R)° _ ¥a
— IR - T
Righting moment M}; = p,°9:9'-(GM)'-sin -{o T l(""r +NT, T
2
Heeling moment My = 3 pyqruy-a-R-D"cos fo b) Damage_Stability
From M = M/ follows equation (4) in Sec-
tion 2. 2 wh?ch may be used for determining J A A‘/N LA '“"/N T3
the angle of inclination ¢, . R {-u/N R (- /'I‘V_v)('f'%'hu_ﬂ—)
APPENDIX 3 :
T . AT _ Ml
Calculation o amage stability of a multi- -’; 4-ﬂv/N

legged radial symmetric rig with non-sub-
divided columns and a ringlike hull
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follows from S$mn =T——2‘—— (see equati-
on’(6) in Section 2:ﬁ’3). G Jp/To ! S
APPENDIX 4 : ' |
Calculation of damage stability of a four- | JJJ
legged rectanqular rig with non-subdivided T
columns and a catamaran hull L '
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PP 2 Fig.4 Four-legged rectangular rig with
1D N L 5.2fE\ _ 3%/D vy catamaran hull in damaged conditio
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following formulas are obtained :
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Inclination about axis x' caused by the cor-
responding component of the revolving couple
of buoyancy- and weight-forces:

o Rar

n =
(&gl To

(6M)g

sin 1%

Inclination about axis y' caused by the cor-
responding component of the revolving couple
of buoyancy~- and weight-forces:

ms 44
(GM,_) /T

Substituting the expressions given above
into the equations for Y5 and y,, one ob-
tains the full formulas (equations (7) and
(8) in Section 2.4). If ¢, and y, are
known, ‘30 can be determined from equation
(10).

Sin yb (GML)

APPENDIX 5

Calculation of damage stability of a six-
legged rectangular rig with non-subdivided
columns and a catamaran hull

V, = DT, (45 +3T 1%,2

2.
(v8), _ 2%% +37-1(Z)
T 4yt +2m- Lo

-

@,  iril)*+ E(EF
- = 1 TD
T:) 47.; +%T— T,

15

. ? D)2
(%), - ‘rf) + 52 (T)

T Wi var-%2

— 2D l 139-/D)2 V73
(M), _ 272*3T+ -8R K
A bg +3T- LD T
- )2 _ 43 fD)\2 —
@m), 25 +3% +7"(7—;) 2% Ka

D

R S T = :
b) Damage_Stability

MoV A r kb Z

l - b 6";45 l l 4+'Z

_E = 3/“v

I (eopp (Fe+3-2%)

4T My

T 6= pv

D, _9%C _ m/DR
O?E)R Z'Ez‘+ 2(6-uy) ( )
% b+ 3t~ E2

With

6psy
{4-*' 42 5)‘5 "{2(3/«)]

following formulas are obtained:
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From the different definition of a (see
Fig.6) follow different formulas for the
component leverarms n and m :

12-5 i

it p=yie,  por sl
_l":l_ a f— cos (xty)

. 12-5

if rl> /ﬁ_’-eﬁ:— ?‘3’} COS(O("()
m - £ |sin(y)|

bps -y
where tan 2« = |4z—5'/-5-6-}‘(3'/‘s)

and ‘tan r = 7

16

Angles of inclination about axes x' and y' :

) — n = “'/‘ * l/ﬁ
sinfo = taam Mg /T,
m w3 . Lg

Sin%, = @mgy (AL /T,

Y, and ¢, are functions of us.uv.n.l/ﬂ,,D/T
and KG/T, . These functions are obtained °
after some transformations by using the
above-written formulas (equations (12), (13),
(14), (15) in Section 2.5). The final angle
of inclination, &4 , can be calculated as
shown in Section 3.4 (equation (10}, Fig.5).



