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Summary

In general, it may be said that semi-submersible offshore drilling units are designed under

some conditions, such as design conditions and design criteria. The former include conditions

of operation site and the latter consist of requirements for operation and restriction by regu-

latory bodies, both of which can be largely considered as necessary conditions for initial design-

ing of a semi-submersible.

However, it is necessary to elaborate some sufficient conditions for creating an economical

and reliable semisubmersible.

In this paper the author explains the above necessary and

sufficient conditions cobtained through fabrication and operation of the HAKURYU series of
semi-submersibles as presenting some problems which must be considered in the initial design

stage for creating a new type of semi-submersible.

Introduction

Semi-submersible offshore drilling units
(hereinafter called **S/S rig”’) have been widely
used for drilling acrivities of undersea oil ex-
ploration in rough seas, and their superiority
of working probability in high seas has been
proven, as a rationalized wave-free form,
during their operation in the North Sea.

The realization of the basic design of the
S/S rig requires some fundamental conditions
which are generally indicated in terms of
design conditions and evaluation criteria. The
former include those of the operating area,
related environment, etc. The latter are the
specific conditions required by the regulatory
bodies and drilling operators, which will be
used as basis for evaluation of the functions
of drilling units. Therefore, the above design
conditions and evaluation criteria can be said
to be the ‘“‘necessary conditions” for realiza-
tion of the basic design of an S/S rig. In com-
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parison with ships that transport passengers
and cargoes between ports, S/S rigs stay in
an uncertain area for operation unless they
must be moved to other operating areas.
Therefore, the necessary conditions for ships
and S/S rigs can be specified from the following
different points of view:

Ship S/S rig

Sea lane Operating sea area

Variable deck load
(V.D.L.,)

Positioning performance

Dead weight
(D/W)
Speed

Since early S/S rigs built in the 1960s were
equipped with drilling rigs designed for land
use, many offshore drillers paid special at-
tention to their positioning performance in
high seas. As many later S/S rigs being built
and operated, great changes have been made
in their configuration, as shown in Fig. I,
which signifies that the different conditions
had been required by both builders and users,
to their satisfaction for realization of the basic
design. These might be some kinds of suffici-
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HAKURYU & MD Series
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Historical change of typical semi-sub-drilling

Fig. 1
units

ent conditions, and the author has come to

consider them to be summarized to the follow-

ing three categories:

(1) To have more workability in a wide sense.

(2) To secure structural integrity of a float-
ing body.

(3) To be of a type of structure for easy con-
struction.

For ships, in general, the necessary and
sufficient conditions have been empirically
verified. On the other hand, it can be said that
the S/S rig has too short a history yet to com-
pletely clarify either the necessary or the
sufficient conditions. In this respect, the
author makes an attempt in this paper to

bring to light the problems involved in such
conditions for realization of the basic design
and to obtain suggestions for the future design
by reviewing the records and data of construc-
tion and/or operation of S/S rigs including 3
HAKURYUs (original series) and 3 Modified
HAKURYUs (MD series) designed by Mitsu-
bishi Heavy Industries, Ltd., and 8 others
designed by foreign consultants or companies.

In the meantime, the meaning of the “reali-
zation of the basic design” used herein is an
engineering to create an ideal S/S rig that
would satisfy the above two conditions based
on the new concept of “‘semi-submersible,”
and not simply the so-called “basic design.”

2. Necessary Condition for Realization of
Basic Design

2.1 Design Condition

Table 1 shows a typical structural design
procedure for an S/S rig. Prior to anything
else, the design condition should be given, as
@, considering the owener’s requirements, the
data of full-scale measurements, etc., as shown
at top, right. @ is a process to determine an
optimal type of structure in a given operating
area based on the concept of “‘semi-submersi-
ble.” It can incorporate the details of the
operation and test data. In @, the motion
modes in waves of the structure determined in

Table 1 Typical structural design procedure for

semi-submersible offshore structure
a) Law, Regulation,

Start of Basic Design
Rules of Class. Society

(DEstablishment of Design Conditions b) Operation Data

(Sea, Weather, Seabed, etc.) ¢) Site Observation Data
d) Owner's Requirement
e) Review of Sister Rigs

Selection of Optimum
I @ Configuration 1

@ Design of General
Arrangement

@
Check of Motion,
Stabitity (by Model &
Theoretical Ana-
lysis

yes

(® Calculation ot
External Force
Theoretical & Model Analysis

® Construction
Profile

Mode! Test, Observation Data

Selection of
Materials
[O)
Stress

Analysis

Strength of Materials,
Impact Values, Material
Schedule, Weldability
etc.

®

no

Response in irregular
Waves (Short & -fong
Check term prediction)
© of "Weight

FEM Analysis, Statical
& Fatigue Test

@ Design of
Joint of Structures

Check of
Materials for
Local Members|

@ Selection of Welding
Sequence, Fatigue
Strength, Residual Stress

Check of Effect of
Stress Relieving etc.

Check of Residual Stress,
Stress Concentration,
Fatigue Life, Brittle
Fracture by Vibration

& FEM Analysis, Model

& Insity Test

Check of
Local Strengtn,

yes

Finish of
Basic Design
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® will be verified by solving the equation of be reviewed by means of the statistical pro-
motion of the S/S rig in waves, assumed as a  bability in general consideration. On the
rigid body, under exciting force by small other hand, for S/S rigs to operate in world-
amplitude waves. The motion modes thus ob-

tained will be used as basis for various reviews 7

of the said S/S rig. Items ® and below show a HI.HAKURYU T Chi-lung
general structural planning. Of the design con- H2, HAKURYU T[ Y

eI > . H3. HAKURYU V Taiwan
ditions in (@), those of the operating area, S. SAKURA(Tender)
waves and wind are the most important H4. HAKURYU IV (J/U)
factors which have effects on the final con- O
figuration of the S/S rig to be determined. Luzon
This paper describes these three con-diti(.)ns HoYe—0ff Bangladesh ZHSO
that seem to greatly affect the determination H4 \ye---Off Burma DQ %
of the final configuration, although other con- idod o % '
ditions, such as sea current, temperature, Q§ Kl\?l‘?danao

seabed soil, etc., cannot be ignored in relation
to the structural and fitting planning.
(1) Operating Area

Most S/S rigs in the early 1970s were of the
type for operation in restricted areas, as
shown in Table 2, for example, while the S
recent ones are of the worldwide-operation o3
type except in icy waters. Such a trend of ' Q«@E}O@p == f
S/S rigs to operate in unrestricted areas is ~ o
considered entirely natural from the viewpoint Fig. 22 Locus of operation of HAKURYU series
of their undersea oil drilling, as understood

Borneo gs
Baliko
PapavogsF o

from the operation records of HAKURYUs N
1I-V, as shown in Fig. 2a and b. Moreover,
their inherent nature of operation to be < oH2, Ha S
positioned stationary would force them to Nakhalin a
i | o
encounter much severer sea and weather con- \C v
ditions than those for ships."»® That is, ships Hzé§ 7
. . . H50 o2 ¢
navigating through regular sea lanes permit -
the various initial design items including deck H3, 25 HHZZ s
wetness, slamming, stress variations, etc., to VeoHs,3 Nosh
H2, H4 *H;T" oshiro
H2, H3
OH3, Ha
Table 2 Operation area & water depth of HAKU-
RYU series Japan
name vear of expected water
of rigs | built operation area depth‘ remarks
HAKURYU 1971 Japan Sea, South m .
It east Asia, 6~200 H2.HAKURYU T

H3.HAKURYU I
‘H4. HAKURYU W (J/U) .
H5. HAKURYU 'V

HAKURYU beyond continental -
iy 1974 shelf to cont,slope 40~300

HAKURYU | beyond cont. slope off Sakhalin, |
v 1977 to ocean basin 500 FastChinaSea

s all over the world for Chi-lung °

MD602 “_{980 ex. icy area 450“ STENA Taiwan
PETROBRAS

MD502 | 1980 do- 450 X, XV

MD202 | (1980) do. 450 . )
‘ Fig. 2b Locus of operation of KAKURYU series
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Table 3 Environmental condition of HAKURYU

series
mncx:s(omﬁ)f" ,,\,,5 HAKURYU lL»\KlURYU HAKURYUT oo | ainsz | aimoos
| i sweed g 6000 157600 15/60% | 36 | 36 | 6
2 oo beight o5l 5m s sap5e| 100 | 00 | 10
7 T R i Bl
Elwveeight g g g0 | 12 |12 | 12
g windsweed |G |6 |60 | 515 | L5 | 515
[ waveheight | g e | pge | g6 | 305 | 3.5 | 3.8
g wave period®t | 10 | 1525 | 2025 -

remarks
% 1. actual wave period corresponding to wave height
*2." denote the values at the construction, and were altered
into 27m (HAKURYUI), 36.6m (MAKURYUII) after statistical
review
#3. up/lower==afloat condition/semisub condition

wide unrestricted areas for a long time, the
difficulties that lie in easy determination of the
design conditions affecting their functions
and in analysis of their overall system under
the concept of a long term statistical pro-
bability have led to the present reliance on
the deterministic means.

However, since the operating sea condition
even for the worldwide-operation type of S/S
rig can be sufficiently understood as its opera-
tion records being accumulated, it will make
sense to review the entire basic design by
means of the statistical probability. In such
a concept, the maximum wave height in very
severe sea condition for HAKURYUs II and
IIT were reexamined and the condition of the
basic design, modified (see Table 3).

(2) Waves and Air Gap (9)

Waves determine the nature of the S/S rig.
The classification societies of various countries
have provided the method of defining waves
by means of statistical probability only in
terms of recommendation. Takahashi et al.®
give their concept of extending such a recom-
mendation. However, waves acting on an
S/S rig are governed by the deterministic
concept. Table 3 shows typical environmental
conditions deterministically given to the

HAKURYU and MD series. As the operating
area of S/S rigs is gradually extended toward
rough seas, consideration of even H,..=120
ft (36.6 m) is given to HAKURYU V, as
shown, which is generally judged as over-
estimate of the field record. The DNV rules,
1981, show that no waves exceeding 30 m
corresponding to those in 100-year storm
should be taken into account. Hammet shows
an empirical value of H..=98ft (29.8 m) in
180 rig years,” which are obtained as ag-
gregation by multiplying the number of
operating years of each SEDCO rig up to the
given time. At present, with all values integ-
rated, H.=1101ft (33.5m) has been speci-
fied for waves to act on the S/S rigs of MD
series operating all over the world (see Table
3). Thus, given waves deterministically, the
motion characteristics of the designed con-
figuration can be uniformly obtained by solv-
the equation of motion in regular waves. In
irregular waves, however, such motion charac-
teristics will become unreasonable for proper
understanding of the safety condition of the
S/S rigs. Especially, to make full use of the
features of the S/S rig having its operating
deck above the wave surface, as in Fig. 3, it
will be considered more reasonable to review
the air gap o from the response of the rig in
irregular waves. The classification rules speci-
fy the standard value of §=1.5 m as the design
criteria. Such a value depends on the column
height of the S/S rig under consideration and
constitutes an important factor affecting its
stability and building cost. If the probability
technique is not used, § will be reviewed by
applying a tentative value of clearance higher
than 1.5 m from the crest line (Hum..) of
regular waves at the position of the mean
value of heaving (Ze.). For such a problem,
however, it will be more appropriate and

=

NiEEE

Fig. 3 Definition of air gap
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Zmeun (3) Wind
S _»:ﬁ,_i,,fé\— The established wind velocity condition
H S provides the basis for calculation of over-
— turning moment in reviewing the dynamical

Fig. 4 Air gap of semi-sub in regular wave

rational to review in a response analysiS of
the S/S rig in irregular waves at its relative
motion to waves by obtaining the response
spectrum @(w) of the S/S rig in irregular waves
from. Eq. (1) using the response function H(w)
and the wave spectrum S(v).

O(w)=|H(w)[*-S(w) (1)

The recent increasing recognition of the
importance of wave spectrum also in the field
of offshore structure has led S/S rigs to be
provided with observation instruments neces-
sary for analyzing waves and their response
spectrum directly in the operating areas. The
results of such analyses would be useful for
future exploration and production activities
for undersea oil. To design an S/S rig available
for global operation, one of several sea spect-
rum giving the most severe response (for
example, the North Atlantic Ocean wave
spectrum that are being used in calculations
of ships) should be taken into consideration
rather than the wave spectrum of a particular
sea which would provide little meaning. Fig.
5 shows an example of the wave spectrum
obtained by HAKURYU V at a water depth
of 286 m off Miyako Island.

o Wave

@ Off Miyako Island
= 1981.1.9 00:06
=

v | Hi3=2.76m

To=6.44sec (Zero up Cross)

e=0.73
Nﬁo'sg
1 1 1 1 1

0.0 0.1 0.2 0.3 0.4 05 0.6

Fig. 5 Wave spectrum obtained by HAKURYU 5
off MIYAKO Island

stability of an S/S rig. The regulatory bodies
of various countries specify wind velocities
for S/S rigs for all normal drilling and in
transit or severe storm condition, as shown in
Table 3. A wind velocity of 60 m/sec (120
kn.) was specified in the 1970s with the
intention of improving the dynamical stability,
but it was reduced to 51.5 m/sec (100 kn.),
at present. HAKURYU II has encountered
with Typhoon Vera off Taiwan and recorded
a wind velocity of higher than 68 m/sec be-
yond the originally designed figures given in
Table 3, suggesting the need for providing
some redundant dynamical stability. Fig. 6
shows the data recorded by an anemograph on
HAKURYU II. When the typhoon passed
through, the crew had taken refuge in Taipei
leaving the rig unmanned. From the typhoon
condition, it is judged that the maximum
wave height might have been well over 15 m.

For S/S rigs, having an upper structure
with an air gap beneath, a lift force caused by
wind effect and rolling due to wind breathing

60m/s S0m/s 40m/s 30m/s 20m/s 10m/s
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Fig. 6 Histogram of wind velocity of Typhoon
VERA experienced by HAKUYU 2, off
CHI-LUNG
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of a storm must be taken into consideration.
The lift force has been studied by Bjerregaard
et al.,¥ who pointed out the cause of the
unrealistic inclination due to wind heeling
moment obtained from the rule and proposed
calculation formulas and charts by experi-
mentally reviewing 12 S/S rigs. On the other
hand, the study on the lift force has not yet
been conducted sufficiently in Japan. Mean-
while, wind in storm actually breathes, as
shown in Fig. 6. Its period is close to the
natural rolling period of an S/S rig. The
values of the energy spectrum of wind are
greater also in the vicinity of its period,
which will cause a problem.

The result of the spectral analysis of 1,024
waves taken from the rolling histogram of
HAKURYU V shows the peaks of spectrum
at the periods of 47.6 sec. and and 44.5 sec.,
respectively, as shown in Fig. 7a and b.
These peaks may be considered to have been
caused by rolling motion during wind breath-
ing. Meanwhile, the field wind observations
on super-high stacks, large cranes, etc., have
indicated that the wind breath at a period of
about 50 sec. contains an intense energy.®»®
It will be understood that the data showing
such cause and effect relations, the longer
rolling period of S/S rigs that have a small
water plane area and a relatively small abso-
lute value of righting lever, etc., all taken
into consideration, would lead to a great pos-
sibility of synchronized rolling. (refer to

Table 4) Under conditions during drilling,
a Actual Data b After Window Treat.
N=1024 N= 1024

Delt (F)=0.00098
Peak (F)=0.02246

Delt (F)=0.00098
Peak (F)=0.09277

S (w)
S (w)

J L 1 1 L
d.l 0.2 0.3 0.4 Hz 0.1 0.2 0.3 0.4 Hz

TFig. 7a, b Rolling angle spectrum obtained by
HAKURYU 5, off MIYAKO Island

Table 4 Natural frequency of HAKURYU 2, 3, 5

(free floating condition)

S\ name of rigs | HAKURYU | HAKURYU | HAKURYU
ilcrﬂs . 1l il Vv
104. 567

71,><13><1J% E17>561><31m 101X67X35m % 35m

d 20m 20m 20m
Jower hull | 2X 2% 2X104. 5%
LIXBIXDI | 84X11X5. 8m | 101X12X7m | 12.6X7m
gl Tisec | 187 20.1 20.2
5_ .
E T see 30.0 50.1 54.0
[
—
§ T, see 32.3 [ 49.0 57.0

this type of rolling has not been positively
taken up as considered a transient phenome-
non because of small rolling angles and the
defined cause of rolling.

However, in storm condition the effect of
waves will be also added, requiring a careful
review of the synchronized rolling.

2.2 Evaluation Criteria

The evaluation criteria provide a measure
for judging the proper performance of a
completed S/S rig as designed. For the user,
on the other hand, it will form an important
item demonstrating the capability of his rig.
Although the air gap 4 is included in the
evaluation criteria, as previously described,
the author will discuss in this section V.D.L.
and the positioning performance by which
the S/S rig is characterized.

(1) Variable Deck Load (V.D.L.)

The demand for operation of S/S rigs has
gradually led them toward deeper seas, as
shown in Table 2, subjecting them to severer
sea environment and to too far a distance from
their supply base of consumables necessary
for drilling, which are beyond the capacity
of a small supply boat. As a result, provision
has been made by taking a greater V.D.L.
to be loaded on deck, as shown in Fig. 8.

With S/S rigs being built for global opera-
tion, the trend is to provide increasingly higher
V.D.L. While, the spacing and diameter of
the legs supporting V.D.L. greatly depend on
the degree of V.D.L. and have a direct effect
on the motion characteristics of an S/S rig.

Moreover, V.D.L. corresponds to D/W of
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x10° MD602
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100 200 300 400 500 600
Operation Water Depth (m)

Fig. 8 Variable deck load of HAKURYU series

a ship and its variation has a great effect on
the dynamic stability of an S/S rig. There-
fore, at the time of realization of the basic
design, not to mention, and also during opera-
tion, the draft and KGo in response to the
variation of V.D.L. in various conditions, as
shown in Table 3, should be maintained
within the limits specified by the classification
rules. Table 5 shows an example of V.D.L.,
in which the difference in V.D.L. between the
drilling and severe storm conditions has been
deribed from the estimated amount of con-
sumption up to that time. Since no severe
storm can always be encountered with in this
condition, V.D.L. can be determined only

Table 5 Example of V.D.L. (MD502)

condition V. D. L. (1)
V. D. L. transit | Sy | Storm
drill pipe/collar 380 380 330
set back 0 150 0
riser pipe 120 120 120
casing pipe 300 300 200
liquid mud 0 500 500
tulk mud/cement 500 | 750 | 750
sack 330 330 100
B. O. P. 170 170 0
Misc. 300 700 600
total | 2,100 | 3,400 | 2,600

empirically, leaving a problem for further
accumulation of field data.
(2) Positioning Performance

Restrictive condition required for stabilized
operation of an S/S rig should comprise every
allowable displacement in various operations
such as loading, lifting and lowering of pipes,
etc., during drilling. Table 6 shows the
evaluation criteria for HAKURYU III during
etc., during drilling. Table 6 shows the
evaluation criteria for HAKURYU III during
operation, which are being gradually relieved
recently by the improved motion compensator.
The horizontal displacement of an S/S rig
including sway and surge due to waves is
mainly caused by drifting due to constant wind,
current and waves. Generally, the displace-
ment S is called “‘barge offset” (see Fig. 9).

In Table 6, the limitation of S to 59 of
water depth means to maintain fo=tan™
(5/100) =3°. Considering elastic deformation
of a riser pipe due to tidal current and the
effect of drill water inside a pipe, the actual
inclination of #° will make the limiting angle
to be about 4° (see Fig. 8).

In general, the drill pipe inside the riser may
hit the inside wall of the riser ball joint at 6>
4° and damage it at 6>10°. Although there
is no data clearly showing the limits in storm

Table 6 Restriction of movement in waves (HAKU-
RYU 1I) (moored condition)

heaving A +1.0m~1.5m
offset S 15% of water depth (m)
rolling é +2°~3°

S . Barge Offset

—Z

e

i

hat

. Riser Pipe
@

®

z

e Low Ball Joint
< .

Fig. 9 Barge offset
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Table 7 Motion in rough sea of HAKURYU 2 off
Noshiro City (moored condition)

[ wind cwind atmos.tace | offset | rolling | pitching | heasing
press- B S .

date \ speed [directn| " U height | gn ¥ g [ A

W Mt W ey M 29l rar 1.7
M6 3L W 8 |2 (130200
181 30 | W o592 130|230 | 2.2 N

- — E— T g R P — D
ol s Wl |9 sl ra|e (25 |, |

Cm s NW w00 (10| 3 (2 2 g | N 4
C ol 38 [ NW e (10 13 |z |2 (32
C ool 3 | NW0nsln = 3 2107l 4
1221 34 P NW 003208 |~ |20 v 4|, ~

ol 32 |WNW (100581 9 | — |10 | 2104 st}
. 1 2 | )

326 lwaw sl 9 [ = 2w a0l 35
4] 31 INW 100471 95 | 6.8127307 |20 |4
© sl 31 | Nw lioos.8l0~137 10 [ 2750 | 150" a5
6/ 20 I NWw007.7/13 |10 |ze0’le |5
Tl s0 TN [woescsl1z T Ti0 Tetao o le

L

¥y =offset/water depth X 100

corresponding to those in Table 6, some of
the S/S rigs built overseas have been specified
for 8 to be 9% of the water depth as the
evaluation criteria in storm.” HAKURYU II
has encountered with a typhoon of an average
wind velocity of 30 m/sec. lasting 15 hours
during operation off Noshiro. Table 7 shows
the record taken at that time giving the
barge offset as about 109, of the water depth.
In general, there care less data of field measure-
ments available for displacements in storm.
The correlations between the variation in wind
velocity and the rolling angle and between
the wind velocity and the horizontal motion,
etc., in such an offset condition should be ob-
served in detail in future for establishing the
proper evaluation criteria in storm.

As described above, the first stage of the
realization of the basic design will be com-
pleted when the concept of the configuration
of an $/S rig has been composed to satisfy
V.D.L. for possible operation within its design
conditions, the limits of Z, ¢, (§) and S as
shown in table 6, and the limitation in air
gap 0 as specified in the classification rules.
Nevertheless, it should be recognized that the
necessary conditions and criteria for the S/S
rig have only been satisfied, which seem to be
yet incomplete to cover the drilling operation.
Accordingly, it can well be said that the
S/S rig has reached a stage for its review by

means of statistical probabilism in one way or
another.

3. Sufficeint Condition in Realization of Basic
Design

As described in “Introduction,” the author
considers the following three factors to be the
sufficient conditions that have been deduced
to date from the experience of construction
and operation of S/S rigs:

1) High workability in a wide sense.

2) Security of structural integrity of float-

ing body.

3) To be of a type of structure for easy

construction.
3.1 Review of Workability in a Wide Sense

When reviewing the workability in a wide
sense, the S/S rig must be recognized for its
superiority in the following two conditions:
(1) Operating Condition

a) Minimum motion in waves.

b) Sufficient stability in wind and waves.

c) Capability of positioning within limits.
(2) Severe Storm Condition

a) Sufficient air gap.

b) Not to be overturned in waves.
c) Capability of positioning to some extent.

d) No structural failure.

The condition (1) is the operating principle
of S/S rigs, while the condition (2) means the
operation in a 100-year storm in a wide sense.
Both are important subjects for reviewing the
workability. Needless to say, the workability
depends greatly on the motion characteristics
in waves during operation. Also, from the
concept of lamp sum operation, other im-
portant items to be reviewed include propul-
sion efficiency in transit condition, dynamic
stability in all conditions of S/S rig, quality
of the crew, layout and performance of equip-
ment on board. In planning an S/S rig for
global operation, points to be noted will be
discussed hereunder, deducing from the operat-
ing records, with respect to its motion in waves,
stability, propulsion efficiency and position-
ing which can be treated by the shipyard
engineers.
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3.1.1 Weather Down Time

S/S rigs have sufficiently been studied on
their superiority in motion in waves by com-
puter simulation and tank test,”»® but,
unexpectedly, little on the agreement of their
results with those of the full-scale measure-
ments.”>** This is probably because of too
few encounters of S/S rigs with storms in sur-
vival condition, for example, to obtain suffici-
ent data therefor. Fig. 10 shows a good agree-
ment between the computed values and the
regularly recorded data by HAKURYU V
using the MUSE-CDMT system during opera-
tion off Miyako Island, in which the dimen-
sionless values corresponding to 7= 2m-m./
m1—=3.86+"H1 s have been plotted. Nearly the
same tendency is shown in the recorded data®
by HAKURYU II, which suffices to predict
the superiority of the S/S rig in workability
in waves. Table 8 shows a very little weather
down time of HAKURYU V from its operat-
ing record. This value may be considered
a probability for a long term down time. The
practicability of the configuration selected for

e Measured
== Calculated

= -,
é 0.4 Head/—
N Beam
i1 0.2 H
'\T ° ,.. \..(.-.\" i Lt

2 4 6 8 10 12

7iv (sec)
Fig. 10 Heaving (HAKURYU-V)

Table 8 Weather downtime (HAKURYU V)

down time

latitude
londitude

ot 50931 N 1o ‘; Tove] days
SoYA | 14‘{ 1234 E 1979, 7. 111979. 9,19 81 5/24 0.3

ol 33718702"N i
B I I S L

ation o of (lullmnr opexatmn} down %

end days ‘, time

location

*Fukue

mouth of | 381007367 1980, 3.28(1980.10. 7/ 194 | 0 0.0
e | 130 S0 | 198010, 8/1980.02. 4} 58 | 3 15.2
™ | 13 467207N [yogg 12,15, 1981, 3,13 89 | 3/24 0.1
Balesin i 112?1 o }:1981 31811981 4.22) 36 | 0 |0.0

Off Kitae | 37°20044"N |
Rt SRR oL s, 71981 6.21] 46 | 5/24 |0.5

days days

= 646 4-13/24 0.7%

Table 9 Probability of occurrence of weather down
time (long term)

(1) heaving (2) pitching (3) rolling
Zo \p(Z>Z) 0, |p(8>6,) $o |p($>80)
0.8m | 3.3% 0.4 | 9.7% | |04 | 14.3%
1.6 | 0.9 0.8 | 1.2 0.8 | 2.0
2.0 | 0.5 12| 0.2 1.2 | 0.4
3.0 | 0.2
Zo=+1m o=t 2" g, =%2

HAKURYU V has also been verified by
Hamett, SEDCO,» that showed its one-year
down time of as low as 29, or 8 days due to
waves, winds, floes and tidal currents during
operation off the west coast of Canada. In
this connection, the wave occurrence distribu-
tion chart off South Aftica prepared by
Hogben and Lumb was used in an assumption
that the motion response in waves would fol-
low the Rayleigh distribution to obtain the
probability of short term probability distribu-
tion of motion beyond Zo=1m, ¢o=2° and
8,=2° by Eq. (2), as shown in Table 9.

Vertical Motion:
plz>20] =exp (—20*/20%%)

Rolling: (2)
pl$> @] =exp (—§*/20)

Pitching:
p[0>00]=exp (—0*/200%)

where o, o, and o, are the standard devia-
tions from their respective responses, and the
wave spectrum are indicated in accordance
with ISSC. A comparison between Tables 8
and 9, both of which are shown in nearly the
same order, suggests that the introduction of
the statistical probabilistic concept to the
realization of the basic design as a guidance
would be meaningful.
3.1.2 Review of k Value on Righting Moment
Curve

The IMCO integrated rules on drilling unit
specify the area ratio indicating the dynamic
righting moment. to the wind heeling moment
by Eq. (8) on the righting moment curve
shown in Fig. 11.
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Rolling due to
D Wind Breathing
! |
k= | Righting Moment
[J] !
£ |B iF
E_
= C 1 \~Wind Inclining Moment
]
A E ;

— Heeling Angle:

Down Flooding Angle

Trig. 11 Righting moment curve

e éyea ACD_I:E ~13

(3)
The reasonableness of k=1.3 has been discus-
sed by ASME members.!?>'» The value of k
can be induced from Eq. (4) of rolling motion
under wind pressure to Eq. (5).

I¢+C¢+M7(§D):Mexb(é) (4‘)

where
I: apparent inertia moment of float-
ing body
C: damping moment per unit angular
velocity
M(p): righting moment at an inclining
angle ¢
M.w(t): wind helling moment

Integrating Eq. (4) from ¢=0 to ¢: and
assuming the actual rolling motion as a
periodical motion up to +4-¢: with the original
point as center,

I (1/2)2,5:2—4 (5)

where IE:AT/Ae, in which A, is the area from
0-¢: within the righting moment curve; A,
the area from 0-¢: of wind heeling moment;
and a, the damping energy. Acting favorably
on k value, a is ignored in this consideration.
HAKURYU III has recorded rolling motion
during operation off Niigata (refer to Fig. 12)
and obtained Eq. (6) from its wave shape.

e—

»=0.01310.026 sin ‘5721’% (rad)  (6)
By substituting 7 and A4. obtained from the
displacement and righting moment curve in
Eq. (5), k=1.37 is obtained. In the same

1060

Tavaver =375 8.45 (Nearly Equal to Véave Period )
y ~Swell —

106
i ,nv.msuw-,g—s—oqd.ds (Thss3=:51.48) (Neary Equat to Wind Breathing Period)

(36.0-57.68)  gumiing Time (10min.)

Fig. 12 Rolling histogram of HAKURYU III off
NIIGATA City

manner, from the record of Typhoon Vera
c_n"f Taiwan encountered by HAKURYU II,

k=1.13 is obtained by assuming its rolling
motion by Eq. (7).

¢=002+0.11sin -7 ¢  (rad) (7)
Although these calculated results suggest

k=1, it is not yvet clear whether it is sufficient
or not. In particular, since these results have
been based on the records of typhoons of
about 20 m/sec. of mean wind velocity and
70 m/sec. of instantaneous maximum wind
velocity, it is considered necessary to ac-
cumulate more full-scale measurement data
for further review.

3.1.3  Propulsion Efficiency

The trend of S/S rigs toward global operation
has accelerated the need for speedier arrival
at site for drilling to cope with the faster
navigation of their rival drilling vessels. Thus,
emphasis has been placed on the propulsion
efficiency of S/S rigs, and an idea of building
a mini-S/S rig capable of passing through the
Panama Canal was once put into action, but
brought to an unsuccessful end due to failure
of making full use of the characteristics of the
S/S rig. However, the consequence has pro-
vided an opportunity for reviewing the con-
figuration of the submerged portion of the S/S
rig from the viewpoint of propulsion resist-
ance. Iig. 13 shows the changes of the lower
hull configuration of HAKURYU series which
aimed at a minimum towing resistance as
well as at easy construction and defect-free
joints. The towing data in Table 10 suggest
the curse of progress made by such engineer-
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HAKURYU TI their respective configurations.
T D N 3.1.4 Positioning
< The vertical displacement of an S/S rig in
CCHRAWOND) P fan S5 rig
waves can be solved by selecting a wave-free
HAKURYU HI - ]
& - form. For horizontal displacement due to

_t > tidal current, wind and wave drifting force,
HAKURYU V a chain (wire)-anchor (sinker) combined moor-
CLL L = ing system or a dynamic positioning system

N
m" (D.P.S.) must be used to observe the opera-

Fig. 13 Historical change of lower hull in HAKU- tion criteria given in Table 6. Security of
RYU series safety of the mooring line will require a cor-
rect understanding of the line motion by the
Table 10 Towing data of semi-sub dynamic analysis method. For this purpose,
O it is important to review the items including
‘nalxqis(’f l e Ldraxf‘?/i(;f\ t:ns?{; Yoot dad\agadsz:;211'Ss;}ee(l sea and weather conditions, seabed soil, etc.,
| d
. ?&%215335% 3 caisson | 1.5(0.)| 4o | 9,600) " 51 at the time of realization of the basic design.
X50.6 tootingll 10.800] _ ffus Bj: ;’{7‘;0:1“ ©3) Tables 11 and 12 show the design condition of
2 Zf’?%g}fi‘;;“ $1owerhut| 72! ogg&} 1841:‘};: E: ="145|  the mooring system for MD €02 and an exam-
= PPy |25 ”"“;: ple of seabed soil condition in the operating
3 :Zl;z?luilsl 2 lower 5 (90005)‘ 18| do. | Cheo | 9 s |19 areas of HAKURYU series. For HAKURYU
4,000 1, 200N\ . . .
o wo@) | oot Gy | Hisohins II that operated in an area cf rapid tidal cur-
A ean |11 /1 g0 oz | \100 ?é”_‘b'o“of.ff 6.0 rent off Chi-lung, Taiwan, careful measures had
] S 2 e 6106 1;;;“!.],;.‘ 4‘1:7%, | s7| been taken by additional}y installing pile
101X67X35 /14,600 Ll | 45,000 Ao | (89) anchors, etc. Nevertheless, its encounter with
R Howerhu“‘/ls » 420‘1::; S I ‘;k' @ Typhoon Vera ’Fhat exceedeFl the de31gn con-
107 4XBL1X390| P 5,500 dition resulted in only leaving a record of 6
7| HabkursuV o g, '16023‘l5\3‘ 13,000, 6 ”m?m 80
104.536735) w/15 B0, tschinhe
% self pmpulsmn Table 11 Design condition of mooring system
(MD602)
ing efforts. In the table, SEDCO 135E and conditon |4t Lk Wl | TN R e
HAKURYU II were by simple towing and po— Rl /150 ko 6‘;‘ See
HAKURYUs III and V, by propeller assisted operation | 20 | qzgr | 20 jgoe| 10
tOWing. operation 20 é?:,g)* 2.0 (é?b?** 12
Future problems to be solved will be focussed ol by | 20 %0 | 50| 185 "
on how to reduce resistance of the rectangular (22 ? : (2-33)5 ' ,
section of lower hull that has been specially survival | 16 | g3ige | 10 jggpe) 15
selected for easy construction in shipyard, as (i) " mean value of 10 minutes observation data
close to that of the circular section as possible, significant wave height
and on how and to what extent the factors
causing higher resistance at nodes of mem- Table 12 Some example of sea bed cond.
bers could be eliminated at the time of realiza- T SR T P o oW oy ETO ey
tion of the basic design. In addition, it is | 100HON |4 condition 7 (/)| Elaen | ™5 etias
desired to reduce wind pressure to be applied vall g e RERIEE | 2| 3
on the upper structure above water line and do. [IDZALI gy | clay o83 0.0 | 2507
tendency of causing higher resistance of the Haky- ;;Li,.’j}f;:- 126 | o o2 |12
leg in waves due to small freeboard of the . ;?ggiu;ﬁiﬁ' 2o Lol |0 aaa L o.970 oo or
lowerhull during towing, etc., by improving L om0, Moy sand | : :
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cut chains out of 8 and being drifted away
about 2 miles in the direction of 320° from the
original direction. Such an accident has
revealed the significance of a detailed opera-
tion manual to be provided for a mooring
system by sufficiently studying the changes of
sea and weather conditions and seabed soil,
in addition to the careful selection of design
condition.

3.2 Review on Structural Integrity of Floating
Body

Since the failure of the A. L. Kielland, the
structural integrity of a floating body has
strongly been taken up as a great problem,
which is substantially a fundamental proposi-
tion to its frame work not to be collapsed
under survival condition. The achievement of
this means 1009, workability without down
time, as discussed in 3.1.1. According to the
records of HAKURYU series, the rigs drilled
an average depth of 3,305 m/hole in 79.8
days, during which they had to be positioned
stationary resisting repeated force of waves.
This is considerably a severe condition for a
floating structure. Therefore, the security of
structural integrity in such environment will
give the user a sense of relief for its operation,
indirectly guaranteeing its high workability.

Among various items to be materialized for
prevention of structural failure, such as types
of frame work, external forces, allowable
stresses, material, joint configurations, etc.,
the type of frame work and their application
will be discussed in this section as picking up
problems in their basic planning.
(1) Evaluation of Type of Frame Work

The type of frame work of S/S rigs can
largely be divided, as shown in Table 13.
Fundamentally, they fall into (a) truss struc-
ture, (b) Rahmen structure and (¢) Rahmen
structure with braces. The truss structure
contributes to weight reduction, but is liable
to cause a total-loss accident originated from
damage in a member or a joint. It consists of
so many joints that are often difficult to be
welded. Thus, the truss structure is not advan-
tageous for the S/S rig that is subject to
repeated wave force for a long time. There

Table 13 Frame figure of semi-sub

MARINER
C CEAN QUEEM

up to 1981 end.
o _l‘rzylg‘ ] __trans, . typical rigs -mo. remz\yk;, o
. HAKURYU V, I double
71“ rahmen - @ SEDCO 700 18 warren
2 @ AKER H-3 2% single
777777 =l OCEAN ODYSSEY warren
AFORTUNADA N
8 ﬁ BLUE WATER No.3 | ° | knee brace
4 MARGIE 5 1
OCEAN SCOUT russ
- OCLAN PROSPECTOR 12
5 SEDCOSTATFLO rahmen
- CIBLUE T warr 2
2N |
6 PENROD 70 8 do.
7

=3 7959

8 rahmen/brace PACESETTER 15 rahmen

N HAKURYU 1 with brace

9 3 SEDCO 135~135G 7 | truss

B | (»(_)‘pren well) o

10| truss 3 SEDCO ?SSHN 4 do.
¥ (ce:pfer well)

11 5 PENTAGONE 10 | truss

N TRANSWORLD | with

12| vessel & RIG 61 7 1 sponson
mis- P

E _cellaneous 2

14 not 10

clear

are two types of Rahmen structure: one com-
prising both longitudinal and transverse sec-
tions with Rahmen structures, and the other
with reinforced broces only in the transverse
section. Either type of Rahmen structures
cause no problem in the longitudinal direction
(of an S/S rig) because of its great rigidity of
legs and lower hulls which characterize the
S/S rig. In the transverse direction, however,
reinforced braces are often required as in
HAKURYU-IIT and V due to difficulty in
obtaining ample rigidity. In general, the
Rahmen structure tends to increase weight in
comparison with the truss structure. The
trussed Rahmen structure has a so-called high
rigidity ratio of brace to leg members with
rigid joints at the truss ends which develops
sufficient rigidity against rotation. Further-
more, the presence of braces will be able to
increase the final plastic strength.'® There-
fore, it has an effect of reducing the possibility
of a total loss propagated from a slight damage
in a part of a structure of an S/S rig and that
with capability of constructing its frame work
in sufficient strength using steels weighing
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Type 5
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Fig. 14a Longi. section of semi-sub

Type | Type 2
4 6 7 4 6 7
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® / \
2 9 2 g
! 5 8 | 8
Type 3

Fig. 14b Trans. section of semi-sub

almost equal to those for the truss structure.
A two dimensional analysis was performed
under the same loaded condition on the cross
section (Model 1) and the longitudinal section
(Model 5) in Fig. 14b and a by giving the
changes of Models 2-4 to the former and the
change of Model 6 to the latter. The results
showed increases in weight for Models 2, 3
and 4 by 1.0, 1.52 and 2.48 times that of
Model 1, respectively, and for Model 6, by
1.08 times that of Model 5 (Table 14). From
this, the effect of weight reduction of the
trussed Rahmen structure is recognized. Ior
integrated evaluation, an accurate comparison
will be required including not only weight of
steel but also difficulty in assembling joints,
manufacturing cost, etc., with L, B and D of
an S/S rig, as parameters. The effect of braces
in the longitudinal section is very small, as
shown in Models 5 and 6. However, since the
horizontal force acting on braces is varied
depending on the number, spacing, diameter
and height of legs, it is considered that the

Table 14 Weight comparison table of various kind
of frames (See Fig. 14)

1 2 | 3 4 5 6
A1, 233001 | A1, 26 Leat| A=3, 690cri| A=, T48crd| A=1, 26 Lerl | A==1, 310cal
aary [ =25m [ =55m ! =55m [ =55m ! =60m ! =60m
MAIN ,
. A=618 cnf
DECK | =30m
w=30t |Ww=54 |W=I50t |W=378 |W=59 |W=62t
A=1,028cri} A= 827cni A=6, 161cnf| A=2863cni
VERT. |1 =206m |/ =37.5m [ =29,6m || =38.5m
BRACE| " X2 | X2 X2 X2
W48t | W=49t W=0g6t | W=52
VERT. |AZ23 /
BRACE ‘x'zm
N ly=gg
A=1, 259 | A==1, 492cx7 | A=3, 627cl /
HORL  {/ =55m =55m ! =55m
BRACE Ve
wese o w=stt | (o
A=4, 816cai | A=4, 816cri | A==6, 094cri| A==6, 80dcni| A=4, 248cni | A=4, 106crt
CORNER|/ =3L5m |/ =3L5m |/ =3L5m |/ =315m |/ =27.1m [/ =27.1m
COLUMN X2 X2 - X2 X2 X2 X2
W=038 |W=038t |W=301t |W=336t |W=181t |W=175t
! A=3,TT7cii | A=4, 155crt
INNER / 1 =27.1m |/ =27.1m
COLUMN
W=80t |W=88t
- - A
i A=T, Tl4eri| A=9, 594cxt
LOWER [ =80m |l =80m
HULL
W=d8dt | W=602t
vorar | aoe | dose | O | noooe | ssee N
: (571t) ’

% () weight with 2.7m ¢ horizontal blac.
instead of 1.8m#¢.

need of braces should be studied according to
the type of frame work at the time of realiza-
tion of the basic design.
(2) Treatment of Frame Work in Waves
From the observation of member response
in waves, the structure was treated as a hypo-
rigid body to analyze the motion response in
waves. Further, using the result of that
analysis, the member force was obtained by
treating the overall structure as an elastic
body and the structural response, by the
beam theory or the shell thecry. An attempt
was made to obtain deformation at each nodal
point in Fig. 15a and b of of MD-502 under
standby condition and the results are shown
in Table 15a and b. The nodal points 37-68
and 110 correspond to the points B and A in
fig. 15¢, respectively. Their small amplitude
of deformation by wave force can prove the
correct assumption of a hyporigid body in
wave response.
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Fig. 15b Deformation of trans. frame under stand by
condition

Fig. 15c  Modeling of semi-sub

The equation of motion of a floating struc-
ture under wave exciting force can generally
be expressed by Eq. (8). In calculating the
workability in irregular waves and the air gap,
as described in 3.1, by Eq. (8)’ of linearized
Eq. (8), a frequency response function ob-
tained by giving very small amplitude waves
to its right side will be used. While, in a
structural calculation, finite amplitude waves
will be introduced to meet the most severe
survival condition.

Inertia force term  Wave making dam-
pmg force term

(MJk+Ajk)]Xk + By Xk

%‘
,_.

Viscosity damping Restoring force
force term term

+ 57 (Xk—?/tk)!Xk—%}cl+CJ(X1,X2, -, Xs)

Table 15a Deformation of Longi. frame at stand by
cond. (m/m)
Hw=18,5m, Tw=11sec
phase _$=76" $=172° | ¢=258 ¢=330° | deformation *
e X |y | x [y x|y | x| v x|y
| 1l-22.1) s0.5—19.0 60.2]—16.8 6L5|—20.6 5.3 2.8 11
“5|—219| 26:2) 19,0 '728()‘15 7| 25.3—20.4) 235 28 6.8
33| 286 2.4 183 200 184 207 2.6 198 —3.4 A37
37| 216 —9.8/—18.8| —4.6/—16.21-10.1/-19.4/—12.7] 2.8 4.7
66 26.0(—11.6 'is's —7.3 15.8—12.5] 20.4)—14, 5| 43.9 "'42
68 —21.11—25.5| ~18. 5 ~23.2|~15.8|~28.5/ 18, 1y~28 o 26 31
90! 23.3—27.90 15.01-26.3] 12.9'-30.7] 20.0—20.6] —4.0| 23
101]—20. 7| —28. 4?~18.o ~29.9/—15. 3)—-27.6(—17.0—25.8] 2.5 —2.0
134) an2l-312] 13.7]-32.4 103 —29.10 20,1273 6.1 ~2.4

138)—20.8)—37.3| 164 —40.3|~15.2] ~33.3]~16.9 343 2.6] 3.0

portside frame section

% small amplitude of deformation by wave force from the mean

value of X, Y,

Table 15b Deformation of Trans. frame at stand by
cond. (m/m)
Hw=18.5m, Tw=1lsec

R 7 S S T ) $=260° [ §=339"  deformation*
SOy oy Lz Yz iy |z
01376124 —40.5 ~20.9 39,1 —7.2 =31 27 —2.9-1L8
1102; 35.2-30.8 7.8 184 36,6287 31-4.4 23 1.0
£ 10 ~16.2 ~121 111 12 5-17.3-115—24 ~1L5 5.8 —0.6
S5 38,10 7.0 ~41. 012, 5393 5032 36 —24 1.3
n

Lllﬁj 348~182 SIOAI')O 3584178 335-—276 1.83 6.9

125133, 7 21.9:—29, O 18. 8 —3. 5 19. 7 —~39 8 2L 2 5. () —16

5 1)() --~31 1 18. 9 —29.3 17.4 —33. 4 16. 6 36,0 19, 1 3.9 ~1.4

ERUIE “L7 235 4 198—09>212‘—80 24 61 20

f134 402} 18,7 43, 2 18. 0‘—40 71 O -3, 5‘ 19. 6 —2 8‘ —2.8

>135§ 31 6\ . 9[ 32, 9‘ 18, 2\ 3L, 5’ 21 2‘ 29, 6‘ 2. 51 L 4! —3.5
¥ small amplitude of deformation by wave force from the mean

value Y, Z.

Mooring system Wave exciting

reaction term force
—_—
+Gj(X1,X2,"',X6) = Fou (8)

Noting that the heaving motion of an S/S
rig is less related with other components of
motion, Eq. (8) is simplified and linearized,
as jollows:

(M+m)z+(N+D)z+kz

=F7"% 4 (mé,+NE,) (8)

where

Mx, Ajx, (M, m): mass of floating body and
added mass in wide (narrow) sense.

Bj, Bj, (N,D): general form of wave making
and visious damping coefficients (in narrow
sense).
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Cj, Gj, (R):
and mooring system reaction -coefficients
(in narrow sense).

Xi—sy: displacement of the center of gravity
of floating body.

Z. vwvertical displacement.

sr: mean value of wave particle velocity
component.

&: orbital radius of wave particle.

general form of restoring force

Basic Design Experienced through Construction and Operation 141
Fl F33 F65 F77
Jn N
[ L/ IV N
| 130 6l 5
STI  @ST2 S
Fore R |[27 59 =S
5 S
(\ N N RN
/2200022000 1 220001
66000

F.;: general form of wave exciting force
F*%: Froude-Krillof’s force.

Since there is no directly effective solution of
the motion in non-linearized waves, the
linearized solution of Eq. (8)" is taken as the
first order approximation, in which the motion
is converged in the time domain, to study the
structural response. Using this method, a
comparison is made between the calculated
values of stress at the lower flanges of the
main girder on the underside of the deck of
HAKURYU V (Positions ST: and ST: in Fig.
16a) and the discrete observation data by
MUSE-CDMT corrected by the regular visual
observation data and the irregular observa-
tion data for spectrum analysis by MEM
(maximum entropy method) during its opera-
tion off Miyako Island. In the former, the
stress per maximum wave height Hw is given

by Eq. (9).
o/Hw=45kg/cm®/4.0m
=11.25 kg/em®/m (9)

In the latter, 10.1 kg/cm?/m and 13.5 kg/cm?/
m have been obtained, which may be consid-
ered to prove the reasonableness of the hypo-
rigid body as previously assumed. The waves
treated in these observation data are still
too small, as shown in Fig. 16b. The author
is of the opinion that efforts should be made
to verify that the assumption of the hypo-
rigid body is reasonable by observation data
in very high waves in the future.
3.3 Review of Type of Structure for Easy Con-
struction

Mutually satisfying condition for both
users and builders of S/S rigs has been deduced
from repeated experience of failure during
construction of S/S rigs in the 1960s and early

Fig. 16a Schema of plan of HAKURYU V
(in mm)
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Fig. 16b Histogram of stress obtained by MUSE
system at ST1/ST2

1970s and from the concept of cost reduction.
The Accident Investigation Committee of the
A.L. Kielland has proposed in its report'®
that the entire frame work should have redun-
dant strength, pointing out the following three
problems leading to a possible total loss:
(1) Improper frame work.
(2) Stress concentration at joints.
(3) Hair cracks occurring during operation
or construction.
These items may also be said as if referring to
rational measures to be taken for a type of
structure easy to be constructed. The problem
(1) is derived from the difficulties in position-
ing components of a space frame structure to
be assembled and in holding the correct shape.
Special consideration should be given at the
time of basic designing to a single diagonal
member to be incorporated in one plane block
or the other three-dimensional block to avoid
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its inherent inconvenience in fabrication and
to higher reliability of joints of members
concentrating at one node which should be
reduced to a minimum. Therefore, the term
“simple construction” is appropriate for the
fundamental concept of the frame work to
be required from the construction point of
view at the time of basic designing. The
change from the three-dimensional truss struc-
ture to the Rahmen structure (from SEDCO
135A to SEDCO 710) and the change from the
open well structure to the center well struc-
ture are good examples of simplification.

The Problem of stress concentration in
Joints in (2) occurs in column-column fillet
welded joints or full penetration welded
joints. It also includes decrease in fatigue
strength due to misalignment caused by
difficulty in construction and stress con-
centration due to extreme discontinuity which
should be eliminated at the time of basic
designing for safer operation. Selection of
proper types of joint and material will be
effective to avoid such a problem. Rational
measures having been taken for this purpose
are the box-type joint® applied to HAKURYU
II, the use of rectangular section for the lower
hull, as shown in Fig. 13, and the insertion of
lamellar-tear resistant steel, etc.

In general, the damage factor of the Minor’s
law of accumulative damage is given by

(10)

S: number of block divisions of long
term stress distribution.
0. stress corresponding to each block
n:: number of cycles of actual stress o
N:: number of cycles of causing fracture
at o
In 1981, D.N.V. suggested its concept of fa-
tigue strength by specifying #=0.1 for 20-
year stress accumulation. If the stress distri-
bution is assumed to follow the 2-parameter
Weibull distribution,

20omax)" I'(F'[h+1)
a (nn)* [k

N=n- (11)

where
n, h: Weibull’s parameters.
a, k' values obtained from S-N curve of

AWS.

Assuming that the S-N curve complies with
the modified X-curve of AWS with special
consideration given to the wave direction, the
spreading factor o’ of actual waves coming
from all directions at the same probability
will be considered for  in Eq. (11). Thus, the
final damage factor %" will be expressed by 3’'=
a'-n. The value of o’ will be given 1/2-1/4
depending on the position of the S/S rig with
respect to its heading angle to waves. In
calculating #, the stress concentration co-
efficients to be used depending on the type of
joint are 2.0 for the box-type joint and 2.5
for simple joints of brace to brace and main-
deck to brace. The values for joints of HAKU-
RYU V and MD series obtained according to
such a process show approximately in agree-
ment with those required by D.N.V. Whether
or not #=0.1 falls into the sufficient condition
will remain to be further studies. I'rom the
fact that 16-year-old SEDCO 135A and 10-
year-old Ocean Prospector and HAKURYU
I1, as shown in Fig. 1, are still in satisfactory
operation, it may be concluded that attention
given at the time of realization of the basic
design would be able to greatly prevent
fatigue failure.

The problem of inspection for hair cracks
in (3) has suddenly been brought to light
since the total-loss accident of the A. L.
Kielland. A number of circular columns con-
structing an S/S rig prevent the inspectors
from easily entering into the column and
performing nondestructive inspection of the
joints. The selection of location and configu-
ration of each joint clearly contributes to
easy performance of such inspections. In this
respect, the box-type joint of simple con-
figuration applied to the HAKURYU series
is connected with the other components
through their stiffeners to provide ideal flows
of stresses. In future, a more simplified and
highly reliable joint that would make possible
its regular inside inspection should be de-
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veloped as a means to prevent hair cracks.'®

4. Conclusions

The theme given to this paper is the crea-
tion of an offshore drilling unit of the concept
of a “semi-submersible” floating structure
that would be capable of operating even in
waves as well as a land structure should be on
land. For the purpose of its basic design, the
main items of both necessary and sufficient
conditions have been described with their
backgrounds and the various problems pre-
sented by reviewing the data of construction
and operation of S/S rigs planned, designed
and/or constructed by Mitsubishi Heavy
Industries, Ltd. As a result, it has been made
clear that both necessary and sufficient con-
ditions still require a great deal of further
studies due to lack of data in a short history
of S/S rigs. The sufficient condition, in particu-
lar, has been obtained in this present stage and
possible changes in the items to be emphasized
in future will be well anticipated. However,
the fact that the excellent operation records
of the HAKURYU series that had been care-
fully planned under such necessary and suffici-
ent conditions are being presented at least
suggetss the reasonableness of the author’s
concept.

In connection with the techniques to be
used in the course of realization of the basic
design of an S/S rig, the following concepts
are being developed:

* From static analysis to dynamic analysis.

* From the use of the idea of deterministic

theory to statistic probability theory.

* From linear analysis to non-linear ana-

lysis.

* From consideration for safety to redun-
dant strength of the structure.

Therefore, more operation data observed
on site must be collected until the completion
of a rational S/S rig. The feedback of its
results will contribute to the progress of the
realization of the basic design of an S/S rig.

This paper is an excerpt of the conditions
to be considered at the time of the study of
realization of the basic design of an S/S rig

from the thesis for a degree, “Study on
Realization of Basic Design of Semi-sub-
mersible Offshore Drilling Unit,” presented to
the University of Tokyo.

The author wishes to express his sincere
appreciation to Professors Motora, Takehana,
Koyama and Fujino and Assistant Professor
Yoshida for their valuable advices given to
him in completion of his thesis for a degree;
and also, to Japan Drilling Corporation for
its kind cooperation in providing the author
with various realistic information including the
operation data of HAKURYU V.
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