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Design Philosophy in Ship Structure

Yoshio Akita*

1. Introduction

This report presents the modern technology on the
stress analysis of ship in irregular ocean waves, and
the design philosphy using reliability analysis of ship
structure under fuctuating stresses.

In old time, the strength calculation of ship was
carried out assuming a ship as a beam which is
floating statically in the wave of which length is
equal to ship lenth (L) and height is equal to L/20
or 1.1 &L (ft).

Nowadays, in the calculation of the longitudinal
strength of ship, the irregular waves in ocean are
used instead of regular waves, of which spectrum is
known by the observation of waves in North Atlantic
Ocean.

When an actual ship encounts the irregular waves
in all directions, the ship rolls, heaves, yaws and
surges. As a result of it, not only the vertical ben-
ding moment, but also the horizontal bending moment
and the torsional moment are induced in the ship hull
by the action of the hydrodynamic forces due to
waves and the acceleration forces due to oscillation
of the ship. The first half of this report indicates
the method to predict the fluctuating stresses in
irregular waves, the probability of occurance of the
stress and the maximum expected stress during the
whole life time of the ship. This precedure of cal-
culation is called the total system analysis of stresses.

Furtheromore, in the traditional design procedure,
the structure is designed comparing the obtained
statical stress with the traditional allowable stress

which has been determinded by many experiences of

ship damages.

Recently this process was improved and the true
allowable stress is obtained by assigning the acceptable
level of the probability of the fracture. For this pur-
posc the fracture mechanics, the reliability analysis
and the concept of the probability of fracture are
introduced.

The design using above mentioned modern stress
calculation and the concept of probability of fracture
is called “driect design procedure”. The latter half of
this report mainly treats the outline of the direct

design proccdure and the associated problems.

2. Total System of Analysis on the Lon-
gitudinal Strength

2.1. Forward

Evaluation of reliability of a strength of ship stru-
cture and establishment of design criteria must be
based on a rational and synthetic structural analysis
of the ship as well as on the results of experience
of ship’s operation. For that purpose, first of all it is
necessary to estimate accurately the stresses occuring
in the structural members of a ship due to fluctuating
wave loads during her navigation in ocean, and it is
needed to develop such computer program as well
directly as well as easily realize such purposes.

As a recent trend, on the other hand, the computer
programs of this kind have been developed by the
ship classification society of each country and presen-
tly the strength of ship structure is being examined
synthetically by using such programs ©7®, Likewise

in Nippon Kaiji Kyokai, a computer program has been
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completed as a part of the research project for the
development of a total system of computer programs
for ship structural analysis ™®. Refining on the
method of the analysis currently employed on the
longitudinal strength of ships, complction of this
computer program has made it possible to realize the
rational and consistent evaluation on the stresses
caused in ship’s hull girder.

In this system, firstly the theoretical analysis on the
oscillating motions of the object ship under regular
waves is performed and the fluctuating wave loads
acting on the hull girder are obtained. Next, the
fluctuating stresses caused under fluctuating loads in
the longitudinal members of the ship are calculated
based on the general bending and torsion theory, and
then statistical analysis is performed with use of
given wave spectrum and observation data on ocean
irregular waves.

In the present paper, outline of the system and
problems on the analysis are introduced and a discus-
sion is made on the results of a series of calculation
which are performed on the longiiudinal strength of

a bulk carrier by using this program.
2.2. Outline of the System

General process flow chart of the total system of
analysis is shown in Fig. 1. The computer program
of the system is written for use of the computer
FACOM 230-55 of which the core memory is 512KB.

2.2.1. Input Data Processing

The input data processing program as indicated in
step I of Fig.1 basically consist of two parts, i.c. data
generator for the analysis of ship motion and that for
the structural analysis of hull girder.

(1) Data Generator for Ship Metion

Analysis on the motions of ships is based on the
strip method. The input data and their processing
procedure are as follows.

(a) Necessary input data on the division of the
strip is the ship’s length only. The hull is equally
subdivided into twenty strips between perpendiculars,
and if additional data are provided, two strips after-
ward A.P. and one strip foreward F.P. may be added.

(b) Weight distributions and off-set table of the
hull from are given as input data. Then the equili-

brium condition of the ship under still water is deter-
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mined by fundamental calculations on the trim,

(c) Each cross section of the strips is generally
transformed into Lewis form. As for a specially
shaped cross section which can hardly be transformed
into Lewis form such as a part of of bulbous bow,
‘it is modified to that having equal cross sectional
area.

(d) With use of the result of trim calculation and
the off-set table, the necessary data are generated of
the cross sectional area, draft and the half breadth
of water plane of each strip.

(e) Vertical height of the center of gravity KG is
given as input data. Moment of inertia for pitching

and yawing is generated in the program, while that
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for rolling is to be given by manual input data for
each strip.

(f) When consider non-linearity of rolling of ship,
input data are to be given on the bilge keel.

(2) Data Gencrator for Structural Analysis

As for the input data for structural analysis, con-
sideration has been so given as it would be sufficient
enough only for basic scantling of the hull girder
to be transferred from construction drawings. The
input data and their processing procedures are as
follows.

(a) The hull girder is simulated as a continuous
beam with variable cross sections, and the full length
of which is divided into certain numbers (maximum
30) of beam element with uniform cross section. The
hull girder will be automatically divided by giving,
as input data, the number of division and the cross
section patlerns.

(b) Position or co-ordinate along the longitudinal
direction of the ship to indicate the specific cross
section, location of the structural members to be
analysed are given by frame number.

(c) Cross sectional properties of the beam element
are calculated by finite element method, and mesh
division in each cross section of the beam element is
automatically generated for a given pattern of cross
section such as cargo tank part of oil tankers, where
only the basic dimensions and scantlings transferred
from constructruction drawing are neceded as input
data.

(d) As for input data for the mesh division of the
cross section in fore and after ends of the ship, the
sectional properties of the beam elements are deter-
mined by simply multiplying the values for midship
part by appropriate ratio depending on the location
of the cross section and on existence of the deck
opening.

2.2.2 Analysis of Ship Motion

The second step in the system is the analysis on
the ship motion based on the strip method as indi-
cated in step II of Fig.1. In this analysis the motion
of ship due to each component wave is calculated
for given values of the parameters such as ship’s
speed, angle of encounter with the component wave,

length of the wave respectively, and accordingly the
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response functions of ship’s motion for regular wave
of unit wave height are obtained. When considering
the non-linear characteristics of rolling angle vs. wave
height, the response functions are calculated for each
regular wave of certain prescribed values of wave
height.

2.2.3. Response Function of Forces

Next step of the analysis is the calculation of res-
ponse functions of forces caused by the ship motion
among regular waves. From the results of the analysis
of ship motion, distribution of fluctuating forces acting
on each strip are obtained as summation of fuid
force and inertia force, and then resultant forces in
each cross section are determined by integrating the
distributed loads over the whole surface of the atrip.

2.2.4. Calculation of Stiffness Coefficient for Struc-

tural Elements of the Hull Girder

For the purpose of tortional bending analysis of
hull girder, the stiffness matrixes of the beam cle-
ments are formulated by calculating their cross
sectional properties such as locations of geometrical
center of gravity and of shear center, elc.

2.2.5. Calculation of Load Vectors

Equivalent nodal forces are converted from the
fluctuating forces obtained in step IlI, and they are
applied as concentrated loads at cach joint of the
beam element.

2.2.6. Structural Analysis of the Hull Girder

The stiffness matrix of the hull girder is for
mulated by superposing the matrixes of the beam
elements. Then, a matrix equation is introduced with
a set of the prescribed load vectors obtained in step
V and is solved for unknown vectors of the nodal
displacement at the joints. It should be mentioned
here that the matrix equation must be solved for a
large number of load vectors amounting to the total
numbers of the calculations as mentioned in 2.2.2.,
and therfore, the decomposed stiffness matrix is stored
in core memory while the load vectors are read
repeatedly 10 by 10 from auxilially memory of the
system.

2.2.7. Calculation of Response Function of Stresses.

Fltuctuating stresses at certain prescribed location
in the hull girder are calculated from the nodal dis-

placement obtained in the above step, and their re-
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sponse function is formulated for any required points.

2.2.8. Statististical Analysis

Statistical Analysis Statistical analysis is then per-
formed by using the results obtained in former steps
on the response functions for ship motion, resultant
forces in cross section, amplitude of the fluatuating
stresses and so on. Short term distributions and pro-
babilities of exceeding a certain prescribed level of
each response are obtained with use of given wave
spectrum and observation data on ocean waves.

2.3. Outline of the Method of Analysis

2.3.1. Ship Motion and Fluctuating Load

In the analysis of ship motion and fluctuating load,
the strip method is applied in the system which has
recently come into widely practical use. Ship motions
of 6-degrees of freedom in 3-dimensional space are
divided into the following three independent groups
of oscillating motions:

(1) heaving (§) and pitching (¢)

(2) swaying (), yaying (¢) and rolling (8)

(3) surging (&). (see Fig. 2)

For each group, analysis is made by considering
coupling effect of each motion of ship. Since the
analysis on the vertical motion of ship has been
studied for long time, usefulness of the strip method
has been well confirmed by comparing with actual
phenomena of ships. In this system, therefore, Fu-
kuda’s linear strip method ©71® is used for the an-
alysis of heaving the pitching of the ships.

The analysis on the horizontal and rolling motion
of ships is more difficult than for vertical one because
of the damping resistance due to viscous effect in
addition to the wave making resistance as in the case
of heaving motion. In this system, the extinction in
rolling oscillation is defined by the following relation;
A6=abn+bba? where 6, is mean amplitude of rolling
and the coefficients @ and & are derived from Watanabe
and Inoue’s method™®. On the basis of above proce-
dure, rolling resistance is represented as Af when
rolling amplitude is 8. Above representation is linear
form, but equation of motion becomes non-linear diffe-
rential equation since the factor A is function of 6.
In this system, Tasai’s strip method ' is applied with
above mentioned non-linear modification. Careful atten-

tion must be paid to that, on the influence of ship
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speed and damping coefficient further research has to
be made so that correspondence to actual phenomena
should appear as good as in the case of vertical mo-
tion system. As for the third uncoupled surging
motion, Motora’s method”? based on only Froude-
Kriloff hypothesis is applied in which added mass has
been neglected. On this pyhothesis, nehiter damping
force nor restoring force is neglected, and therefore
application of this method in the case of long period
of wave encounter gives an unsuitable result. In this
execution of the analysis, careful attention is paid
so as to avoid such condition in each case.

In the next place, outline of the procedure on an-
alysis of fluctuating load in a regular wave is given
below.

Fluctuating load per unit length acting on a strip,
dF/dx, is representcd as the summation of fluid force
dF¢/dx and inertia force dFi/dx. The fiuid force dFy/
dx is determined by the form of cross section under
water plane, period of wave encounter, ship motion
and others, and they are calculated to fairly good
approximation except by those errors due to the
conversion into Lewis form. As to the inertia force
dFi/dx, however, it is very difficult to obtain exact
distribution of weight and moment of inertia about
rolling motion in lengthwise direction of ship. Ordin-
arily, in the case of lengitudinal strength calculation,
each distributed weight is approximated as a trape-
zoid. This method is applied in this analysis, piling
up each trapezoid to get longitudinal weigh distribu-
tion. (see Fig. 3)

Vertical and horizontal distribution of weight is
nceded to get longitudinal distribution of moment of
inertia about rolling motion. If such data are not
available following estimation will be used as moment
of inertia for rolling motion per unit length about

given longitudinal co-ordinate x.

dw
di _ "4z " B(2) - D@ N Ae)
dz (4w By . D(z) - dx
dx

where B (x) and D (x) are breadth and depth of the
section at x repectively, and I, is moment of inertia
for rolling motion about whole ship.

When wave forces in arbitrary cross section, con-
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sisting of six components (Shearing force, bending
moment etc.) are needed, they will be obtained by
integrating above mentioned dF/dx from aft or fore
end to given x.

2.3.2. Structural Analysis of Hull Girder

The purpese of the structural analysis of this sys-
tem is to oblain structural response of the ship’s hull
subjected to fluctuating loads which are obtained from
the ship’s metion caused in many regular waves with
parameters of ship’s speed, angle of encounter and
wave length being varied.

Tt is thercfore necessary to solve the stiffness equa-
tion of the hull girder for a large number of the load
veetors and accordingly in-core data handlings essen-
tially neceded for efficient processing of stiffness ma-
trix by electronic computer.

Taking advantege of the reduced degree of freedom,
a modificd methed of the finite element analysis based
on the gencral bencing theory for thin walled beams
proposed by Kawai®® has been used in this system.
In this method, the ship structurce is simulated as a
continucs beam with variable cross sections and full
length of the beam is divided into certain numbers
of beam element with uniform cross scction as indi-
cated in Fig. 4 and then displacement method of
analysis on the bending and torsion of continous beam
is applied considering deformation duc to axial thrust,
shearing force and bending as well as warping tor-
sional displacment.

In this method, displacement functions, U, V and
W in the transverse section of the beam element are

assumed as follows:

Ulz,y,2)==u(z) —y-6(z)
Viz,y'z)=w(z) +z0(2)
Wz, yz)=w(z) —z-u' (2) —yv' (2) +0' (2) wn

(z,3) (2)

where u(z), v(z) and w(z) are displacement at
the centroid of the secton in x, y and z direction
respectively (see Fig. 5 (a)); while 8 (2) is the angle
of rotation. w. (x,y) is the normalized warping fun-
ction of St. Venant’s torsion problem and is obtained
by finite clement technique 9 with use of plate
element. Then, various scctional propertics of each

beam element such as St. Venant’s torsional stiffness
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and warping torsional stiffness are evaluated in this
program,

The displacement functoins of the beam elemeni
along axial direction are assumed as polynominal of

the 3rd order as follows:

uz) =ay+ a1z 1 a2’ + az2®

v(z)=bo+ b1z 1 bsz®-- by2?
8(z)=co+crz+csz?+es2?

w(z)=dy+dz &3

Stiffness matrix of the beam element (14 by 14)
can be obtained by using the above mentioned displa-
cement functions in which the degrees of freedom are
taken such as latcral and vertical displacements and
rotations, angles of torsion and warping and axial
displacements at both ends of a beam clement. Details
of this method arc fully explained in the reference®®,

The number of division into the beam clement must
be appropriate enough so that hull girder which as a
continuous beam with variable cross section can sui-
tably be idealized as well as the solution can be
obtained with a sufficient accuracy. In addition to
these, the dimension of the formulated stiffness matrix
must be within such limits that in-core data handling
is possible as mentioned in the foregoing. The maxium
number of beam element to be divided is 30 in this
program. In this case, the size of the stiffness matrix
is 217 with band width of 14, and computation with
deuble precision can be performed within 131 KB
core memories of electronic computer, The maxium
number of load case which can be solved simulta-
neously in the matrix equation is 10 (the number of
foad vectors composed of amplitude and phase is 20).
The above mentioned number of division of beam
element is sufficient to obtain accurate result from
practical view point of longitudinal strength analysis
of hull girder.

As this analysis is based on a torsional bending
theory of a beam, distribution of the shearing stress
in the cross scction due to external shear force can
not be obtained. In this program, although each
structural component in the hull grider is assumed
to behave as a part of beam element, cross decks and

deck girders in ships with large deck openings or
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multi-row hatches like container ships deform com-
plexly, not simply as a single unit beam of the main
hull girder. Further improvement should be made in
the program to evaluate suitable value of the stiffness
of hull girder for such kind of ships.

2.3.3 Response Function of Fluctuating Stress

Fluctuating loads obtained by the analysis on ship
motions in 2.3.1. arc given in terms of amplitude
and phase, both of which being varied in each com-
ponent of the load and at joints of hull girder. It is
therefore neccssary to analyze the structural response
by taking into consideration the phase lag effect.
When fluctuating load F (amplitude of and phase of a
component) is imposed on joints of hull girder, joint
displacement d (amplitude d and phase of a com-
ponent) is expressed by the following relation, where
A (a being a component) is inversc of stiffness mat-

rix of hull girder.
d=AF )]

It is otherwise read as

rdy cos (wet—eq1)y , audiadin
dy cos (wet_'EdZ)l | agdzyteett d2n
4 dy cos (wet—ea3) y= |
: | :
{dn cos (w{t'ierj ninyeeeot Qnn

f1 cos (wet—er1)
fz cos (wet—era)

4"

1 fu cos (wet—epn)

where w. is circular frequency of ship’s encounter
with wave, and n is total degrees of freedom. With
regard to a component of displacement, it is expressed

as follows:
n
dy cos (w,t——Edk)‘—“Zlakif.' cos (wet—esi) (D)
o

Composing up each term in the righthand side of
Eq. (5), the amplitude and the phase of a component
of displacement at joints of hull girder are expressed

as follows.

dk:\/<ilak,-f,- cos Efj>2+<zldkjfj sin 5/1)2
i= j=

(67
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[ n
/Zlaki fi sin er;
=
-y 7

”

\‘Zlakj fi cos efj

=
n
Zlauf,-cos eriz=0
j=

n
/Zldkj S sin ef;
iz
=tan™Y |
n
Kglak,f,' cos ef;

2 axif; cos er;<0
=

Further, from the displacement calculated as above
can be obtained stresscs in a certain location of a
certain cross section of hull girder (axial stress, long-
itudinal bending stress, horizontal bending stress and
warping stress). And furthermore as to the total
longitudinal stress obtained by composing these st-
resses, it can be obtained as well by taking same
procedure as above, considering phase difference among
components.

2.3.4. Statistical Analysis

From the amplitudes of respenses of shipin regular
waves (fluctuating stress in longitudinal members,
ship motions, resultant forces in cross section etc.)
which were obtained by the calculation is calculated
by using energy spectrum method. Then, with statis-
tical data of waves in use, the longterm probability of
extream values of these responses is calculated as for
wave spectrum, the following ISSC-1970 spectrum ‘7
isused, and the statistical data of waves on significant
wave height and mean wave period given by Walden

as shown in Table 1 are used.

(flw,z))?==0. 11H?zy™? (w/w;) 75X
exp(—0. 44 (w/w;) )8/ (3n)coxtz  (7)

Furthermore, in case of rough sea, artificial speed
reduction by maneuvering as well as natural speed
down due to increase of resistance are likely to occur,
and therefore these speed reductions have also been
taken into account on making statistical analysis.

In this case, corelation between Beaufort scale and
speed reduction as indicated in Fig. 6 have been used,

which have been preparcd by the Society investigating
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logbook of large exclusive vessels related with their
navigating conditions at rough sea.

On the other hand, the corelation between Beaufort
scale and significant wave height is given by ISSC-
1970 report, and therefore, the responses of ship
which have been calculated for sevaral case of ship
speed corresponding to a significant wave height, are
statistically analyzed.

2.4. Analysis of Longltudinal Strength of
Ore Carrier

2.4.1. Serics of Calculations on Ore Carrier

A Series of calculation are performed on an ore
carrier of 50,000 tons deadweight and principal di-
mensions are shown in table 2. In these analyscs, the
maxima exceeded during 10% cycles of wave encounter
in the North Atlantic in winter, with wave date of
Walden "% in use, are calculated for ship motions,
moments, forces and stresses in the fully loaded con-
dition at service speed of ships.

The moment of incrtia {or the rolling of ships is
obtained from the [ormula given by Kato 99, The
N-coefficient for ship motion is modified by the method
of Fukuda and others 49, taking account of influence
of the speed of ships. In the strength analysis of the
hull girders, the hull girders are divided into thirty
beam elements in the direction of ship length.

2.4.2. Results and Review

Fig. 7 shows statical shearing force and bending
moment distribution in still water in the ship. From
Fig. 8 and afterwards show response function of the
ship against wave. In these figures, only the variation
of the ship motion as well as stress in regular waves
are shown, therefore, the total stresses are obtainable
by adding the dynamic stresses to the still water
stresses. In these figxres, X is the enconter angle of
the ship to regular wave, so X=0° means the follo-
wing sea andX=180° means the head sea.

The surging motion of the ship &, the sway motion
7, the heaving motion §, the rolling motion 6, the
pitching motion ¢ and the yawing motion ¢ are shown
in Figs. 8, 9, 10, 11,

these figures, the amplitudes of motion are expressed

12 and 13 respectively. In

in non-dimensional form using wave slope kh against
root of ship-wave length ratio +/L/2 under several

parameters of encounting angle X, where k is 2x/2, 2
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Table 2. Principal Dimensions etc. of the Ore
Carrior Analyzed

Ly 210. 000 Trim 0.741

B 30. 400 dr 11.826

D 17.400 ds 12,567

d 12.200 d 12. 196

4 65663. 80

Cs 0. 82256 ®WF —1.138

C» 0.82974

Cx 0.99168 ®B 2.473

Cy 0.89243 KB 6.418

Cop 0. 92201

KM, 277. 568 ®G 2.439

KMr 12.551 KG 9.110

GMr 3. 441 | K./L 0. 224
i Kr/B 0. 366

is wave length and L is ship length respectively.
The forces and moments acting in the midship-
section of the ship are shown in from Fig. 14 to

Fig. 19. The horizontal shear Fu, the vertical shear

(277,497 Obs.)

. Maximum Expected Stresses in Midship
Section for 108 cycles

o
kg/mm? S| oa Gy: | Opy | Ow On
4 1 1 | 1.161]10. 003' 0.000; 0.000:11. 609
LA ‘
2 11.161 8.826| 5.682 5.94015. 794
B S e e B
'3 | 1.161(10. 166] 5. 682 1.362:10. 604
™
e e
1 14 | 1.161)10. 788i 2.029/10.701|13. 823
j

Fy, the axial force Fa, the vartical bending moment
My, the horizontal moment Mu, the torsinoal moment
in Figs. 14, 15, 16,
17, 18 and 19 respectively. In these figures, the forces

around shear center are shown

and the moments are expressed in non-dimensional

form dividing p ghLB and pghL’B, were p is density
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Fig. 26. Maximum Expected Bending and Torsio-
nal Moment for 10% cycles.

of water, g is acceleration due to gravity and B is
breadth of the ship respectively.

Fig. 20, 21, 22, 23, and 24 show the rcsponse
function of several kind of stress acting at the bilge
part of the ship at midship, where ¢, is axial stress,
obx is vertical bending stress, oby is horizontal ben-
ding stress, oy is warping stress and on is total com-
bined axial stress respectively against five values of
X, In these figures some stresses, for instance ga> gbx’
by> 0w Fig. 21 show the symmetry against =X, and
the others show unsymmetry.

By performing statistical analysis in irregular waves
having ISSC spectrum and frequency distribution in
North Atlanic Ocean given by Walden 8,

ximum expected value of stress is obtainable. Fig. 25

the ma-

shows the distribytion of the maximum expected
values of shearing forces and axial forces during 108

cycle of wave forces which indicates approximately
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Fig. 27. Maximum Expected Total Stress Amid-
ship in Longitudinal Direction for 108
cycles
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Fig. 28. Probability of Total Stress Amidship in
Longitudinal Direction for 10° cycles

the total cycle during twenty years of ships whole
life. As shown in Fig. 25, the maximum stress is
seen in the bilge part. Table 3 shows the maximum
expected total stress at several part of the ship during
10% cycles.

Fig. 28 shows another example of the maximum
expected total stress in a tanker as functfon of the
probability of occurance.

The total consuming time of the above calculation
with FACOM 230-35 was about 2 minutes in CPU

time and 10 minutes in elapse time.



3. General Design Procedure

At the 1969 International Ship Structural Congress
in Tokyo, the method of the “direct design” was
proposed as first time®®. Many rescarches®®2® have
been carried out since then in this direction

The direct design method is much useful particularly
in case of designing U.L.C.C., LNG carriers, container
ships etc., for which design people have generally
very few experience of fabrication and navigation.

3.1. Direct Design

In the direct design method, the pressure distribution
acting on ships hull in regular waves is obtained by
using the strip method, then the stress response in
ship structural members is obtained through the com-
prehensive structural analysis and finally the sta-
tistical frequency of the stress variations during ship’s
life is calculated using proper sea spcctrum and its
distribution. This step is called “system analysis”
or total system of stress analysis as indicated by the
dotted line in the left upper square block of Fig. 29.

The second step of the directdesign method is called
“design criteria,” which consists of the application
of fracture mechanics and reliability analysis. In this
step, the probability of failure is obtained using the
frequency distribution of initial imperfections or initial
deformations in the fabrication process of ships,
according to their mode of fracture, i.e., fatigue,
brittle fracture, buckling, yielding and ultimate
strength of ship structures. When the probability of
failure shows satisfactory level, the assumed local
scantlings become acceptable.

3.2. Semi-Direct Design and Conventional
Design

As the direct design method necessiates generally
considerable amount of time and man-power, more
simplified method called “semi-direct design method”
is needed from view point of its practical use. Several
types of procedures may be possible in this case, and
after selecting a suitable one, the semi-direct design
method will become effective tools for the moderniza-
tion of the ship design in shipyards.

Besides, these direct and semi-direct design methods,

the traditional and conventional design method in
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design office should be improved to a more rational
one based on the concept of the direct design method,
and will also be utilized for practical use.

The flow chart of the direct design method and two
examples of the semi-direct design methods (1) and
(2) are given in Fig. 29. As a typical shipyard
practice, principal dimensions and arrangement of ship
are determined in the beginning of design stage by
investigating the minimum cost for both building and
navigation of the ship under given conditions of type

of ship, dead wcight capacity, speed, draft and route
of ship.

This step is followed by the structural design of
the ship. The local scantling is assumed first, and
hull weight is estimated secondly, then IMCO-condi-
tions etc. are checked. If the answer is OK, the
analysis of structural systems and design criteria are
set up according to the direct design method as stated
previously.

When the obtained probability of failure remains
within an acceptable level, the other combination of
the local scantling is compared with the obtained
scantling in order to optimize the weight or cost of
ship.

3.3. Examples of Semi-Direct Design

With regards to the semi-direct design method (1),
the stress obtained by the system analysis previously
mentioned is compared with the newly defined “allo-
wable stress”. This stress, however, is not always the
same as the traditionally used allowable stress which
has generally no definite meaning in statistical sense.

The value of the allowable stress defined here is
generally derived from the calculation of probability
of failure in typical structure, as shown in the dotted
thick arrow in Fig. 1. In the case of fatigue, for
instance, when the allowable level of probability of
failure is given, the maximum ecxpected stress and its
frequency distribution (demand) can be determined
by calculating cumulative damage based on S-N curve
of fatigue tests with scatter band concept on typical
welded (capability),
welded face plate of the transverses of tankers. As

structure of ships e.g. butt

the results, the maximum expected value of stress is
defined as the allowable stress in fatigue. The similar
procedure can be applied for buckling, collapsing and

SO on.
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In Fig. 29,
design method (2) is also shown. In this method, the

another example of the semi-direct

statistical extreme value of wave moment and shear
force are given without performing detailed calcula-
tion of the system analysis.

In the case of longitudinal strength, for example,
the empirical formulae of non-dimensional statistical
extreme values of vertical bending moment,” horizontal
bending moment as wecll as torsional moment arc pre-
pared previously from many calculated examples of
the system analysis for typical ships. These non-
dimensional values are expressed in terms of type of
ship, ship length, block ccefficient, ctc. The approxi-
mate statistical moments of a given ship are obtainable

these empirical formulae.

using These process is
shown in Fig. 29 by dotted thick arrows.

Since the extreme values of the above-mentioned
components of moments in this case are given inde-
pendently, thcir phase lag is unknown. Thercfore, the
combined stress from these compenents of moments
is cbtained approximately as a square root of a sum
of squares of the individuzl stress componenis by
assuming their phase lag is random. According to the
reports®, the above mentioned combined stress
showed satisfactory approximation to the exact value
which is calculated by taking into considerations of
the phase lag.

The combined stress values thus obtained may be
compared with the previously mentioned allowable
stress as in the case of the semi-direct design method
(1.

It should be mentioned here that further investi-
gations are needed on the detail of the semi-direct
design method, and also it is necessary to cstablish
the rational level of the probability of failure by con-
sidering total economy of the ship construction and

its maintenance as well.

4. Failure Probability of Fatigue

4.1. General
In this article, the outline of the fatigue design is
discussed on the basis of statistical concept.
For the design criteria based on the fatigue strength

of ships, first of all, initiation of fatigue crack is to
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be checked in the primary structural members, such
as deck, side shell plating, water-tight bulk-heads,
webs, girders and transverses, whereas in the case of
the sccondary members, such as stiffeners, brackets
and so on, the crack propagation becomes of practical
importance from view point of their structural func-
tions.

The {atigue strength of the structures should be
determined, ideally speaking, from the results of a
simulated fatigue test on the structural components
under programmed load conditions, but now it may
be obtained conventionally by using SN-curves of
welded butt joint specimens under zero-tension load,
taking into account the effcct of initial imperfections
and of corrosive atmosphere, ete.

4.2. Capability

The report of the Committee 11 of ISSC Hamburg®
showed a propesed fatigue design curve for both sound
and defective butt joints, which indicates the effect
of weld defect severity as well as the effect of porosity
of upper range and lower range of quality.

Fig. 30(a) is a typical fatiguc curve of welded butt
joints under zero-tension load?®, showing the scatter
mainly due to the difference of microstructure in
weldment. In the case of structural members of ships,
wider scatter band will appear in the diagram due to
the imperfection and misalignment of the weldment.

The fatigue strength of butt weld joint in ship
structure is given by a logarithmic linear relationship.
This can be cxpressed by the following equation,
where N denotes the failure life of crack initiation, ou
denotes the amplitude of applied stress (one half of
stress range) and A & B are coefficients in the zero-

tension test, respectively.
logloN:B~Alog100a

In the casc of alternating load with mean stress
on (ie. still water stress in ships), the fatigue life
is determined approximately by applying Goodman’s
method as shown in Fig. 30(b), where the correction
due to the mean stress is made at any specified num-
bers of cycle N; and Na.

Due to the scatter of the fatigue test results, the
cocfficients A and B are regarded as random variables,

of which the distribution is assumed normal (the
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mean values are A and B, the standard deviations Sa
and Sa, respectively). These values are determined
as shown in Table 1, considering the proposed fatigue
curve® and the test data®, with further modifica-
tions for the effect of misalignment at welded joints.
It is also assumed that the fatigue life of crack
initiation N is approximated by one half of the fatigue
life of fracture given by the test results of Fig. 30
(a).

4.3. Demand

In the “demand” of the failure probability analysis,
two independent variables are considered; namely the
structural response in still water and that caused
among waves. The former one is directly related to

loading condition of ships, of which the statistical

a1

(b) Effect of Mean Strese, o, oq the Fangue Sorangth

of Butt Welded Joints

Frobabifity of Fergue Creek hitistion Py

Fig. 32. Probability of Fatigue Crack Initiation
at Butt Welded Joint during for 10® cycles

distribution is assumed to be normal (the mean value
ém and the standard deviation S;,). The influence of
the still water stress o, on the fatigue strength of
the structural members of ships has been considered
as mentioned above.

On the otherhand, the long term distribution of
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the amplitude of Auctuating stress ga is calculated by
means of a system analysis computer programme, of
which the frequency of occurance p(o.) is approxi-

mated by the following exponential distribution.
P =1 exp(~0./D)

where, 2 is the mean value in the long term distri-
bution of g,. When considering the fatigue failure in
ship’s life, being assumed say 20 years of 108 cn-
counters of the fluctuating stress, the following char-

acteristic extreme siress Og,ex is introduced.
aa,mi}-lnl()“

This characteristic extreme stress G, is regarded
as a random variable due to variation of seca zone and
weather conditions in each ship, which belongs to the
same population. It is then assumed that the distri-
bution of 0aex is logarithmic normal distribution
of the mean value 64,..x and the coefficient of varience
«. When the “demand function” D is defined such
that

D(Xl> :10g100-nyexl

the distribution of the demand ps(D) can be deter-
mined by the mean value D and the standard de-
viation Sp.
4.4. Cumulative Damage
The cumulative fatigue D, as defined by Miner’s
law, of the welded butt joint of ship structure sub-
jected to 108 pulsating wave loads is given by the

following equation.
(108 plaa)
D-jwﬁ-— do,

When assuming that fatigue limit does not exist in
the welded joint due to effect of corrosive atmosphere,
then it follows that®”

D=10® B .(,l‘,’"viégf,),q* (AR

where I" is gamma function, A* and B* are the co-
efficients of o.-N relation-ship for alternating load
with mean stress om.

Fatigue failure criterion is expressed in term of

cumulative fatigue damage factor.
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D=D,

The cumulative fatigue damage factor D; is re-
garded as a random variable, on the basis of subjective
uncertainty concept, of which the distribution is
assumed to be of logarithmic normal (mean value logie
D; and standard deviation Sieg, D). It should be
mentioned here that this distribution is to be deter-
mired statistically by relevant data of model tests on
welded joints under simulated load condition. However,
few informations are available on this subject, and
therefore it is assumed that Dy varies from 0.25 to
4.0 (mean value being 1.0 and  Siog,2,=0.6). To
examine the results of this analysis, further compu-
tation is also made for D,==0.4, wlich is obtained
from the test datc on steel round bar specimens®?.

4.5. Capability Analysis

The “capability function” C on the fatigue strength

of butt welded joints of ship structure is defined as

{ollows 8,

CCY) = g HoguD, 1 BY —§—log T

(A*+1)) +logi (105

where, the random variables are taken such that Y
=0m, Y;=A, Ys=B and Y =logiDy,.

In order to formulate the statistical distribution of
the capability, it is assumed that C is approximated
by a linear function C*(¥7) of random variable Y.S.

It is then ready to determine the distribution of
the capability P.(C), of which the mean valuc is C
and the standard deviation is .S,.

4.6. Probability of Fatigue Failure

With use of the statistical distribution of both
“demand” and “capability” in ship structural members,
the fatigue failure probability of butt welded joint Py

can be obtained by the following formula.

Cu Dll
P= { #4(D)-p.(C)-ap-dC
& c

where D. is upper bound of the demand, and C;
as well as Cu are lower and upper bound of the ca-
pability, respectively, as shown in Fig. 31.

Then, the numerical analysis is performed by using

a computer programme, of which the results are
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shown in Fig. 32. This diagram illustrates the pro- Recently the effect of the distribution form of the
bability of initiation of fatigue crack at welded butt long-term stress distribution was shown by Bennet®®.
joint Py for a given characteristic extreme wave stress If 6, is not exponential but Weibull, which means
Ga,ext during 10° wave encounters and mean still water that

stress G, respectively. &
LRI . . = - «1' - A
Furthermore, a sensitivity analysis is made to ex- plon)= 2 (ga/ ¥ exp (= (0a/ D
amine the influence of variations in the mean value
as well as the standard deviation of the random then the cumulative damage is given as
variables ca,ex, om, A, B and Dy on the results of D=10%B%{g,,exs/ In108) 2} A% ['(A*/k+1)

the failure probability. Table 4 summarizes the above .
The results shows D will be more than three times

higher for £=1.25 than for k=1.
Tt is therefore concluded that the fatiguc probability

mentioned results as compared with those for the
standard case given in the extreme right column. It

can be seen from this comparison that the theoretical

. . L - ral members of ships can be well
estimate by this analysis gives a significant figure of on the structura p

. . imate ractical design purpose by using the
Py, except for the cases of low stresses both in still estimated for practic gn purp y g

results obtained from the present analysis.
water and among ocean waves. Its ob 0 p 3

Table 4. Eflect of Variations in Random Variables on the Estimate of Fatigue Failure Probability, Py

\ _Vatiations

: ; . 1 btandard Case
~. Random | | o
*\ Variables \ 5 B 1 [‘EI:O. 120
- ! S asex Sﬂ‘m S S ] D =3.
N ‘ Tasext | A B “ og Dy B=10.39
‘ . ‘ 10gD;=0
Garext | (@=0.3) | (10kg/mm?)| (0.48) (0. 58) (10.69) | (~0.4) | Sem=2kg/mm?
(kg/ | (lxg/ ‘ Sa=0.12
mm?®) | mm?) b o R ! Sp=0.29
2 ‘EZ?)QX]O‘ ;337><10‘4 281><10“5 ‘131X10—4 l310><107 377><105 J 3.01x107®
5
“303X103§359X10' ’106X103|253X103]993><105l277><10"‘l 3.80x107*
2 1]156><101|190><10- }138>><10~ ‘161><10' |496><102’235><1O‘1‘ 1.12x 107
15
3 | 31sx107 33810 | 315x10 | 3.32x107 | 1.80%107 [ 520107 | 3.04x107
Table 5 calculated ObJCCthe and Total Uncertainties
N 7 o R .S 0 1% lower | ) T T
Modec (t ) probability Objective V5% Total V%
e e e (s _ o
. { Upper deck yield 22.2 17.5 6.5 7.1
FRIGATE hogging’| gy;iom beam-column 18.6 13.0 7.1 10.1
Bottom yield 22.2 17.5 6.4 7.1
. { Upper deck strut-penel 11.9 8.6 5.7 9.2
FRIGATE sagging: 1 Superstructure deck ‘
grilliage instabillity 18.9 13.5 4.2 (1 9.5
/ Deck yield 16.5 12.0 8.6 9.1
TANKER hogging: | | Bottom beam- colum 15. 0 9.9 8.8 11.3
Bottom yield 16 5 12. 0 8.6 9.1
TANKER sagging:{ Deck strut-penel 15.4 10.0 8.8 11.3
LDeck grillage instability 16.5 11.0 8.6 11.2

x A%qummg 50 ft draught (15.2m) and middle tank empty. note, 1 tsi=15. 44N/mm?
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5. Application in Longitudinal Strength
of Ships

5.1. General

Although a complete method of the direct design
procedure in ship structures has not been so far
established yet, several comprehensive studies have
been carried out on the longitudinal strength of ships
from view point of the direct design procedure based
on the probakility concept of the reliability analysis.

At the stage of the structural design of ships, the
longitudinal strength is usually checked by considering
still water loading and quasi-static wave load as well
as slamming and springing phenomena and thermal
effect due to temperature difference of the hull girder
in air and sea water. Among these, as for the slam-
ming load, a basic study was made by Lewis®,
and its application of the statistic considerations on
the design procedure is discussed in ISSC 1973 Repors
of Committee 10%Y. In this field. however, still
remains many problems which have to be investigated
by progressive research works and with further data
accumulation.

This article provides typical examples of the direct

design procedure based on the reliability analysis,

where the quasi-static wave load and the still water
bending of hull girder are taken into considerations;
and then a brief discussion is made on the semi-
direct design method, which is approximate but more
simple, realistic and practical for design use in shi-
pyards.
5.2. Analysis Example 1

A series of investigations have been made on the
reliability of the longitudinal strength of a naval
frigate, a large tanker 2,39, and of marinertype ship®¥
by Mansour and Faulkner, finding out the maximum
expected moment of those vessels from the results of
system analysis and evaluating the failure probability
in a 20 year ship life.

The principal dimensions of the frigate are 360.0ft
x 41, 0ft x 28, 9ft x 12. 0ft and the displacement is 2800
tons, while those of the oil tanker are 775ft X 105. 5ft
X 62. 5ft Xx47. 0ft and the displacement is 91, 200 tons.
The ship’s route covers the North Atlantic, the Medi-
terranean, Indian Ocean and the West Pacific Ocean.

As of the “demand” in the reliability analysis, the
most probably extreme value Z, of the totalbending
moment distribution is given by the following form-

ula®®,

Z=m,+ A-logion
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where, mg is still water bending mnment, 1 is the
total expected value of the bending moment among
waves during life time and n is the numer of periods
of time or number of encounters.

Capability analysis is then made for each ductile
mode of failure, including tension yield in upper deck
(hogging) or in bottom (sagging), as well as strut-
panel, beam-column and grillage instability in deck or
bottom structures.

5.3. Factor of Uncertainty

Several kinds of uncertainties usually exist in design
process, and they are devided, into “objective” accor-
ding to Ang’s suggestion. The objective uncertainty
is measured and include as-built dimension, difference
in material properties and manufacturing imperfection,
etc. The subjective uncertainty, on the other hand,
cannot be measured and are associated with lack of
perfect knowledge and with assumptions regarding
Then, the total

uncertainty is obtained as the root mean square of

Joad and response of ship structure.

these two uncerlaintics, and the calculated values on
the frigate and the tanker examples are as illusrated
in Table 5.

5.4. Failure Probability

When assuming the strength or the capability of
the ship as a normally distributed one, the risk of

failure Pr are given by the following formula,

Ps=1

,,,,1 ( —e f— nis,
— 5% Jm[l exp{— (E+m)'}]

exp{—5 (/5 - &

The integration extends over the possible range of
total bending moment. The nondimensional parameters

are defined for all possible mode of failure by

m={(8—mo)/k,  §=|S:/k|

where k, 1 are parameters in the Weibul distribution,
and § is the mean of the strengh, S; is the standard
deviation of the strength, respectively.

The result of he safety analysis on the frigate are
summarzed as follows:

(a) failure by tensile yield in upper deck(hogging)

....................................... Pre=4x10"%
(b) failure by tentile yield in bottom (sagging)

45

cevrienenen Pph=1 % 1077

(¢) strut-penel failure in upperadeck (sagging)
- Ppf=5x10"*
(d) beam-column failure in bottom (hogging)
....................................... Pp=2x1075

It can, therefore, be shown that the bounds on the

probability of failure are:

max (Pse, P8, P;5, Pyy<Ps<
(PsoH-Pgb+Ppot Pse)
0. 00050<<P <. 00052

When the effectivencss of deckhouse is considercd,

the probability of failure is considerably less:
Py = 0.00001

The long-term probability of failure of the tanker
is computed using a similar procedure as for the
frigate. In full load cenition, the probability of failure
during lifetime is found to be of the order 1+3x1078,
whereas in ballast condition about 6x107Y. For 50%
full load 50% ballast operational condition, the final
probability of failure is of the order about 1x107%.

Furthermore, sensitivity analysis of the strength
parameters for strut-panel deck failure indicates that

1. decreasing the strength mean 109 increases the
probability of failure to 1x1073 for the frigate, and
to 5x 1078 compared with 1x107® for the tanker.

2. increasing the c. o. v. by 25% increases the
probability of failure to 5.4x107* for the frigate, and
to 1%1075, three orders of magnitude higher for the
tanker.

5.5. Analysis Example 2

This part presents the second example of the an-
alysis on the failure probability of the longitudinal
strength members of oil tankers of oil tankers, which
has been discussed in the Japan Shipbuilding Research
Association ®®.

In this reliability analysis, the demand is basically
defined as a parameter R, which represents either
loads or the structural responses of the Ships. in
general, of random variables Xi's, such as stress
components in structural members or the resultant

forces and moments in hull girder sections, etc.
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Statistical distributions of each random variable X:
is readily obtained by the total system analysis com-
puter program, which has been developed for the
fonguitudinal hull girder analysis of ships®?,

The system analysis provides the long term dis-
of the

among-wave response X; aproximated by the following

tribution (or the frequency of occurence)

exponential function,
P(X)=1/4zsivexp (-Xi/2zi)

where, iz is the mean value of X;.

When considering a structural failure during ship’s
life, being assumed say 20 years of 10% encounters of
waves, the following characteristic extreme value X,

ext is introduced in the analysis.
Xiyert==Azi*[nl(}

Since the structural failure by yielding, buckling
and plastic collapse of the members is governed by
the maximum value of the response, Xi,max it is
necessary to consider the statistical distribution of

the extreme value. In this analysis, it is assumed

that the distribution of the extreme value is approxi--

mated by a normal distribution, of which the mean
value is X;, max and the standard deviation Sx;, max

given by the following relations®¥.

Xl‘,max:X{,ext’*’Tzzi
SI.’, max:7f/ "/764 e lxi

where, 7 is Euler constant (=0.5772).
It is then assumed that the maximum value of the
structural response Rmax occur when Xi=Xi, max,

simultaneously, and the demand D is defind as follows.
D:Rmax:R<Xi,max) (z:]’z' ...... )

A normal distribuiton of the demand Ps(D) is
assumed with the mean value D and the standard

deviation Sp, respectively.

D:R(X‘ymax)
SZD:Z(aRmax/aXhmaX)z'Sle',maz

In the case of the fatigue failure analysis, however,
the cumulative fatigue damage concept is applied
instead of the maximum value of the response, and
the characteristic extreme value of the wave stress is

selected as the demand in the analysis.
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The capability function C, on the otherhand, is
formulated in terms of random variables Yi’s, such
as geometrical scantlings of structural members i.e.
thickness of plate, initial deformations of the com-
ponents and the material properties including the
yeild stress, characteristic values of S$-N diagram,
cumulative fatigue damage factor, etc., of which the

distribution P; (C) is assumed to be of normal onc®®,
C=C(Y)

Then, with use of the probability distribution of
both the demand and the capability of ship structures,

the probability of failure Py can be calculated by the
following formnula.

C. D.
j - [ [ P4(D)-P.(C)+dD+dC
¢ C

where, D, is the upper limit of the demand, while C.
and C; is the upper and the lower limlts of the capa-
bility, respectively.

Numerical calculations are made on the following
failure modes of the longitudinal strengh members of
a 240,000 DWT oil tanker, of which the principal
dimensions  are 304M00 x 52M4 x 19Mg, respcetively.
The midship section of the ship and the loading con-
dition are shown in Fig. 33.

5.6. Plastic Coliapse of Hull Girder

The total collapse of hull girder due to longitudinal
bending of the ship or jackknifing is considered at
first. When the hull girder consisting of the longitu-
dinal strength members of the ship, which is subjected
to bending moment M and axial thrust 7T, fails into
total plastic collapse in its certain cross section, it is
assumed that the following failure criterion is gene-

rally satified.
Re={(M/Z,)+a(T/ADY V* 20,

where, Zp and A, is the fully plastic modulus and
the effective cross-section area of the hull girder,
retpectively and a is an interaction coefficient depen-
ding upon the shape of the cross section.

Then, the demand and the capabillty is defined
such that

D=Rpax (M, T)
C=g,
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In this analysis, an assumption is made that the
total collapse of the hull girder does not accompany
local buckling failure of deck or bottom plating of
The

results of the analysis are shown in Table 6, where

the ship within elastic range of the material.

the failure probability is given in the case of the
fully loaded condition. In this analysis, the corelation
Mand T is

consideration, but there found very little influence of

between random variables taken into
the axial thrust on the failure probability of the hull
girder.
5.7. Yield and Buckling Failure of Deck
and Bottom Plating

As the second example of the analysis, local yreld
and buckling {ailure of deck aud bottom plating of
the oil tanker is considered by analysing a stiffened
plate pancl surrounded by iransverses, longitudinal
bulkhecad and side shell plating, which is subjected to
axial compression o due to longitudinal bending of
the ship and water pressure q.

The deck and t

an orthogonally anisotropic rectangular plate, which

the bottom plating is assumed to be

is simply supported at four edges with initial defle-
ctions of a single curvature in the direction of the
water pressure.

The maximum compression stress R caused on the
surface of the plate at center, namely a combined
stress of the compression and bending, is obtained by
the ordinary plate bending analysis of large deflection
theory “o,

When taking the extreme value of this maximum
stress during the ship’s lifetime as the demand of
the reliability analysis, it varies generally with those
random variables such as the axial compression stress
o, the water pressure q as well as the initial deflection
of the panel wo, and thickness and the dimensions of

the structural componente.

D=Ruax (Ormax’ w,, scantlings of

B
gmax

componcnts)

The axial compression stress ¢ and the water pre-

ssure ¢ are the sum of those in still water and

among-waves, rcspectively, which are assumed to be

independent random variables and their extreme

values omax 2nd gmax during the ship’s life occure
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Table 6. Failure Probability of Hull Girder for
108 cycles

LOCZIUOI‘! of Cross Sectwn \Mldshlp’ fro?nAl\f/Itxdshlp
Zy (mm?) | 8, 490 x 100
Ae (mm?) 910 x 108
a 1.0
SLI” Watcr B M /Zp (kg, mm2) 1.42 i 3.70
1078 Charact. Ext. Value of | . .o | e
Wave Stress. gaexe (kg/mm?) 10.78 N 8.13
Demand | Mean Valie.D | 1253 | 12.08
(kg /mm?) )Stand Deviation. Spi O 0 ’ OA 565
Ty T T 77;' T T
Clapabzhty ( Mean Value. C | "8 86 | ‘78 86
( 28
g/mm?) ;Smnd Dewatlon Sc‘ 2.17 i 2. 17
Fal\uxe Probablhty 5 8>’ 1013{ 3 7>< ]0“

Table 7. Yielding and Buckling Failure Probability
of Deck and Bottom Plating for 10° cycles
(0.4L from F.P.)

(
i

Table 8. Probability of Instability Failure of
Bottom Longitudinals for 108 cycles

E— ngh Tensile] 1y

Mlld Steel
... | Bm. Longl. : Steel
Load Condition Location '810><20[)>< 840><2085</39
e | 17.5/30
Full Load | Wing Tankl 7. 0x107 | 5.5%x107
Ballast Center Tank‘ 3.1x 1078 | 2.7%10°5

Table 9. Fatigue Failure Probability at Butt
Welded Joint of Longitudinal Strength
Members for 10° cycles

l ~. Pancl No.
i

~ad Conditan ~ -
[

l 12wt ‘

S S S

Ful Load

i :
Hallast P ST 6.3710°% | 9.4wIgt !
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simultaneously.

The mean value D and the standard deviation Sp
of the demand are given as described previously, and
numerical calculations are performed by using a com-
puter program to evaluate D and aD/3X; values in
Sp.

As for the capability of the structure, defined is
the yield stress of the material oy. The failure cri-
terion for yielding of the panal is then given by the

following relation.
Rmax;:'O'Y

Table 7 summarises the results of the analvsis on
the failure probability of deck and bottom plating in
both center and wing tank of the oil tanker. It can
be seen from this table that the failure probability is
comparatively high on the bottom plate panel in void
wing tank under full load condition, and on the deck
plate panel in the case of the ballast condition of the
ship.

5.8. Laleral Instability Failure of Longi-
tudinals

When a longitudinal of bottom plating is subjected
to axial compression stress ¢ due to longitudinal
bending of the ship together with water pressure g
(in meter aqua), the ultimate load carrying capacity
of the longitudinal Mult is given approximately by

the following formula.
Mult={oy—0) KeZy

where, K is a reduction factor of the plastic modulus
of the longitudinal Z,, when the axial thrust vanishes,
and is obtained numerically by a computer program®b,

External moment due to water pressure g, on the
other hand, is given by the following formula, when

the longitudinal is fixed at both ends of the span.

AM:vil +seL2ege1073 (in kg-mm)

2

4

where, s and L are the space and the span of the
longitudinal, respectively. Then, the failure occures

when the following rclationship holds.

M2 Mult

Using the extreme values of the water pressure

gmax, and of the axial compression stress omax caused
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during the ship’s life, the demand and the capability

are defined as follows.

D:a‘qmax+K'0max
C=K-oy

where,

0421078
i12-Zp

The reduction factor X varies with random variable
such as the initial lateral deflections of the longitu-
dinal, thickness of the web and of the flange.

Table 8 shows an example of the results of the
analysis on the bottom longitudinals of the tanker.
It is scen frem this table that the failure probability
of the bottom longitudinals is fairly high and is of
almost same order as that of vielding of the bottom
plate pancl.

5.9. Fatigue Failure

General discussions have been made in FAILURE
PROBABILITY OF FATIGUE of this report based on
the criterion of crack initiation at welded butt joint
of the primary members of ships. A scries of nume-
rical calculations have been carried out on the reli-
ability analysis, of which the results have provided
the failure probability of the structural members of
ships in the lifetime, being expressed in terms of the
mean value of still water stress é. and the 1078
characteristic extreme value of wave stress Ga,ers of
the members. (sce Fig. 32)

As a typical example of the evaluation on the
fatigue failure probability, computations are made on
the longitudinal strength members on deck and bottom
of the oil tanker.

The still water stress in these members are deter-
mined {rom each loading condition, and the charac-
teristic extrcme values of the wave stress are cal-
culated by the total system analysis program as
mentioned previously.

The results of the analysis on the fatigue failure
probability of these members in ship’s lifetime (loading
condition is assumed constant) are summarized in
Table 9. 1t is clearly seen from this table that the
fatigue failure probability of deck plating and of
bottom plating at bilge is of order of 1071 under both

full load and ballast conditions.
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5.10. Semi-Direct Design Method

As has been described in GENERAL DESIGN PRO-
CEDURE of this report, several attempts have been
made to formulate approximately the maximum ex-
pected value of the wave bending moments (vertical
& horizontal), torsional moment and shearing force,
which are obtained by system analysis and statistic
approach, into a functional relationship in terms of
such parameters as ship’s length, breadth, depth,
draft, block coefficient, etc. However, such approximate
formula have not been so far published yet.

5.11. Approximate Probabilistic Method

As one of the semi-direct design method, an app-
roximate probabilistic method is presented in 1973 by
Mansour®?, where the structural design is performed
by considering the random variables in the procedure
as of distribution-free for both the random variables
and the probability of failure.

If Z is a random variable representing the am-
plitude of the total bending moment and § is a
random variable representing the strength of a ship,
then the safty margine is defined as follows:

M=S-Z

Failure occurs when, the bending moment exceeds
the ship strength, i.e., when the margine M is nega-
tive. Therefore, the probability of failure P is,

P;=PM<0]

=p[ AT

=P(G<~7r]=Fs(—7)

where, my —=mean of the safety margine=m;—m;
ms=mean of the strength
m;=mean of the total bending moment
op2=variance of the safety margine~e,®+¢,?
G =standardized safety margine
=(M—my) /oy
r=safety index=my /oy

Fg=the distribution function of G

From the above, each value of the safety index 7 is
associated with some probability of failure. Even in
the absence of information on the type of distribution
function Fg, the safety index could be used as a

measure of the probability of failure.
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The safety index r can be expressed as the next
equation
oy ms—m: 9—1

= T - \/0':2’*'032 - \/02V;2’T‘Vz~2»7

where ¢;* and ¢.? are the variances of the strength
and the total bending, and Vs and Vz are the coeffi-
cients of variation of the strength and the total ben-
ding moment, respectively, and € is the central safety
factor: 8=ms/m. The first step of the design pro-
cedure is to specify the values of 2, Vs, Vz and to
obtain ¢ from above equation. Then, the mean of the
strength is obtained from 6 and m..

ms=0-mz

Finally the section modulus of ship can be deter-

mined from ms:

Required Section Modulus

— ms o
The average failure stress

Analysis of cighteen ships of different types are
made in order to serve as a preliminary investigation
of the appropriate level of safety as measured by a
proposed safety index ranging from about 4 to 6.5.

Another study on an approximate probabilistc method
in the design of the longitudinal strength of ship is
made by Stiensen and Mansour, considering the effect
of slamming and springing as well as the low
frequency wave induced moments on the longitudinal

bending of hull girders®®,

6. Application in Transverse Strength of
Ships

6.1. Foreword

The application of direct or semi-direct calculation
methods to transverse strength of ships is still now-
adays a relatively unexplored field and the publications
on this subject are very limited.

This part presents an example of the analysis on
the failure probability of the transverse strength
members of oil tankers by applying the “direct design
procendure” on ship structures, which has been inves-
tigated in the Committee No. 134 of the Japan Ship-
building Research Association®®,

The working stress in the transverse members of
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ships is calculated by using the total system analysis
program, of which the outline is described in the
Report of the above Committee®,

In this total system analysis program of transverse
strength, considered are the non-linear damping effect
in rolling of ships as well as the non-linear and non-
sinusoidal stress variation due to local effect of water
pressure at ship side, being not proportional to wave
height.

two tank length, of which boundary condition is

The structural model in this program is of

given by the total system analysis program of
and still water stress as

well as the fluctuating wavestress are obtained by

longitudinal strength ™,

finite element technique, where the influence cocfficient
method is used for both transverse symmetric load
and anti-symmetric load, respectively.

6.2. Yield Failure ¢f Transverse Members

Numerical analysis is made on the probability of
failure due to yielding in face plate of the transverscs
and struts of the 240,000 DWT tanker as described
in the previous chapter.

As the demand in the rcliability analysis, delined
is the maximum value of the normal stress ¢max, i.c.
the sum of still water stress and wave stress, of
which the 1078 characteristic extreme value is obtained
directly by utilizing the above mentioned total system

analysis computer program.
DZO'max

The normal stress in face plate is calculated for a
designed scantling of the transverses (breadth and
thickness of the face plate By and t, respectively).
Since the cross-sectional properties of the face plate
of the transverses are regarded as random variables,
the yielding failure criterion for actual members is

given by
Omax B,ﬂf;/Bﬂf}O‘y

Then, the the capability of the transverse members

is defined by the following formula,

C=0yp+(Bs/Bs)-(ts/E5)

The probability of failure Py is calculated in the
similar procedure given in the preceding article, where

the mean value and the c.o.v. of the random variables
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oy, Bs/By, ts/fs are chosen as 28.86, 1.0, 1.0 and
0.0752, 0.0028, 0.0145 respectively.

It should be also noted here that the effect of the
stress concentration at mid-breadth of the face plate
in round corners of the transverse members is con-
sidered approximately by introducing the effective
breadth coefficient.

A typical example of the results of the analysis is
illustrated in Fig. 34, where the yield failure pro-
bability of face plate, Py is shown in logarithmic
scale, the base line being taken along the face plate
of the members. It can be seen from this figure that
the failure probability is relatively high at gunwale
corner of the deck transverse in wing tank, at ends
of struts on side transverses and at the longitudinal
bulkhead corner of the bottom transverse under fully
loaded cendition.

6.3. Plastic Collapse of Transverse Members

The total plastic collapse is considered to evaluate
the failure probability of the transverse strength
members, such as struts, side and bottom transverses
of the oil tanker.

In this analysis, an assumption is made that the
plastic collapse of the transverse members occurs after
shear buckling of web plate has taken place in the
vicinity of the corners at the ends of the span, and

thereby forming real hinges of simply supported ends.

Fig., 34. Yield Failure Probability of Face Plate of
Transverse Members for 10% cycles
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Table 10. Collapse Mode and Failure Probability
of Transverse Members for 10® cycles

Faillure Probapility
Collapse Mcde
Full Load Ballast
S ——
L
A ol g,,_j i 0 0
1]
B 0 0
C 9 0
D [ 76x10°°2 24x140°7
(. 7.2%10 18 38«10°
)
F 95107 10100

When considering the plastic collapse of the tran-
sverse members subjected to the water pressure ¢
which is the sum of the still water pressure and the
fluctuating wave pressure, the maximum value gmesr
during the ship’s lifetime is defined as the demand
of this reliability analysis, and its 1078 characteristic
extreme value is obtained by the total system analysis

computer program.
D-_—Qnmx

Ordinary method of the plastic analysis is then
applied for evaluating the collapse load due to water
pressure, g. for each possible mechanism of the
transverse ring, which is given in terms of yield
stress of material oy, plastic modulus Z, and length
of span L of each member.

The capability of the transverse members is then

defined such that,
CZQc(G}’x Zﬁ)

where, ¢, and Z, are random variables in this

analysis.

The plastic modulus of the members is approximately
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given by the following formula, in which the random
variables, t. and ¢, denote the thickness of web and
of flange of the members, respectively, and ai,a; and
as are the coefficients.

Zy=astw+asts+as

Then, the plastic collapse of the transverse occurs,

when
Imax=>gc

and the probability of failure, Py is obtained by the
general method described in the preceding article.

Numerical calculations on the failure probability
are made on the transverse ring of the oil tanker for
each mode of the mechanisms, and some of the results
are shown in Table 10. It is clear that the failure
probability of plastic collapse of the transverse mem-
bers is generally very small, except for such mode of
a frame-type mechanism of the wing tank construction
(Mode D) where the supporting effect of longitudinal
bulkhead and side shell plating is neglected. It is also
seen from this table that the failure probability of
Mode F is approximately equal to 1.0, when the
upper and lower struts in wing tank are assumed not
effective due to their premature buckling prior to the
mechanism failure.

It should be born in mind, however, that the results
obtained fesults obtained from this analysis would be.
in general, an unsafeside estimate because of neglec-
ting the effect of local or lateral instability of the
members on the ultimate strength of the transverse
ring.

6.4. Fatigue Failure

As a typical example of the evaluation on the
fatigue failure probability, computations are made on
the welded butt joints in face plate of the transverse
strength members of the oil tanker.

The results of the analysis on the fatigue failure
probability of these members are summarized in Table
11. It can be seen from this table, that the fatigue
failure probability of the welded butt joint in face
plate of the transverse strength members varies widely
in the range from 107! to less than 1078, depending
on their location and the loading condition of the

ship.
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Table 11. Fatigue Failure Probability Py for 10® cycles (Face Plate of Transverse Strength Members of
the Qil Tanker)

‘\ Location of the Face Plate |

Load Distance

|
5‘%6'7‘8}

condtion !fromF.P.‘; 12 { 3 l 4 J
i ! /__
i 7

oo | axi0t] 3o x * * | 1x102] 510 3310

Fal | T 8%1079(3%107) X107 |

; ‘ : ; o5
Load i 0.4L ‘E {x 1078 ’ 1x1077! * * * Ix107® ! 4%x10781 21078 @ &

| (2% 10‘1)}(1 X 107%) (11079 (3% 1074 I

j |
v | ' i
Losn07 45107 [ 25107 [5x 1070 | 1107 [ 1% 1075 | * [5x1078)

Ballast 04155107y (8 10794 X 1072 2 % 1073 1079)

\ ;
| : ‘

Notes: % mark means that Pf is below 1078
Values in () indicate the fatigue failure probability when considering the effect of stress concent-
ration at mid-breadth of the face plate in round corners.
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