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On the rationalization of ship structural design

Zur Rationalisierung der Schiffskonstruktion

Die Grundprinzipien eines rationellen Verfahrens fir den Entwuri der Schiffs-

M. A, Shama*!

strukturen unter besonderer Hervorhebung der Entwuriskriterien werden erlautert:
deterministische ebenso wie probabilistische Verfahren werden analvsiert.

Weiter wird ein Verfahren fiir die Bestimmung des Risikos von Strukturbe-
schddigungen der Schiifssextionen, verursacht durch Scherspannungen, erliutert und
die Verdnderlichkeit der Strukturfestigkeit untersucht mit besonderem Augenmerk auf
den Einflufl der dimensionellen Fehler, der Dimensionstoteranzen und der -Verander-
lichkeil der Bruchspannungen. Das Risiko von Beschédigungen wird bestimmt und
zur Illustrierung des Problems ein Rechenbeispiel gegeben. Es wird cezeigt. ¢af die
Verbesserung der Zuverldssigkeit der Strukfuren eher durch die Verminderung der
Verdnderlichkeit der Strukturiestigkeit als durch die Vergréferunc der Sicherheits-
faktoren erreicht werden kann.

Summary

The basic principles ¢f a rational procedure for ship struc-

tural design are outlined. Particular emphasis has been placed
on design criteria. Deterministic as well as probabilistic ap-
proaches are considered. The latter is based on the demand and
capability concept. A procedure is then given for estimating the
risk of structural failure of a ship section subjected to shear
loading. The variability of structural capability is examined with
particular emphasis on the effects of dimensional errors, toler-
ances on scantlings and variability of yield stress. The risk of
failure is estimated on the assumption that both demand and
capability have normal density functions. An illustrative nu-
merical example is giver for this purpose. It is shown that im-
proving structural reliability would be better achieved by re-
ducing the variance of structural capability rather than by in-
creasing the factor of safety.

Introduction

Because of the rapid expansion of world trade, cargo move-
ment by sea has become 2 strategic industry, especially for the
transport of bulk cargoes such as oil, grain, etc. Ships, there-
fore, should be designed and operated on a techno-economic
basis. A ship hull girder should not only have adequate strength
to sustain the hostile sez environment, but should also have a
low weight/strength ratio, so as not to have adverse economi-
cal consequences. The design process, therefore, should be
based on realistic estimates of loading, powerfull methods for
computing hull girder and locai stresses, rational design criteria
for ensuring structural safety and a sound criterion for evalu-
ating the economy of transportation.

Since sea loads and ship responses are both stochastic phe-
nomena, structural safety should be based on the variabilities
of both loading and strength. The estimation of the risk of

- structural failure should therefore represent an essential part of
the design process. This paper outlines the basic principles of
ship structural design, with particular emphasis on design crite-
ria. A procedure based on the demand and capability concept
is given for estimating the risk of failure. An illustrative nume-
rical example is given foz, this purpose.

1. Main items of ship structural design

The design process could be divided into, see fig. (1):
a) establishment of a rezlistic structural configuration,
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b) szlection of a suitable material, _ |

c) determination of local and gereratloading ielv to z2: on a
ship over her expected service life,

d) establishment of structural design criteria,

e) design of individual structural elements, wizzout due ragard
to their mutual interaction. This step cou!< te based on the
published rules of Classification Socizties,

f) generation of arealistic mathematicai mocz! suitabie for the

analysis,
g) calculation of stresses and deformations,
h) optimization of structural configuration 2=2 scantlings.

The importance of each item of the abcovz proced=:= de-
pends on ship type and size. For certain typzs of ships, szch as
bulk carriers, shear loading and stresses may o< rather signifi-
cant (1, 2). For other types, torsional loadiz. local lczding,
etc. may require special attention. However, = has
been done in recent years on load prediction:r3), maiz=mati-
cal modelling of ship structures, improved m2thods ¢ siress
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Fig. 1: Flow diagram of design
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analysis (4) and on structure optimization (3 The lairer mor-
mally aims at improving weight/strength ratiz =7 ship kel gir-
der without due regard to its impact on the ezzzomy ¢f zrzns
portation (6). Therefore, in order to improve so:p econcmuical
efficiency, structural safety and optimizatior s=ould be erzm-
ined simultaneously. Structural safety s enso—=< by using ap-
propriate design criteria (7).

;
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2. Structural design criteria

A design criterion represents the limiting performance of a
structure under the particular loading system, and therefore
should represent an integral part of the structural design pro-
cess.

The simplest form of a design criterion may be a limiting
stress, deflection, instability, ultimate load, etc. Structural safe-
tv is ensured by the conventional factor of safety (determinis-
tic approach) or by an acceptable degree of risk of failure (pro-
babilistic approach).

However, it is generally accepted that any member should
not be stressed beyond the yield stress of the material. There-
fore, for one-dimensional members, the design criterion is given
bv: .
XK X

Fyr

(x=0,7) @2.n

where: 0y, T, = vield stress in tension and shear, respectively.

For two-dimensional members, the cquivalent stress of von-
Mises Flencky (8) is used as the limiting stress, i. e.

o, <o, (2.2)

where: 0, = \/0)2( + 0% — Oy Oyt 3 ")2(Y
Oxs Oy, Ty = norm;l anfj shear stresses at the point under
consideration.

In the majority of cases, there is no difficulty in calculating
Iy and 0y whereas 7y, may require a separate analysis using
shear flow methods (9). However, if the finite element method
is used, the normal as well as shear stresses are readily obtained
at the desired location. It is evident that the former approach
is generally more economical, regarding time and cost of anal-
ysis. It is also very practical when the loading on the structure
is not fully identified, when approximate values of stresses are
required or when qualitative results are needed for comparing
alternative designs.

Since local and general hull girder loading and strength are
not in general deterministic quantities, structural safety should
be_ based on the estimation of the risk of failure, i. e. the pro-
bability that the loading exceeds the available strength for the
particular mode of failure (10). Failure, in this context, implies
either structural damage or collapse (7). Therefore, the risk of
failure depends entirely on the variabilities of both loading (de-
mand) and strength (capability).

3. Variabilities of loading and strength

The demand, D, normally refers to the maximum value of
loading likely to occur over the expected service life of a ship.
It is influenced by ship parameters, configuration, mass distri-
bution along ship length, speed, heading, sea state, etc. Under
aspecified demand, the capability, C, represents a limiting state
beyond which the structure is expected to fail, to be damaged
or collapse. The mode of failure depends entirely on the type
of loading and structural configuration.

The variability of C results from the variabilities of the me-
chanical properties of the material, dimensional tolerances(11),
fabrication and residual stresses (12, 13), accuracy of stress
analysis, errors in mathematical modelling, etc. Practically, the
variability of C is rather limited and certainly does not extend
from — oo to + . Therefore, the probability density function,
p.d.f., of C should be represented by a truncated density func-
tion whose lower and upper limits give the feasible range of var-
iation. The lower limit represents the critical value und there-
fore should be controlied so as to give adequate strength capa-
ble of resisting the estimated maximum value of D at an accept-
able degree of risk of failure. The upper limit represents the un-
necessary extra strength and hence extra steel weight which
may have adverse economical consequences (6). Therefore, it is
necessary to have a narrow capability density function.

The variability of loading, however, may have a wider spec-
trum, but for practical and economical reasons, D could be re-
presented by a truncated density function whose lower limit is
of no importance and could be assumed zero. The upper limit,
however, should be carefully estimated so as not to unduly ex-
ceed the lower limit of C.
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The truncated density functions of both C and D could be
dctermined from their corresponding p.d.f’s as follows (14):

[y (x) = py(x) [ Ky (3.1)
where: px(x) =pd.f.of X, (X=C, D)
fx(x) = truncated density function of X,
. *U XL
Ky = _ J7 py(x) - dx —_°£ Py (x) - dx (3.2)

U and L stand for upper and lower x‘-espectively.

4. Calculation of the risk of failure, R

When the p.d.f.’s of both C and D are given, the risk of fail-
ure, R, could be calculated as follows (10), see fig. (2):

C
R= [ pM(m)-dm

(4.1)
where: M=C-D )
py(m) = p.d.f. of M and is given by (15):

o
py(m) = J peple, (m=—cii-de (4.2)

Since C and D are in general sthiistically independent, the
p.d.f. of M is given by (15):
s .
py((m) =_{°pC(C)-pD(m—c)'dc (4.3)
It is evident from fig. (2) that R depends on:

i) mean values of C and D, i.e. € and d,
ii) variances of C and D, i.e. GDC and oé.

Fig. 2: Demand and capability
distributions A
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Therefore, if D is specified, then it would be possible to con-
trol R either by ensuring sufficient margin between T and d,
i.e. by increasing the factor of safety F (F=¢c/d), or by redu-
cing Oc- Increasing F, by increasing ¢ may have adverse econo-
mical consequences (6). Therefore, R should be controlled by
redaicing oc- .

In order to examine the effect on R of the variabilities of -
both C and D, it is assumed that they are statistically independ-
ent random variables having normal density functions. These
assumptions may not always be valid and are used here only to
simplify the analysis and subsequent calculations.

Thus, X =N(X, 0y), (X=C, D, M) (4.4)

m=¢c-d
2 = g2 2
oYy =0zt 0}

where:

0y = standard deviation of X (X =C, D, M)’

The calculation of R could be further simplified by using
the coefficients of variation of C and D as follows:

R=05— f ( t2') dt (4.5)
=0.5— -exp-(—=)- .
0 Vor 2
where; t=M—m w=0L_“.=_F_.:.1
oM M (R ut+v?

u=0g/c, v=0p/d aad F=¢/d

R has been.calculated for a series of values of u, vand F, as
shown in fig. €3). :

However, when either C or D, or both, do not have a normal
p.d.f., R could be calculated using transform methods (16) as
follows, see fig. (4.a):
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R= ] pc(e) [{ pp(d)-dd]-de =£ F.dG (4.6)

oo
where: F={ pp(d)-dd and dG = pC(c)~dc
C
It is evident from fig. (4.b) that R is equal to the shaded area
and could be calculated using numerical integration.

5. Numerical example

In order to illustrate the application of this probabilistic ap-
proach to ship design, the risk of failure of a ship section of a
bulk carrier subjected to shear loading is examined.

i) Structural capability

The structural capability, C, of a ship section of a bulk
carrier subjected to shear loading could be determined from
the maximum shear stress induced in the side shell plating be-
tween the hopper and top wingtanks(2,9), asshown in fig.(S).
Since a panel of plating subjected to high shear stresses may fail
by either shear buckling or yielding (9), the structural capabili-
ty is given by (2):

C<Ti/¢, (i=y,o0) (5.1)

N.A. _
where: Q5=(°E AY)T-t (5.2)

t = thickness of side shell plating,
I = second moment of area of ship section,
N.A. = neutral axis of ship section,
A.Y.=first moment of area about N.A. of ship section
above, or below, N.A .,
TO = critical buckling stress,
= yield stress in shear.,

For a panel of plating subjected to pure shear loading, 7y is
given by (17):

—v E.n* ty2
To = K- —=—"—(3) (5.3)
0 12(1 —v?)
where: E = modulus of elasticity,

v = Poisson's ratio,
b = frame, or lonaltudmal spacm
. K=a coefflclent dependmo on plate aspect ratio and
support conditions.

ii) Probability density function of C

The p.d.f. of C could be determined from the density func-
tions of both 7 and &. Since the variations of “b” and *“t’’ have
a negligible effect on & and a significant effect on 1 (2), it
could be assumed that 7o and & are statistically independent.

Fig. 5: Shear stress distribution

Fig. 4

Similarly, 7, and @ are also statistically independent. There-
fore, the p.d.f. of C could be determined as follows (15):

pe(e) = S pg(@):pyed) - 161-dg (5.4)

where: px(x) =pd.f.of X, X=1,¢, C)

In the absence of sufficient statistical data to establish the
mathematical models of both 7 and ®, it is assumed that they
both have normal densxty functions. By virtue of statistical in-
dependence, C also’ has a normal density function (16).

Thus,

X=N(x,cy), X=7,9,C) (5.3)
where: ¢ =T7/P, (i=y,0)
(00 1(62.027i+?g.02¢)% (=y,0 (5.6)
QiTgl————=—) (=v,0 5.
1o¢ ¢1+a(2p . -

The calculation of 0 could be 51mp11f1ed by using coeffi-
cients of variation as follows:
2 1-
)2, (i=v,0)

W = (00/); = (—‘w—, (5.7)

where: U;=0. /, (i=vy, o) and V=04/¢
U ,i=1y,o0), and V could be estimated as given in App‘ndlx

(1) The effect on u of variation of U and V is shown in fig (6).
It is evident that:

u>(0y/x), (X=1,9).

iii) Estimation of the coefficient of variation of C

In order to estimate u, the variabilities of Ty, To and @
should be examined. The variability of 7, results from the vari-
zbilities of mechanical properties, residual stresses, etc. and
could be determined from the analysis of tensile test results.
Data obtained from séveral sources indicate that U ma) reach
0.08.

The variabilities of 7o and @ result mainly from tolerances
on scantlings and errors in geometrical dimensions and could be
determined as given in Appendix (1). It is shown that:

Up=0.042 and V=0.057
Substituting these values in (5.7), we get:
uy = 0.07 and u, =(0.0984

iv) Estimation of R

Assuming that v = 0.1 and F = 1.4 and using fiz. (3), the pro-
bability of shear buckling of side shell plating of 2 ship section
of a bulk carrier subjected to shear loading is approximately
1/400 and the probability of yielding is approximately 1/100.
It is evident that the assumed values of v and F are not neces-
sarily valid under all conditions. However, they are used here
only to illustrate the procedure of calculating R.

. ;
Schiff & Hafen/Kommandobriicke, Heft 3/1979, 31. Jahrgang 221



withUand V <

In order to reduce R, it is necessary to either reduce o or
increase F. Sincc the latter solution may have adverse economi-
cal consequences resulting from the unnecessary increase in
hull steel weight (6), R should be reduced by reducing oc. This
could be achieved by reducing either U or V or both.

Assuming that u has been reduced to 0.05 while F = 1.4,
the probability of failure = 1/2000.

The introduction of this probabilistic approach to the design
process could be illustrated by fig. (7). -

6. Concluding remarks

The following are the main conclusions drawn up from this
investigation:

a) The rationalization of ship structural design should be
based on structural safety as well as economy. This could
be achieved by using an acceptable degree of risk-of structur-
al failure. The risk of failure could be estimated by using the
demand and capability concept.

b) Improving structural reliability would be better achieved by
reducing the variance of structural capability rather than by
increasing the factor of safety.

Design Data

1
Demand Dimensions Material £.o
D L,B,D,d,A,t Properties <. o
Ea!hcnuzicn)ﬂode]' esien Crit:rt{
. TAY .
[X)
Wz {801, )

I

LOpt imization Procedu‘rq

Capabiiity
c

Risk of Failure
<-D

M

NO
Satisracrtory

YES

Optimum Design

Alter Dimensions
Alter Materinl

Fig. 7: Ratlonal
design procedure
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\

c) Much work is needed to determine the p.d.f.’s of both de-
mand and capability for various types of local and hulj gir-
der structural configurz:ions.
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Appendix (1) .
Estimation of the variabilities of 7pand @

Using expressions (5.2) and (5.3) of the text, the relazive
errors of @ and 7 are given by (18):

NA,
ol =181+ 15t] + IZ)Z S(AY)] £)
187yl =18l + 25¢] + 215bl -3

The variability of E seldom exceeds 2.5 % and that of “t”” Ze-
pends on plate thickness, being higher for thinner plates. Heww-
ever, a mean value of 4 % could be used (19). No publisz=d
data are avajlable for b and 8I. The former may te assumed
not to exceed 1 % and the latter could be determined from o2
variabilities of local plate thicknesses, overall dimsnsions of
ship section and sectional areas of longitudinal material zs
follows: .

n o2 R 3
1= A Yi Goil)
i=1 :
where: n = number of elements.

Thus, [511 = 16A} + 215 Y] = 0.07
Substituting the estimated varizbilities in {i) and (ii). we get:
[6#]=0.17 and 151'0] =0.125

The coefficients of variation of roand @ are therefore given =7+ °
U0 = I5TOI/3 2= 0.042
V = {60|/3=0.057



