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Abstract

This paper is an illustration of the application of the reliability analysis to the transverse structure of
a SWATH ship. The ultimate strength of plate members on the cross structure and upper part of strut
are considered in the reliability analysis. The fatigue reliability analysis has been also carried out at the
junction of cross structure, sponson and strut. Included is also an example of the allowable fatigue
damage level. Demonstrated is the reliability study of series system of which elements are the ultimate
and fatigue failure as well. Doing this would be desirable to get a truer solution of the structural safety
level.

The paper ends with a brief summary of the present reliability study and some important points
which may be useful at the design stage.
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1. introduction

SWATH ship has been known to have
advantages over the mono—hull ships, in
especial with regard to stability, motion and
resistance characteristics. More than 70% of
the researchs on SWATH ship have been
concerned with the hydrodynamic side. This
paper is aimed at a better strutural design of
SWATH ships. Apart from the mono hull ships,
SWATH structural design much depends on the
transverse strength rather than longitudinal
stregth due to its own structural configuration
characterististics quite different from that of
mono hull ship (SWATH ship in general shows
a good longitudinal strength any way).

This is not the place to go into detail
structural analysis nor design. This study is in
principle concerned with the evaluation of the
reliability (or safety level) against both ultimate
and fatigue strength under primary loading
condition. Advanced level~ I reliability method
(AFORM) 1is employed for the reliability

analysis as in Reference 1.

2. Swath ship model

The SWATH ship originally designed by
KRISO is chosen for the present study[2]. Its
principal dimensions are listed in Table 1. It has
the transverse frame system to effectively resist
the transverse loading. The frame space is 500
mm and there is bulkhead at every 6 frames.
The structural module of cross—struture and
strut between bulkheads are taken as the
present structural model see(Fig. 2) and the
transverse side load and bending moment are
applied to the structural module. The structural
material is the aluminum alloy with the elastic
modulus of 69,000MPa and yield stress of
163MPa. Fatigue reliability is evaluated at the
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junction of cross—structure and sponson (at
“A” in Fig.1) and at the junction of strut and
sponson (at “B” in Fig.1).
Aluminum alloy is well appreciated to be prone
to fatigue than steel and it also suffers from a
condition known as “stress corrosion” which
produces cracks of similar apperance.
Transverse side load is obtained by using the
Sikora’s formula[3]. That is given by :
F=9.81(k+LBT)D4 )
where 4 is loaded displacement in tons, k=—0.
5,and L, B, T and D are given as :

2

L=0.511+0.041 Ls*/4 3
2
B=0.9582+0.027 Bs*/4 3

2
T=0.3234+2.051 d*/4 3

D=2.12-0.995 In 4
and with(see Fig. 3)

Ls=strut length(m) d=draft(m)

Bs=distance between lower hull centre

lines (m)

Bending moment at the upper part of strut Mg
and at the centre lineof thecross — stru-
cture M,, due the side load are given by :

Ma=F Ls (2)

Mw=F Lw+0.1F Bs/2 (3)
Still water bending moment at the centre of the

cross—structure My is given by :

Msw=9.814" Bs/8 (4)
Table 1 Principal Dimensions of the Present SWATH
Ship Model
Length B.P.(scantling) 17.3m
Length of strut 17.7m
Breadth (Max) 9.2m
Distance between lower hull centrelines 7.4m
Depth to main deck 4.5m
Draft (scantling) 2.4m
Lower hull diameter 1.6m
Displacement(full load) 70.0ton
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and is added to My and then the total bending
moment at the centre line of the cross—
structure is -

Mr=Msw+Mw (5)
In Eqgs(1) thru (5) units are m and KN. In Eq.
(4) 4’ is mass of cross structure and is given
as 4 =0.84 if there are no available data. With
data in Table 1, bending moments acting on the

cross—structure centre line are obtained as :

Mw=3342.70 KN—m (6.a)

Msw=508.16 KN—m (6.b)
and on the upper part of strut is !

Mw=1636.64 KN—m (7)

3. Reliability Analysis Against Ultimate
Strength

In this section the ultimate strength is defined
as that of plate under compression and then it
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can be seen that the safety margin is simply

(8)

expressed as Eq. in terms of axial
stress

MY =Xrou— (osw+ ow) (8)
where osw and ow are the applied on plate due
to still water bending moment wave bending
moment and MV is referred to as the safety
margin for the ultimate strength and Xug is the
strength modelling parameter introduced to
account for the uncertainty in strength model.
The uncertainties of ogw and ow are explicity
considered by imposing their COV vallues. oy is
the ultimate compressive strength of plate given
as .

2 1

oy=oy( = — — )

B F

in which oy is yield stress of plate and § is the

(9

plate slenderness parameter defined as : _

(11 |
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Fig. 1 Midship of the Present SWATH Ship, Passenger Room Section (after Reference 1)
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Fig. 3
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Dara for the reliability analysis are listed in
Table 2. The COV of wave bending stress, i. e.
dynamic load effect, is assumed to be 20 to 30
% since there must be much inherent
uncertainty in predicting the transverse side
lode with the Sikora’s formula(This is not, of
course, clear). Reliability indices have been
derived for the upper part of strut, and the
results are presented in Table 3.

Table 2 Data for Reliability Analysis against
Ultimate Strength{unit : mm, N)

Variable mean COV | dist. type
width of plate |500 0.04 |N
thickness of 8 at bottom of| 0.04 |N
plate cross-structure

6 at upper part
of strut
vield stress  |165 008 [L-N |
strength 1.0 0.10 |L—N
modelling
parameter
Osw 4.61 at bottom | 0.10 [L—N y
of cross—
structure
0 at upper part
L of strut | J
aw 30.32 at bottom | 0.2~ [L—N
of cross—} 0.3
structure
21.31 at upper
L part of strut | J

dist, type : N=normal L~N=log~normal

Table 3 Reliability indices against Ultimate Strength
of Plate

COV of wavelat bottom of cross{at upper part of
bending stress J~structure Jstrut

0.2 4.46 (0.41x107%) [5.25 (0.78x1077")
0.25 3.83 (0.64x107*) | 4.47(0.38x107%)
3.36 (0.39x107%) | 3.91 (0.46x107%)
) is the probability of failure

note : figures in {
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4. Fatigue reliability Analysis

Fatigue failure is one the most important
failure mode (orv element) in a structure mainly
subjected to variable loads. Above all, as
previously mentioned, since aluminum alloy
structure is less immune to fatigue failure than
steel structure, it should likely be more seriously
considered than the ultimate failure. As well
known, there is much more uncertainties
associated with fatigue strength than the
ultimate strength and then, reliability analysis
must be a suitable tool to rationally assess the
structural safety. In this paper failure due to
{atigue damage is concerned. The characteristic
S—N curve is given by ©

NSm=A 10
where m is the fatigue strength exponent, A is
the fatigue strength coefficient, S is stress
range and N is cycles to failure at the stress
range S. Assuming that fatigue strength is
defined by Eg. (10) and that Miner’s rule
works, fatigue damage ratio D can be written
as .

D=N:B"E [S"]/A 11)
where N7 is the total number of cycles applied
and E[ - ] is expected value. B is introduced as
a bias factor of stress range and reflect the
uncertainty in estimating the stress range, S.
The Weibull distribution is commonly employed
for the long—term distribution of S. Its
cumulative distribution function is given as :

Fs(s) =1—exp(—(s/8)¢}, for s>0 (12)
in which 8 and & are Weibull scale and shape
parameters. Let S¢ be the design stress range,
say the characteristic stress range, and then the
probability that S¢ is exceeded by s on an
average of once every Nt timesis |

P(s>Sc)=1/Nr (13)
Let Nt be the total number of cycles in the
service life. It can be easily shown that the scale

REEMBERCHE $284 14 19914 47
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parameter 8 is expresses in terms of Sc, & and
Nras:
8=Sc[In Ny] V¢ (14)
With Eq. (14) for 3, Eq. (12) is rewritten as :
Fs(s) =1—exp[ — (In N1) (s/Sc)¢],
for s>0 (15)
Then it is evident that the shape parameter ¢
plays a key role which describes implicitly both
the environmental and the structural system.
Using the cumulative distribution function for S
given as Eq. (15) , the expected value E[S?] in
Eq.(11) is written as .
E[S"]=[7s"fs(s) ds
=Sc™(In Np)~™* (1+m/¢) (16)
where FS(s) is the probability density f
unction for S and I'( - ) is the Gamma function
defined as :
rx)= [st="le 'dt an
Substituting Eq. (16) for E[S™] in Eq. (11), we
can have the fatigue damage ratio as :

N
D= —=BeS[(InNy) ™ (1+m/e]  (18)

Let 4 be the fatigue strength(damage index
at failure) and then failure occurs when 4<D.
Hence the safety margin is written as :

MF=4-D

N
=4 _A_EBmScm[(lnNT)‘m/? ra+m/e)l (19)

The superscipt “F” means that the safety
margin is associated with the fatigue failure.
The random variable are 4, B and A. Their
uncertainties usually vary within a wide range.
The S—N curve of which m and A are 3.0 and
10'*% s used in this study[5]. Table 4
illustrates the uncertainty modelling for the
present rehability study. Distribution of all
variables are assumed to be log—normal as in
Reference[6]. COV of 4 (C4) represents the
inherent uncertainty of the Miner’s damage
model and COV of A (C,) represents the
inherent variability of the fatigue strength. Cp is
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COV of the bias factor B. Several case studies
have been carried out by varying the values of
COVy, say Ca, C4 and Cp, within the ranges in
Table 4. Their values for case studies are :

C4=0.3, 04, 05, 0.6

Ce=0.2, 0.35, 0.5

Ca=0.4, 0.5, 0.6

Fatigue reliability indices are evaluated at
“A” and “B” in Fig.1. The characteristic stress
range at “A” is taken as the value due to wave
bending stress, 1. e.,

(S¢)A=60.64 N/mm’

With regard to the stress range at “B”, from
the finite element analysis in Reference[1] the
stress concentration occured mainly at “B” and
hence . the characteristic stress range at “B”,
(Sc)e is taken from the result in the reference.
The value is :

(Sc)s=57.70N/mn?

Table 5 shows the fatigue reliability indices of
the case studies. We can find that effects of C,
and C4 on the fatigue reliability index are
nearly same and less than the effect of Cs. That
is, fatigue reliability is more sensitive to the
variation of Cg than those of Ca and C4. This
means that the advanced loading model is
needed to raise the fatigue reliability level.

Design criteria documents frequently specify
the allowable fatigue damage ratio, ds(often
called the “target damage ratio, ”). With the
assumed log—normal distribution for 4, B and
A, the allowable fatigue damage ratio is given
in the simple form as [6] :

do=24/Bg exp(B Cin T) (20)
where f, is the allowable reliability index(or

Table 4 Data for Fatigue Reliability Analysis

Variable | mean Cov distribution type
4 1.0 0.3—0.6 log —normal
B 1.0 0.2-0.5 log —normal

A 1012.04 0.4—0.6 log —normal
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“target reliability index”) and

A=exp(20im4) with oma=+In(1+C%) (21)
dAlnr=In[1+C%4) (1 +C%)(1+C%)u (22)

Upon seletion of an apporite target reliability
index B, the value of 4, can be easily established
from Egs(20)—(22). of f is

influenced by consideration of importance and

Selection

inspectability  of

the structural

member.

Table 5 Results of Fatigue Reliability Analysis

(a) Cs4=0.3
position at “A” at “B”
Cs
02 035 0502 035 05
Ca
0.4 3.93 2.77 2.20|4.20 2.95 2.33
0.5 3.66 2.66 2.1413.91 2.84 2.27
0.6 3.40 255 2.07|3.68 2,72 2.02
(b) C4=0.4
position at “A” at “B”
Cs
0.2 035 05102 035 05
Ca
0.4 3.70 2.68 2.15({3.95 2.85 2.28
0.5 3.46 2.58 2.093.70 2.75 2.22
0.6 3.23 2.47 2.03/3.46 2.63 2.15|
(c) C4=0.5
position at “A” at “B”
Ce
02 035 05 )02 035 0.5
Ca
0.4 3.46 2.58 2.09|3.70 2.75 2.22
0.5 3.25 2.48 2.0313.48 2.65 2.16
0.6 3.05 2.38 1.9713.26 254 2.10
(d) C4=0.6
position at “A” at “B”
Cs
0.2 035 05102 035 05
Ca
04 3.23 2.47 2.03|3.45 2.63 2.15
0.5 3.05 2.38 1.9713.26 2.54 2.10
0.6 2.87 2.28 1.913.08 2.44 2.04
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Choosing the values of C4, Cs and Ca, an
example of 4, is given in Table 6.

5. Safety Level by Consideration of Ult-
inate and Fatigue Strength

In this section the safety level by considering
both the ultimate and fatigue strengths is
briefly described. Let think the failure dus to
lack of ultimate strength and due to fatigue
damage as failure elements[7]. Then a truer
safety level of a structure may be obtained
from the series system of which elements are
the ulltimate and fatigue failure. That is the
probability of failure is evaluated from :

P=[(MY<0) U (MF<0)] (23)
where MU and MF are the safety margin
associated with ultimate and fatigue failure,
respectively given as Eqgs(8) and (19). The
probability of failure to the safety margins are
obtained from the separate analysis :

PY=P[(MY<0)] and PF=P[(MF<0)]
Hereafter the superscript “U” and “F” denotes
that they are associated with the ultimate and
fatigue failure. The corresponding reliability
indices are :

=07 (PY) F=07'(PF)
where @(+) is the cumulative distribution
function of standard normal distribution. The
probability of failure P, in Eq. (23) is then

Table 6 Example of the Allowable Fatigue
Damage Ratio(4.,)

(a) reference data (b) allowable damage

ratio
variable | mean | COV Bo 4,
4 1.0 0.3 2.0 0.32
B 1.0 0.3 2.5 0.19
A 101291 0,5 3.0 0.11
m 3.0 - :

KREEMPEIR-CE B28H 19 19914 47
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given by
Pu=1—[0(f) O(F)+ [®:.(8, F : z)dz]
(24)

where p is the correlation coefficient between
two safety margins, M" and MF and ¢,( - ) is
the binormal density function (e. g, see
Reference 7) :

1 1
oy i e P T
(xX*+y*—2pxy)] (25)
Let the safety margins MY and MF be rewritten

in the linear form as :

MU= ..=.Z, dUiXUi+ﬂU
MF= ,__Zl X+ (26)

in which n is the number of random variables.
X’s are random variables and o's are
corresponding sensitivity factors. The
correlation coefficient is defines as :

p={a"}"{a"} (27)
The sensitivity factors corresponding to the
common variables between the safety margins
MY and MF are included in calculation of p from
Eq. (27). Only the wave bending stress is
common between safety margins MY and MF in
this study.

The data in Tables 1 and 6 are used except
that COV of o, for MY is assumed to be 0.3 as
for MF. The reliability indices for MY and MF
are .

p'=3.36 F=2.93 at “A” in Fig.1

A'=3.91 BF=3.07 at “B” in Fig.1
and the correlation coefficient is 0.778 and
0.785 at “A” and “B”, respectively. That is two
failure elements have close correlation. From
Eqgs(24) and (25) the probability of failure P,
and the corresponding reliability index fs are :
P,=0.193 x 107 F=2.89 at “A” in Fig.1
Px=0.109 x 10~ £=3.06 at “B” in Fig.l
The reliability index fs is smaller than those of
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each failure element and is closer to the fatigue
reliability index than the ultimate reliability
index. This also confirms that fatigue
consideration is important in the structural

design of SWATH ship.

6. Conclusions

The present paper is a preliminary work
concerning with the reliability study of SWATH
ships as designed considering the ultimate and
fatigue failure. Bending moment due to
transverse side load is applied on the centre line
of cross—structure and the upper part of strut.
Ultimate strength and fatigue damage are
considered. It can be drawn that the present
SWATH ship model
transverse strength and safety and more

possesses  enough
strength could be added from the box—girder
effect. From the fatigue reliability point’s of
view the fatigue reliability indices of most
marine structures lies between 2.0 to 2.5 and
the present SWATH model seems to have good
fatigue reliability level.

This paper also includes an example of the
allowable fatigue damage level as use for design
criteria against fatigue failure but more study
would be required in this area before applying
to the practical design. The reliability study of a
simple series system of which elements are the
ultimate and fatigue failure as presented in the
last section may be recommended to get a truer
solution of the structural safety level.

It should be pointed out that the fatigue

J. S. Lee and J. J. Kim

consideration is more important than the
ultimate strength especialy when aluminum
alloy is used as the structural material as
frequently found in high speed light craft.
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