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ABSTRACT AT
END OF PAPER

INTRODUCTION

The nature of the present-day tools
and procedures for calculating the res-
nonse of a ship to envirconmental loads
is such that only separate individual
zomponents of the response can be
calculated successfully rather than the
more relevant combined response. For
example, several computer programs exist
for calculating the stillwater bending
moment and shearing forces wusing the
usieal static balance procedure, ance the

weight distribution and the ship geome-
try are specified. Other programs and
tools exist for computing the vertical
bending moment due to the motion of the
ship in waves congidering it as a rigid
body. Although the same program may be
used to calculate the horizontal and
torsional moments, the results are usual-
ly given as separate entities and a
special procedure must be adopted to
relate them to each other to obtain the
combined response. Similarly, secondary
response due to hydrostatic pressure
acting on portions of the hull are com-
puted using other tools and procedures.
Even within the higher freguency, primary
dynamic loads and responses such as
slamming and springing, computational
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Fig. 1 Typical voyage variation of midship vertical bending stress for a bulk

carrier. [11
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methods are sufficiently different to
give each a separate entity. The res-
ponse due to thermal loads (e.g., air/
water temperature variations) is another
example where a drastically different
tool such as a finite-element program
may be necessary to obtain the response.

The reascn for the separate cal-
culations of the load/response compon-
ents is not just due to computational
difficulties. More importantly, the
reason stems from differences in the
basic analytical approaches to each
leoad/response component and, whether or
not, such approaches fall within certain
analytical disciplines.

A ship designer is, therefore,
faced with the important problem of
computing the total response from the
individual components, which are cal-
culated using separate programg. For
example, he may calculate the stillwater
bending moment using the Ship Hull
Characteristics Program, the wave ver-
tical, horizontal and torsional moments
from a rigid-body ship motion program,
the higher freguency springing moment
from a flexible-body vibration program,
the slamming response from a slamming
program, the -thermal response using a
finite-element program, etc. If all of
these load/response components were static
in nature, the problem would have been
simple, because only the magnitude and
direction of each load/response compon-
ent would be necessary to obtain the
total response. If the total response
involves dynamic cyclie individual
responses, then the problem becomes a
little more complicated since attention
must be given to the phase relation
between the different response compon-
ents. However, the actual problem that
faces a ship designer, involves dynamic
random individual responses that require
the additional complications of deter-
mining the degree of correlation
between the different components and the
method of combining them which are the
subjects of this paper.

Undoubtedly, there are certain
similarities bhetween decomposing response
records of full-scale measurements into
their basic componentsand combining ana-
lytically calculated components to obtain the
total response. Since decomposSing
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Decomposition of a stress time history of a Great Lakes vessel into low and

full scale measurements can be done with
a certain degree of success, the approach
taken in this paper is to invert the
procedure in order to compute the com~
bined response from the analytically
determined components.

In the next section of this paper,
a brief discussion is given of the de-
composition of full-scale records into
their basic components. In the following
section, a method is developed to combine
analytically~determined response com~
ponents. In the following sections,
application examples are given and some
considerations for reliability-based
degigns are discussed together with
some concluding remarks.

DECOMPOSITIONS OF MEASURED RECORDS INTQ
THEIR BASIC COMPONENTS

A typical measured stress time
history of a bulk carrier is shown in
figure 1 (from reference [11). Usually,
such a record consists of a rapidly
varying time history of random amplitude
and freguency, oscillating about a mean
value. The mean value itself is a
weakly time-dependent function and may
shift from positive to negative (sagging
to hogging). The two dominant factors
which affect the mean value are (see
references [8] and [9]):

1. The stillwater loads which can
be accurately determined from
the loading condition of- the
ship floating in stillwater.

2. The thermal lopads which arise
due to variations in ambient
temperatures and differences
in water and air temperatures.

A closer look at the rapidly wvarying
part shows that it also can be decomposed
inteo components. Figures 2 and 3 illus-
trate records taken over shorter periods
of time (larger scale). Two main cen-
tral freguencies appear in these records.
The smaller central frequency is associated
with the loads resulting from the motion
of the ship as a rigid body (primarily
heave and pitch motions). This lower
central frequency is, therefore, close
in magnitude to the wave encounter
frequencies for wave length nearly egqual
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Fig. 3 Decomposition of a stress time
history of an ocean going bulk
carrier,

to ship length. The higher central
frequency is associated with loads re-
sulting from the two-node mode response
of the ship when it flexes as a flexible
body. This higher central frequency is
thus close to the two-node mode natural
frequency of the ship. The high fre-~
guency response itself can be due to
"springing" of the flexible ship when
excited by the energy present in the
high-frequency wave components as shown
ir figure 2. It can be due, also to

the 1mnaot' aof the ship bow on the water
as the ship moves 1nto the waves, t.e.,
slamming (possibly together with low-
speed machinery -induced vibrations),
see figure 3. Though springing and
slamming may occur simultaneously, it is
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both clearly. These two responses can
be distinguished from each other by
inspecting the records' envelope. 1In
general, a decaying envelope (see figure
3} indicates a slamming response whereas
a continuous énve.ubpe of varying ampli-
tude, as shown in figure 2, indicates

a springing response.

~The rigid body and the high
freguency responses do not always occur
simultaneously in the same record. Quite
often only the rigid body response
appears in a record; particularly, in
that of a smaller ship which has a high
two-node mode frequency. Occasiocnally,
only the high fregquency springing res-
ponse appears in a record when a ship
is moving or resting in relatively
calm water. In particular, long flexi-
ble ships with low natural freguencies
as those operating in the Great Lakes
do occasionally exhibit such records
when operating in calm water or in a
low sea state composed mainly of short
waves. Under these conditions, a long
ship will not respond as a rigid body
to the short waves, but the two~node
mode freguency of the hull can be
sufficiently low to be excited by the
energy content of these short waves.
Figure 4 (from reference [2]) shows
a measured response spectrum of a
large Great Lakes vessel where the

response is purely in the two-node
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Fig. 4 Stress response spectrum of a
large Great Lakes vessel. [2]

mode’ and higher frequencies with no
rigid body response appearing in the
spectrum. The figure shows that response
at higher modes than the two-node mode
can be measured, although small and
relatively unimportant in most cases.

Slamming response on the other
hand never occurs separately without
rigid body response since, obviously,
it is a result of the rigid motion of
the ship in the waves.

COMBINING ANALYTICALLY DETERMINED
RESPONSE COMPONENTS

An inverse procedure, of that for
decomposing full scale measurements
into the individual components, can
be adopted for combining individually
calculated response components. Two
main steps should be used in the pro-
cedure for combining primary responses.

Step 1. To combine the low fregquency
wave-induced responses
(rigid body} with the high-
fregquency responses (spring-
ing or slamming).

Step 2. To add the mean value to
the response resulting from
Step 1. The mean value con-
sists of the stillwater and
the thermal responses.

Step 1:

Consider an input-output system in
which the input is common to several
components of the system; it is required
to determine the sum of the individual
outpvuts, Here, the input represents
the waves which can be in the form of
a time history if a time-domain analysis
is sought, or in the form of a sea
spectrum if a freguency-domain evaluation
is preferred.

! The two-node mode is labeled in the
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Fig. 5 Schematic representation of a
multiple system with common input.

The components of the system
represent the components of the lcad
response of the ship to waves, e.g.,
the low-frequency wave-induced responses
which consist of vertical, horizontal
and torsional moments, the high freguency
responses such as the springing loads,
etc. It is required now to determine
the sum of these component responses,
i.e., to determine the output taking into
consideration the proper relations or
the appropriate correlation of the
response components (see references
[8] and [9]).

Schematically, the procedure is
represented by figure 5. In this figure,
"n" parallel linear components are "
considered which have common input® ¥ (t)
and are summed up at the output to form
¥(t). The output of each system is
multiplied by a constant aj{i=1, 2,...n)
before summing up all the components at
a common node . to. form ¥(t). These con-
stants a; give additional flexibility
in the application of the model and can
be used to "weigh" the contribution of
each linear system to the sum,

In a time domain, the output ;(t)
is given by the sum of the convolution
integral of each system.

n n @ a,
Y(t) = [ a;[f h (1) (t -7)d1]
i=1 o
[ ho(n)X(t - T)ar (1)
o
where n
h, (1) =i£laihi(T) {2}

h. (t) is the impulse response function of
edch linear system, i.e., the response
of each linear system to unit excitation
multiplied by time (response to the
Dirac delta function). h_{T17) is a com-
posite impulse response ffinction which
sums the responses of the individual
components.

A tilda over a variable indicates a
random variable.

It should be noted that the impulse
response functions of the individual
components "hi (T)" may or may not be
easy to obtain depending on the complex-
ity of the gystem. With suitable
instrumentation, it is sometimes pos-
sible to obtain a good approximation
to hj {T) experimentally. For the ship
system, hj (1) can be determined for
most load components.

In a frequency domain analysis, a
similar procedure can be used. In
fact, since the system function H; (w}
is gimply the Fourier transform 0%
hi(t), i.e.,

oo

By (@) = £ hi(t)e_jwtdt (3)

therefore, we can define a composite
system function Hc(w) as

oo —jb}t

H (w) = g h_(t)e dt

)
= a,H, (w) (4)
j=1 14

It should be noted that for a single
system, the relation between the input
spectrum and the output spectrum is
given by the usual relation:

[Syy(w)]i = Sxx(w)H*i(w)Hi(m)

Sxx(w}lHi(w)|2 (5)

where Syy(w) is the sea spectrum which
represents a common input, [Sy., (w)lj

is a response spectrum of an ngividual
load component, H*;(w) is the complex
conjugate of the system function of

a response component,

The modulus of the individual system
function [Hj(w)| is the response ampli-
tude operator of the individual response
components, i.e.,

[R.2.0.1; = [p(w)]; = [H ()] (6)

and, therefore, equation (5) represents
the familiar relation between the input
and the cutput spectra of a single
linear system.

For our composite system, an equa-
tion similar to equation (5) can be
determined for the n-response components

and the "weight" factors ai" as
follows
- *
Syy(w) = Sxx(w)H c(w}Hc(w)

n n
= Sl L g mny o

{(7)
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The double sum in equation {7) c¢an be
expanded such that a final expres-
sion for the total response spectrum

{w), which combines the individual
response gpectra, may be written in
the form:

n
Sym)=§2fiﬂﬁﬂwﬂzw {w)

iz xXx

+ [f E aja t; (w)H* (w) 18, (w)
i=1j=1"* J

(8)

It should be noted that the first
term in eguation (8) represents simply
the algebraic sum of the individual
response spectra, each modified by the
factor aj The second term, which can
be elther positive or negative, repre-
sents a corrective term which depends
on the correlation between the load
components as can be seen from the
multiplication of Hi(w} by the complex
conjugate of Hj(m).

If the system functions Hj (w) do
not overlap on a frequency axls (i.e.,
disjoint systems), that is, if

Hi(m)H*j(m) = Q (9

then the second term in equation (8)
becomes zero and the 1load components are
uncorrelated. In this case, the total
spectrum is simply the algebraic sum of
the individual spectr® of the load com-
ponents, modified by the factors aj.
Furthermore, if the wave input is con—
sidered to be a normal random process
with zerc mean, as usually is the case,
then the respective output load responses
are jointly normal and are independent.
Thus, the total response, in this special
case, is a zero mean normal process with

fnansmownsn yem i Sed
& mean adidal s valus 4ya

“ o
]

a;? j]H () [2s_ (w)dw (10)

In the more general (and more
realistic) case where some or all of the
response components are correlated; the

el are carigliated,

mean square is given by

-3

2
= d
oy £ Syy(w) w

I e

(=]
ai2 £ |Hi(w)|25xx(w)dm

i=1
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oo

n
z . aiajiﬁi(m)H*j(w)Sxx(w)dw
{i

i=1
i

T

]

#3 (11)
It should be noted that in

equations (10) and (1l1) the mean sgquare
is taken equal to the variance of the
combined response since the mean value
of the wave responses is usually very
small. As noted earlier, the other
responses which consist mainly of the

stillwater, and the thermal loads will

he added later in the sacond sten of the
D atGed LaTer 1N Tne SeCOnC 5Tep L 415

analysis to form a mean value for step
1 combined responses.

In connection with equations (10)
and (11) it should be mentioned that
the usual Rayleigh multiplier used to
estimate certain average quantities,
such as average of the highest one third,
one tenth regponse, etc.,, are not
generally applicable in the case of the
combined response, since these multi-
pliers are associated with a narrow-
band spectrum for which the amplitudes
can be represented by a Rayleigh dis-
tribution. It is only in the case
where each of the load component res-
ponses is narrow-band and each happen to
be closely concentrated around a common
central frequency “uw_ ", that it would
be reasonable to conflude the combined
response S..,{w) is, itself, a narrow-
band process.

In the more general case, where
the combihed response spectrum is not
a narrow-band spectrum, the various
statistical quantities can be determined
from a more general distribution which
includes the Rayleigh distribution as
a special case, The general distribu-
tion can be found in [3,4], and the
factors which, when multiplied by the
root mean sguare, give the various
statistical quantities, can be found
in [4,5].

Equation (11) can be written in a
different form which is more convenient
to uge in applications, and which makes
it easier to define the correlation
coefficients between the different
response components.

T S

[+] = a,“g.,“+ : 12

Y i£1 11 i£1 j=1 212313%° (12
(i#£3)

where

[+ ]
- 2 = 3
= £1Hi(m)] Sxx(w)dw variances or

mean squares of the response
gpectra of the individual load

components. (13)
Piq = correlation coefficients of
] individual lcad components

—



defined by,

pij = ! x(m)dm (14)
Equation (12) with definitions (13)
and (14), which are derived from

equation {11}, form the basis for com-
bining the step 1 responses of a sghip
hull girder in a frequency domain analy-
sis taking into consideration the cor-
relation between the response components.
If the regponse components are uncor-
related, i.e., if p,, = 0, the second
term in equation (124 drops out and

the variance of the combined responses
{output) is simply the algebraic sum

of the individual variances modified

by the factors a., B&As discussed earlier,
this occurs whenlthe system function of
the various components do not overlap

in frequency or overlap in a frequency
range where the individual responses

are small. On the other hand, if the
individual components are perfectly
correlated, may approach plus or
minus unity ana the effect of the

second term of equation (12) on the
combined load wariance oy2 can be
substantial.

The physical significance of the
correlation coefficient can be further
illustrated by considering only two
responge components for simplicity., If
P19 is large and positive (i.e.,
appreaching +1), the values of the two
response components tend to be both
large or both small at the same time,
whereas if pj, is large and negative (i.e.,
approaching ~f) the value of cone
response component tends to be large when
the other is small, and vice versa.

If py15, is small or zero, there is little
or no relationship between the two res-
ponse components, Intermediate values
of p3; between 0 and *1 depend on how
strongly the two responses are related.
For example, the correlation coef-
ficient P1 of the vertical and hori-
zontal benélng moments acting on a ship
is expected to be higher than of the
vertical and springing moments 51nce

+he ruvav-'l an of the gvste Frrwm et i
CAS over.iap ¢ Tie system ITuneTtions 1in

the latter case is smaller than in the
former case.

In a time domain analysis, the
convolution integral represented by
equation {1) with the composite
impulse response function as given by
equation (2) form the basis for deter-
mining the combined load response. The
gquestion of whether the time or the
freguency domain analysis should be
used depends primarily on what form the
required input data is available. 1In
general, most wave data and practical
analysis are done in a fregquency domain,
although in some cases where slamming
loads are a dominant Factor, it may be
advisable to perform the analysis in time
domain.

Step 2:

In this gtep, the stillwater and
the thermal responses should be. combined
to form the mean value for the rigid
body motion and higher freguency responses.
The stillwater and thermal responses are

t.rc-\.::'ie'!v +1mn-—ﬂnnnnr‘lnnl— variableg so that

in a given d651gn extreme locad condition
they can be considered constants, say
over the duration of a design storm.
Therefore, these two responses can be
treated as static cases and can be
combined for one or several postulated
design conditions without difficulty.
Alternately, if statistical data are
available for each of these responses,
the mean and variance of the combined
response can be easily determined.

The stillwater response can be
accurately determined for all loading
conditions using computer programs such
as the Ship Hull Characteristics
Program. Several postulated, extreme
but realistic, weight distributidns
can be assumed in the final stages of
design, and the corresponding stillwater
response can be computed.

If a statistical description of the
stillwater bending moment is adopted,
data have shown that the general trend
assumes a normal distribution for con-
ventional types of ships. A sample
histogram based on actual ship operation
data for a containership from reference
[6] is shown in figure 6. A mean value
of the stillwater bending moment can be
estimated based on this histogram for
all voyages, or for a specific route
such as inbound or outbound voyages.

NO. OF
OCCURF] HICTS

29

OVTROUND GRAND [ R 1
AVE. l AVE. AVE

STILLWATER B.M. [HOGGING) 1000 FT.-TONS

- INBOUND VOYAGES (60 VOY,)

Fig, 6 Histogram of stillwater bending
moment of a containership.
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temperature difference.

These mean values together with a set
of standard deviations, which can also
be estimated from the histogram, can
be utilized to determine the extreme
total moment ueing a statistical
approach,

Since the stillwater response, the
rigid body motion response, and the
higher fregquency responses are all
functions of the ship weight and its
distribution, it is preferred that the
combined response be calculated for a
group of selected loading conditions
{(and selected temperature profiles).

Primary thermal response is usually
induced hv differences in water/air

a LlLriclcllcss L Walll/

te mperatures and by variations in
ambient temperatures. Figure 1 shows
that a consistent diurnal stress var-
iation of magnitude of 3-5 ksi has been

recorded onboard a bulk carrier. A

Tn mleame Aobs oo ciieo
=tudy of full-scale stress data measured

on a larger tanker indicates that the
diurnal stress variations correlate
well, as shown in figure 7 with
temperature differentials beteen air
and sea.

Taking the North Atlantic route as
anexample, the average diurnal change
of air temperature is about 10° F.

The total diurnal change of deck plating
temperatures may vary from 10° to 50°F,
depending upon the cloud cover condi-
tions and the coleor of the deck plating.
For estimating the thermal loads on a
ship hull, the sea temperature may be
assumed as constant. Once the tem—
perature differential along a ship

hull is determined, the thermal stresses
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can be calculated, using either a
general purpose finite element computer
program or a simplified two-dimensional
approach. The maximum thermal response
may be then added to the stlllwater
condltlons to form the mean value for
the low and high frequency dynamic
responses.

Although high thermal responses may

not happen in high seas, a heavy swell

may possibly occur under a c¢lear sky.
Therefore, several temperature condi-
tions are to be taken into consideration in
determining the combined design response.

APPLICATION EXAMPLES

Since step 2 of combining the
environmental loads acting on a ship
1mp1y a 51mple superposition of static
loads {either as constants or as random
variables) only step 1 of combining
the dynamic random loads is considered
in the following application examples.

Generally, large tankers travelling
in obligue seas may encounter horizontal
bending moments of the same order of
magnitude of the wertical bending moments,
Therefore, the combined effect of the
vertical and horizontal moments can be
critical under certain conditions. The
distribution of the primary stress in
the deck as a result of the combined
effect becomes non~uniform and assumes
a maximum value at one edge. The com-
bined stress at the deck edge, ¢ _ is
given by ¢




N M te)y Mo
a + 3

= (15)
c Sv h

where,

Ec = combined edge stress

Yy
M (t} = the vertical bending moment
component

ﬁh(t) = the horizontal bending moment

8 ,Sh = the vertical or the horizontal
gection modulus, respectively.

Defining the combined moment as the
combined edge stress multiplied by the
vertical section modulus and usging
equation (15), we can write,

Y
M (£) = ¥ (oS, = M (e) + XM (£)

where, (16}

]

K =

[47]
=<

Applying equations (12), (13) and
(14) and extending the results for the
case of a two-dimensional gea spectrum,
the mean square value of the combined
response oy .2 can be written as (see
equation(lg?):
2

o, *=o0.% 4+ K. 2% + 20 .Ro.. Q.. (17)
MC M = 4

o
»
=

where oy ? and oyn’ are the mean square
values of the vertical and horizontal
bending moments, respectively, given by
egquation (13) as®:

m
oy ®
chz = jw i sxx(w,u)lnv(m)lz dwdy  (18)
K e )
Opn’ = [1T g 8 ox (W) [H (0) |* dwdn  (19)
-y

Using egquation (14) the correlation
coefficient is defined as:

S

o

My Mh

[=+]
»

é SXX(M,U)HV(M)H*h(w)dwdu (20)

Dvh

Jﬁhjig

3 For simplicity of notation, the de-~
endence of the R.A.0.'s |H_(w)| and
?Hh(m)l on the ghip headinging with
respect to wave components is dropped
from the notation.
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The Response Amplitude Operators
|H,{w) | and THh(m)l and more generally,
the system functions H,(w) and Hy(w)

can be determined from any typical
rigid-body ship motion computer program.

It should be noted that in equation

{12}, the coefficient aj was taken as
unity and a; was taken equal to
Sy
a2=K=S—
h

(see equation (16}) in determining
eguation (17). It should be also noted
that the integrand in egquation (20)
contains the information regarding
the phase between the horizontal and
vertical moments and that the inte-
gration of such information with
respect to freguency and the angle u
between a wave component and the pre-
vailing wave system leads to the
determination of the correlation coef-
ficient as given by eguation (20).
Finally, the root-mean-square (r.m.sg.)
of the combined edge stress is given
by
o]
(rms) = —< (21)
c S
v

where Oye is the r.m.s. of the combined
moment given by equation (17).

The r.m.s. of the combined moment
and the correlation coefficient as
given by equations (17) and (20),
respectively, were computed in reference
[51 for a large tanker of DWT 327,000
tons. The r.m.s. values of vertical
and horizontal moments were computed
using a rigid body ship motion computer
program and combined using eguation (17)
to obtain the r.m.s. of the combined
moment. The results of the calcula-
tions are plotted in figures 8 and 9
versus the ship heading for the cases
of long—-crested and short-crested
waves, respectively. Significant
wave heights of 7.4, 19.2 and 43.3 feet
were considered in order to examine
the general behavior of the responses
in low, moderate and high sea states.
The discussion of these regults in

reference [5] indicated that the

horizontal bending moment is not small
compared with the vertical bending
moment (see figure 9). In severe seas,
the maximum response of the combined
moment {and the vertical moment) is

HE ] - o -~ AT e g e T s T
i head da £ Figure iU

41) il alilg .LUllUWJ...I..I.\J PCTAD .
shows the variation of the combined
bending moment with the sea state asg
obtained by three different methods.
The first is based on eguation (17)
with dyr cuy and pyn given by
eguations (iv), {i%), and {20) res-
pectively. The second method is based
on equations (17), (18), and (19) also,
but with a correlation coefficient 2oh
equal to 0.32 obtained from the 1973
ISSC Proceedings (determined emperically).
The third method is based on Pon = 0.53
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in short-crested seas.

as determined by averaging the responses
in short crested seas as determined

Zrom equation (17) for all headings

and for the three representative sea
states. The mean value of py)y obtained
in this manner was 0.53, significantly
tigher than the IS§C value. However,
+he effect of fyh on the r.m.s. com—
tined moment is small, as can be seen
from figure 10.

As a second application example,
the combined vertical and springing
moment will be considered next. Using

frequency domain analysis and using

zguations (12), (13) and (14} with
3] = a; = 1, we obtain the mean square
value 6f the combined response “g 2"
:n long-crested seas as va

¥ 2 _ 2

T 2 4 . L9 _ poy oy
3 = 8]
ve G, F g7+ ‘QVSUV s (22)
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where,

ov2 = mean square of vertical
’ bending moment
a0
— 2
= £ Sy (@) 1H () | 2w (23)
csz = mean sguare of the springing
momenht
o
— 2
= g S0 (0 [H (@) | *du (24)
Pyg = correlation coefficient
@
= o [ S (WH (@)E* (w)de  (25)
vIs o X v s

and H (w) and H_(w) are the complex
syste% function® of the vertical wave
moment and springing moment respectively.
The system response functions can be
computed using computer programs which
take into consideration the effects

of ship flexibility in the response,

such as the springing-seakeeping program
"SPRINGSEA", [5]. Application of
equations (22}, (23) and (24) to several
Great Lakes Vessels where sprinding is
important is given in references [5]

and [7} and will not be further discussed
here. These equations together with
equations (1) and (2) for the time-
domain analysis have a wide range of
applicability to any two or more

dynamic random responses including,
combining primary and secondary"”

* Such as primary inplane loads on
grillages due to overall bending of the
hull and secondary lateral pressure
arising from the randomly varying water
surface.



responses [5), vertical, and torsional
moments for ships where torsion is
important, high frequency loads with
vertical and horizontal moments, etc.
In all of the cases, the coefficients a,
must be appropriately determined. When'
determining the wvarious statistical
averages from the combined r.m.s
values, the more general distribution
given in [3], [4], and [5] for the
peaks should be used instead of the
usual Rayleigh distribution.

DESIGN CONSIDERATIONS

For design purposes, operational
envelopes must be postulated to project
the loads and responses of the hull.

. e B IETY
The cperaticnal envelopes normally

inelude design variables such as sea
state, ship speed and heading, ship
loading condition, and thermal condition.
A good discussion of this is
given in references [8} and 19}. For
& reliability-based design, either a
short- or long-term procedure may be
used. In the short~term procedure,
only one or two severe design storms
{sea states) are considered together
with one or two ship loading condition
and thermal condition. 1In the long-
term procedure, the entire mission
profile of the ship must be postulated
including ship route, sea states expec=
ted to be encountered during operation,
expected total years of service, etc.
In either procedure, if a strict
probabilistic approach is used, then
the extreme ¥alues of the combined
regponse must be estimated using a
probability measure and compared with
the ultimate strength of the hull to
determine the reliability level or the
rigk of failure. The basic methodology
of these two procedures was developed
in reference [10] and is described in
more detail in that reference for loads
that consider the gtatic stillwater and
the dynamic (rigid beody} vertical wave
bending moments only. The basic
methodology can be extended to include
the effects of the combined loads as
described briefly in this section,

In recent applications of the
probabilistic approach and structural
reliability to ships, it has been
found that the shsrt-term procedure is
useful because of its Slmpllcity and

LY oY
because it is less demanding in

terms

of the required 1nput data and analysis
time. In fact, in a postulated design
sea storm, ship loading condition and
thermal condition, the expected maXLmum
comblned dynamlc bendlng moment "BMm

in N maxima uurlng the storm, can

> The negative maxima should bhe included

in N for use in equation (26).
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be calculated from [2]:

b
ElmM 1 = /2m0{[1n(1 -E*) Nl
1/2 -12
+ 0.2886[1n(l-E*) N] } {26)
Where m_ is the zero moment or the
area under “the combined@ response

spectrum of the dynamic loads, i.e.,

my, = 0,% where o_? is given by equations
{11y of {12); E Ys the bandwidth para-
meter defined by

2
EZ2 =1 - N2
Moy
and
“
= d
mm -!; w SYY (m) ]
tt 2 rom
=i£1ai g ¢ ]Hi(w)lzsxx(w)dw
n
+ ] Z ajay f wH (W H* ()5, (@) dw
i=1 j=1
(i#3)
(27

The static stillwater and thermal
responses should be then added to the
expected maximum combined dynamic
response given by equation (26) before
including it in any safety analysis
(see for example reference [61). Other
methods within the short-term analysis
can be uged such as the distribution-
free method g¢given in reference [11l] in
conjunction with eguations (8), (11)
and {12).

On the other hand, the long-term
analysgis is also useful and is essential
if the fatigue fracture modes are to
be included in the reliability analysis
gince the fatigue reliability part
requires the full loading and response
histories. If a long-term full probabil-
istic method is used, a general Weibull
distribution may be suitable to
represent the combined loads. The
Weibull distribution is given by

L x -t —(x/k)L
Y i >
fx(x) k(k) e x >0
/iy
F{x) =1 -e /K x >0
X =z
(28)
where
X = random variable representing
the combined wave bending
moment amplitude,
fx(x) = probability density function

of X,




) o

P, (x)

[

X( distribution function of X,
L and k¥ = Weibull distribution
parameters.

The Weibull probability paper can
be used to fit the data and determine
the parameters L and k. For the com—
monly used Weibull paper, the slope of
the straight line which fits the data
is "L" and the intercept with the
axis is "-L log k". Thus k and L can
be determined. Other metheods for
estimating L and k can be used such
as the method of moments or the maxi-
mure likelihood method.

Extrapolation of the available
data to obtain the axtreme wvalues nver
the entire ship life can be estimated
using several methods. One of these
methods is based on order statistiecs.
Using the Weibull distribution as an
initial distribution and including the
stillwater and thermal bending wowents
in the manner described earlier in
this paper, the probability law of
the total extreme bending moment Z

can be written in the form:
Z =~ m
,—{q___l,_ﬂﬂx
nL z“mlA'”ﬁ1I‘_l e k

Yan (2) = )

-
[
l

¢, (2) = (1 - el 1 {29)

where

%Z_ = random variable repre-
senting the total extreme
bending moment,

m = value of the stillwater
bending moment for a
selected loading condition,

m_ = value of the thermal
bending moment for a
selected temperature
condition,

¢Zn and ¢Zn = the probabi¥ity density

LR R R SRyl R L R~y Sy
CALAML WURD Ll AL AVl LU L EVD
of the random variable zn.

Equations (28) or (29) must be
checked to see how well they fit the
available data before they can be used
in design. In fackt, at the present
time, it is recommended here to use
a semi-probabilistic approach such as
strength reducticn and lopad magnifi-

cation factors [6] or a distribution-

Fomn moabh~aAd [TTTT 11me3T1 Lln wxol 333 400
LITE Sl [dd ) Wilbdld LT VAL LUGL LY

of extrapolation procedures and the
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fit of data in the distributions are
demonstrated when sufficient data are
collected.

CONCLUDING REMARKS

For reliability-based degigns,
the load element must inglude the
stillwater loads, the thermal loads,
the low~frequency wave induced loads,
and the high-frequency loads. These
loads can be combined as described in
this paper, and the "maximum" combined
lead should reflect an envelope of all
possible extreme values during the life
of the vessel. The short- and long-
term procedures of the reliability
analysis are briefly desc¢ribed in the
hrn‘cnﬁna gecntion For the cagse of the
comblned load az developed in this
paper.

The second element in a reliability-
based de91gn 15 the strenqth or the
ultimate carrying capacity of the huil.
This has not been discussed in this
paper, but reference {6] evaluates
briefly the variables which introduce
uncertainities in the hull strength.

At the present time, it is impor-
tant that several levels be investi-
gated in the structural reliability
analysis of ships, whether the long-
term or short-term procedure is used.

The lack of long records and sufficiently
large amounts of data necessitate such
diversified analysis.

Three distinct levels of structural
reliability may be used at the present
time [6]1. 1In the first level, which
is closest to the procedures currently
used in practice, the concept of a
load magnification and a2 strength
reduction factor is used. Such factors
are determined from the standard devi-
ation or the coefficient of variation
of the available data which provides
a meagzure of the uncertainty or
variability in the design parameter.
The higher the degree of uncertainty,
the higher these factors are, and
therefore, they are usually taken as
multiples of the standard deviations
of the variables. Reference [6] gives
a more detailed discussion of this
method.

The second level of structural
reliability {(the distribution-free
method) also relies on computing only
the mean and standard deviation of the
total combined bending moment and of
the ultimate collapse moment. The
uncertainty in estimating the design
parameters is thus reflected by the
standard deviations of the variables,
On this basis, a safety index can be
determined (see reference [11]1). The

eafaty index can he m:+hnm:+1ﬂ=?1v

SaLit o

related to the probability of fallure
if the probability distributions of



the combined bending moment and the
ultimate collapse moment are known,
However, in the absence of such infor-
mation, consistent designs can be
achieved using the safety index on the
basis of some, though unspecified,
reliability level.

The third level of sgtructural
reliability is based on a strictly
probabilistic concept. The combined
extreme bending moment and the ultimate
collapse moment are considered as
random variables and are fitted into
appropriate probability distributions
such as given by equations (29) for the
load, By this means, the reliability
function pr conversely the risk of
failure can be constructed and used as
a measure of safety.

Combining the static and dynamic
loads as described in this paper or
by any other means is an essential
step in any of the three reliability
levels briefiy described above. It is
recommended, however, that only the first
two levels of the reliability analysis
be used at the present time. The use
of the strict probabilistic reliability
concept is difficult at the present
time because the available data are
too limited to provide the exact forms
of the probability distributions of
the loads and strength or to provide
adequate data to check the extrapolation
procedures to the extreme values. The
sample size required is of the order of
multimillion pieces of records or data.
In addition, the first two levels are
consistent with the simplified hydro-
dynamic and structural analyses currently
used to predict the sea loads and the
structural respeonse. Finally, the
rules and procedures for designers must
remain uncomplicated, thus simplified
analysis such as given by the first
two reliability levels is more
appropriate.
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ABSTRACT

The applicaticon of probabilistic
and reliability metheds to ship hull
structures requires the egtimation of
one or more extreme loading conditions,
Each consists of components such as still-
water load, thermal load, low-freguency
wave-induced load, and high-frequency
springing or slamming load. Combining
such a group of time-dependent load
components of various frequencies has
always presented a problem to ship
designers. The stillwater and thermal
loads, though (weakly) time-dependent
variables, are of sufficiently different
character from wave loads to necessitate
separate treatment. The wave loads
themselves consist of low-frequency
wave-induced and high-freguency slamming
or springing loads which require the
summation of random time series of dif-
ferent fregquency compositiens. This
paper examines and presents an approach
suitable for determining the combined
extreme response to the locad components
and the statistics of the sum.




