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of design charts and equations with worked out examples. Applications are made to four ships:
two cruisers, a tanker, and an SL-7. For each of these ships loads, strength, reliability, and
sensitivity to parameters have been estimated.
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APPENDIX A

Extreme Loads and Load Combinations

A. E. Mansour'

A simple model for combining extreme responses of correlated load components has been developed
in this paper for use in design of marine structures. The combined response has the form f. = f, +
Kf, for a two correlated load case and f, = f;, + K., + Kif; for a three correlated load case. The load
factors K; are determined from probabilistic analysis of the combined response of a multiple component
system subjected to common input (waves). Application examples are given and modeling errors are
discussed. The mode! is suitable for use in the usual deterministic design analysis or probabilistic and
reliability design procedures. This is the first of a three-paper series on this subject.

Introduction

THE OBJECTIVE of this paper is to provide a simple design
procedure for determining the combined load or response due
to several individual load components acting on a marine
structure, taking into consideration the correlation between
the load components. In the case of a ship, these load com-
ponents may consist of global (hull girder) loads such as wave-
induced vertical, horizontal, torsional and springing mo-
ments, and local loads such as the dynamic wave pressure
or internal cargo inertia loads acting on hull stiffened panels.
Each of these load components is usually calculated using a
separate computer program or simplified analysis. In many
cases a characteristic (design) value can be determined on
the basis of extreme value theory and statistical data anal-
ysis. The purpose of this paper is to provide a simple pro-
cedure for combining these characteristic load components
or their responses with appropriate attention given to their
phasing and correlation. Although the developed procedure
can be used for any design analyses, it is particularly useful
for probability-based or reliability design analysis. Slam-
ming and fatigue loads are not explicitly addressed in this
paper.

A simple format of the combined response is sought, in the
form:

f.=hH +Kfp i>F 1)
for the two-load case, or
fo=hHh+K:fa + K3fs h>fR>1f (2)

for the three-load case. fj, fz or f; is the individual response
to a characteristic value (extreme) of a load component and
f. is the combined extreme response (e.g., stress or deflec-
tion). The K-factors appearing in equations (1) and (2) must
necessarily depend on the degree of correlation between the
individual load components and, as will be seen later, on
their relative magnitude and the frequency content of the
underlying processes of each component. .
In the simplest possible estimation of the extreme load ef-
fect, one assumes that the combined extreme load effect is
the sum of the extreme values from individual processes that
contribute additive effects. This method, referred to some-
times as the “peak coincidence method,” leads to an over-

!Department of Naval Architecture and Offshore Engineering, Uni-
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sized structure, since it is not typical that extreme values
from individual processes occur at the same instant of time.
There are also other simplified approaches, two worth men-
tioning being Turkstra’s rule (1970) and the square root of
the sum of the squares (SRSS) method (Mattu 1980). The
approximations involved in these two methods will be dis-
cussed later.

The load coincidence technique due to Wen (1977) and Wen
& Pearce (1982) is rather general one in that it accounts for
load correlations. The method, however, requires the use of
an average coincidence rate.

Another class of methods is those which calculate the out-
crossing rate of a vector load process from a safe domain de-
fined by load and strength variables. Until recently, the most
general use of the method was based on outercrossing rate
bounds, e.g., Larrabee & Cornell (1981), who developed an
upper bound based on a “point crossing” formula. A lower
bound is also obtainable, and the method can be extended
to nonstationary load processes. For more than two load pro-
cesses, see Ditlevsen & Madsen (1983).

Recently, Hagen & Tvedt (1992) proposed a method to cal-
culate the mean outcrossing rate that is applicable to both
stationary and nonstationary stochastic vector processes,
provided that the random variables representing the process
and its time derivative process can be mapped into a set of
independent standard normal variates. This method has been
used for outcrossing rate calculations when the threshold level
is varying (Friis Hansen 1993).

One unique aspect of the loads acting on a marine struc-
ture is that most of them have a common source—ocean
waves. Unlike many civil engineering structures, this com-
monality of input tends to increase the correlation between
the loads. Aside from stillwater loads, all other important
loads including low-frequency and high-frequency (slam-
ming and springing) loads as well as external dynamic pres-
sure are due to waves. Mansour (1981,1975) developed an
approach for combining these loads, taking into consider-
ation the commonality of the load source. The methodology
for short-term load combinations assumes a Gaussian wave
process as a common input and a linear vessel system. In
effect, for a given sea state, the system transfer functions
can be determined and the variance of the combined load
effect is obtained. The approach will be extended and further
developed in this paper. The combination of the effects of the
vertical and herizontal moments and local pressure was con-
sidered in a recent report for the American Bureau of Ship-
ping (ABS) by Mansour et al (1992).

In the first section of the paper, the basic approach for
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combining n-load components that have a common source is
outlined. Later sections address two- and three-load combi-
nation cases; then, application examples are given covering
combinations of hull girder (global) loads, e.g., combinations
of vertical and horizontal moment effects and combinations
of hull girder and local load effects. Next, modeling errors
associated with hull girder loads and with the approach to
load combinations are addressed. Finally, the paper sum-
marizes the main results and provides some conclusions.

The basic approach

A ship traveling in oblique irregular seas can be consid-
ered as a multiple linear system with the ocean waves rep-
resenting a common input to the system. Gver a short period
of time the waves can be represented as a stationary random
process in the wide sense. In general, the output of the sys-
tem can be a time variation of any measurable quantity, e.g.,
motion, velocities, accelerations, loads, and stresses. The sum
of the outputs y(#) of this multiple system represents the
combined response, e.g., motion, acceleration, stress. There-
fore, the probabilistic definition of the sum is of interest in
design.

Figure 1 describes schematically the input/output proce-
dure for n-linear systems. The analysis can be carried out
in a frequency or time domain, both of which will be inves-
tigated here. For generality, the constants q; are used to en-
sure uniformity of units and direction, e.g., to convert loads
to stresses, all in the same direction. They can always be
taken equal to one if not needed. The output is given by the
convolution integral:

Y& =D a; | hivxlt —1dx 3)
i=1 0

where h(-) are the impulse response functions of the indi-
vidual components and x(-) is the common input, i.c., a time
history of wave surface elevation.

Since x(#) is a common input to all terms of equation (3)
and since the summation and integration signs can be in-
terchanged in this case, a composite impulse response func-
tion A.(¢) can be defined as

n

Rty = D ahld @

i=1

Therefore, all the usual auto and cross-correlation and spec-
tral density relationships valid for a single linear system can

he(),H (@}

Fig. 1 Model for correlated wave loads acting on a marine structure

be extended to the composite linear system using A.(t) as the
system impulse response function.

In a frequency domain, the frequency response (transfer)
function H(w) for each component is obtained as the Fourier
transform of A(?), i.e.

Hiw) = f hit)e *dt 5)
i}

Therefore, one can define a composite frequency response
function H.(w) as

H.w) = f ke dt (6)
0

Substituting for AJ¢) in (6) using equation (4) and noting
equation (5), one can write:

H{(w) = > a;H{w) Q)

i=1

The relation between the input (sea) spectrum S,(w) and the
output (response) spectrum S,(w) for a single component is
given by the usual equation

S,(w) = H{w)H})S(w) = |[H{w)|* S,w) ®

where H¥(w) is the complex conjugate of H(w). For the com-
posite system, an equation similar to (8) can thus be written
as

Nomenclature

a; = conversion factor associated
with load component i
f; = characteristic value of re-
sponse (stress or deflec-
tion) to load component i
f. = combined response (stress or
deflection)
h(t) = composite impulse response
function
h{t) = impulse response function for
load component i
H(w) = composite frequency re-
sponse function
H(») = frequency response function
for load component i
H¥*(w) = conjugate complex of H,(w)

54  MARCH 1995

K = load combination factor for
two correlated load re-
sponse

K,,K,,K; = load combination factors for
three correlated load re-
sponse

N; = number of peaks associated
with load component i

r; = stress ratios

Re() = real part of a complex func-

tion
S,(0),S,(w) = wave and response spectra,
respectively
t = time

x(8),y(t) = time histories of input and
output, respectively

a = ship heading angle
«; = a multiplier used to predict
extreme response to load
component i
¢ = bandwidth parameter
{ = peak amplitude
p = wave spreading angle
py = correlation coefficient be-
tween to response compo-
nents i and j
o2 or m, = variance of the combined re-
sponse
o; = standard deviation of re-
sponse to load component
i
o = frequency

JOURNAL OF SHIP RESEARCH




S (w) = HAw)Hw)S(w)

= S (w) 2 z a,a;H (w) Hf (w)

i=1j~-1

= S.(w) D, al|H ()

=1

+ 8(0) D, D aa;Hi(w) H (w) ©)
i LJJ 1

where |H(w)| are the moduli of the individual frequency re-
sponse functions and the double summation terms in equa-
tion (9) represent the cross spectra terms. The first term in
equation (9) is simply the sum of the individual response
spectra, each modified by the factor a?. The second term, which
can be either positive or negative, is a corrective term that
reflects the correlation between the load components.

If the frequency response functions H{w) do not overlap
on a frequency axis, that is, if H{w)H¥(w) = 0, then the sec-
ond term in equation (9) drops out and the load components
are uncorrelated. Furthermore, if the wave input is consid-
ered a normal process with zero mean, then the respective
outputs of the n-components are jointly normal, and if un-
correlated it follows that they are also independent.

In general, the variance o of the combined output re-
sponse is given as the zero moment m, of the output spec-
trum, i.e.

ol =my= j S(w)dw
o

= E a?J' |H (@) S (w) dw
o

i=1

+ > > aa f H{(w) Hf (0)S(w)dw 10)
i=1 j=1 0
i
Equation (10) can be written in a different form that makes
it easier to define the correlation coefficient between the dif-
ferent response components.

n n n
2 __ 2 2
of = D, afof + 2, D) aiapoi0; an
i=1 i=1j=1
i#]

where o are variances of the individual load compenent
of = J' [H{w)PS(w)dw (12)
0

and p; are correlation coefficients between individual load
components

1 -]
P =— Re[H(w) H_}"(w)]Sx(m)dw (13)

O',C'j 0

The above results can be generalized to the case of short-
crested seas where the sea spectrum is defined in terms of
frequency and a wave spreading angle p. For a ship heading
angle a, the combined response variance given by (11) is valid
but with equations (12) and (13) replaced by

n2 =
of = J' J [Hiw,a — p)[*Sw, p)dwdp 14)
-ny2 Jo

and
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/2

J RelH{w,a — p)H (w0 — p)}
0

Py =
0.0, J-ny2

S(o,p)dodp  (15)

Re{ -} indicates the real part of the function and H}(-) is the
conjugate of the complex frequency response function.

Equation (11) with definitions (12) and (13) or (14) and
(15) form the basis for combining the variances of a multiple
system taking into consideration the correlation between the
response components. If the response components are uncor-
related, i.e., if p; = 0, the second term in equation (11) drops
out and the combined variance is simply the sum of the in-
dividual variances modified by the factors a?. On the other
hand, if the individual components are perfectly correlated,
p; will approach plus or minus one, and the effect of the sec-
ond term in equation (11) on the combined variance can be
substantial.

Considering a normal (Gaussian) seaway as common in-
put, the output of the multiple system is also normal. The
probability density function of the output peaks for a gen-
eral normal random process with bandwidth parameter e is
given by (Rice 1944):

f) = {ee“z/ 2etmo
2Tfmo
2 _ .2
2ﬂ(1_€)€e—l2/2mo¢< 1-¢ . L )} 16)

my € \ /mo
where

m3 B

E€=1- s m, = 0"S(w)dw;n=0,2,4
momy 0

—22
e dz

S |
<I>(u)=J’
-=\/ 2%

When € = 0, that is, a narrow-band process, equation (16)
reduces to the Rayleigh distribution usually used to char-
acterize the peak probabilities. If e = 1, that is, a wide-band
output spectrum, equation (16) of the peaks reduces to a nor-
mal distribution; that is, it reduces to the distribution of the
process (elevation) itself.

Extreme values of the peaks of the combined response can
be estimated from equation (16) (and the corresponding cu-
mulative distribution function) using order statistics, out-
crossing analysis, or Gumbel asymptotic distribution (see,
for example, Mansour 1990).

Although the approach outlined above can be used to de-
termine the extreme value of the combined response, equa-
tion (16) and the extreme value analysis are not suitable for
direct use in design. For design purposes, simple formula-
tions such as given by equations (1) and (2) are more suit-
able. A simplification of the described procedure is therefore
necessary. In the next sections of the paper, a simplified pro-
cedure has been developed which reduces the above outlined
analysis to equations (1) and (2) for the two- and three-load
combination cases, respectively.

Two correlated load combinations

As mentioned earlier, a simple format of the combined re-
sponse (stress) is sought, in the form

fe=h+Kf fi>h oy

where K is a probabilistic load combination factor and f; and
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f» are the individual extreme stresses (characteristic values)
corresponding to two load components.

The characteristic design values f; and f; are usually de-
termined from extreme value theory. For example, the ex-
pected extreme stress peak f; in N; peaks during a Gaussian
design sea state is given by (Cartwright & Longuet-Higgins
1956):

fi = E[fimax] = u,'(f,' (17)

where o? is the variance of the stress process i and «; is a
multiplier that depends on the number of peaks N; and the
bandwidth parameter ¢; given by

o =[21n(1 - &)"™N,]” + 0.2886 [2 In(1 — )"N,)"" (18)

If the most probable extreme value (mode) instead of the ex-
pected extreme value (mean) is used as a characteristic (de-
sign) value of the stress f;, then equation (17) still holds but
with «; given by the first term only of equation (18). Simi-
larly, the average of the highest 1/mth value, if used as a
characteristic value, has the form of equation (17). Since for
linear systems the individual responses to a Gaussian pro-
cess is Gaussian, the combined response of the components
is also Gaussian. This means that equations (17) and (18)
are valid for the combined response f, as well. Therefore,
equation (1) can be solved for the probabilistic load combi-
nation factor K in terms of the variances, using equation
an):

fc - fl _ Q.0 — 0107
f2 0202

where o,, 02, and o, are the root-mean-square (rms) values
of the two load effects and the combined effect, respectively,
and o, as, and o, are the corresponding multipliers as de-
termined from equation (18).

If the most probable extreme values are used as the char-
acteristic value, then the coefficients «; in equation (19) are,
using (18), given by:

o;=V2In(l - )" N; (20)

Substituting for o, in equation (19) by its value given by
equation (11) for the two-load case, and noting that all g
are equal to unity [since equations (1) and (20) involve stresses
rather than moments], one obtains

K=

(19)

i=12c¢

where

oy In(1 — €2)""N, \/ln(l A
r=—m,= —_— and m, = _—
) V In(1 = €2)"N, In(1 — €3)""N,

p is the correlation coefficient between the two rms stress
components a; and o, given by equation (13) for long-crested
seas or (15) for short-crested seas.

Typical values of p and the corresponding typical values
of K will be given for specific load combinations in the next
section of the paper. Equations (1) and (21) form the basis
of the simplified approach to the two-load combination cases.

Figure 2 shows the trend of K as a function of the corre-
lation coefficient and the ratio of the stresses for the special
case when m, = m, = 1, e.g., all processes are narrow-band
with approximately the same central frequency, as in the
case of combining stresses due to vertical and horizontal
bending moments. In this figure o, was selected as the larger
of the two stresses so that r always falls in the range zero
to one. It is seen that for p > 0.5, K does not depend appre-
ciably on r. From equation (21) or Fig. 2, the following ex-
treme cases can be obtained:

(@ If p = 1, i.e., the two stresses are fully correlated, K

= 1 independent of the stress ratio r.
(b) If p = 0, i.e., the two stresses are uncorrelated, K =
005forr =01and K = 041 forr = 1.
The second extreme case indicates that even though the two
loads or stresses are uncorrelated, the fact that a second load
exists will contribute somewhat to the combined stress (5%
of fo for r = 0.1 or 41% of f, for r = 1).

Comparison with Turkstra’s rule

Turkstra (1970) proposed that structural safety can be
checked using a set of design loads with each load at its
maximum value and with the other loads at their accom-
panying “point in time” values. In the case of two-load ef-
fects, each a realization of a zero mean Gaussian random
process x; Or ¥, the accompanying load effect (stress) value
can be estimated from (Thayamballi 1993):

[

051

where p is the correlation coefficient and x} is the value of
x, for which x, needs to be predicted. The o; are the stress

_m [m (1 + r?+ 2pn)" — 1] (21) Pprocess rms values. Also, the variance of x,, given x;, is ob-
r tained from
-
1 i:tf]l”% 2 ¥
0s 1 b - (1 +r% +2pr)? 1)
07 + r=hif « %
06 + —X— =10
K 05 X =08
0.4 —— 1=0.6
03 3 —o— 104
0.2 3 —o— 102
0.1
o4 } ' } y

0.5 0.6 0.7 08 0.9 1

Fig. 2 Load factor tor two correlated wave loads
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Var(xy/x,) = oi(1 — p?) (23)

Note that as p tends to =1, the variance of the predicted
value of x, tends to zero; i.e., the prediction is more certain.
If p tends to zero, the variance of the predicted value of x,
is larger; i.e., the prediction is less certain.

Equations (22) and (23) can be used to provide an estimate
of the coexisting x;-value and the variability of that esti-
mate when x, is an extreme value. Thus the combined stress
according to Turkstra’s rule, using equation (22), is

T g,
pemfiso(Disro()a] o
o) 2

If one uses the same approximation made in Fig. 2, ie., o,
= oy, One can write
a2
2 b 25)
oo hH
where f, and f; are the extreme (characteristic) values of the
stresses and o, and o, are the rms values. Substituting (25)
in (24) one gets:

fo=maxlfi +pfs faot il =fi+pfa for fi>f, (26)
that is, in this case,
K=p

By comparison with Fig. 2, which shows how K derived in
this paper varies with p and r, it can be seen that Turkstra’s
rule (K = p, i.e., a line connecting the origin and the point
p = 1, K = 1) will underestimate the combined extreme stress.
This conclusion was also reached by Nikolaidis & Kaplan
(1991) when they compared Turkstra’s rule with simulation
results. Figure 2 shows also that the likely error in apply-
ing Turkstra’s rule increases with increasing the stress
ratio r.

Comparison with square root of sum of squares (SRSS)
method

According to the SRSS method (Mattu 1980) the combined
stress variance for the two-stress case is given by

aZ=02+ o0} 27

Comparing the above equation with equation (11), it is clear
that the SRSS method neglects the effect of correlation be-
tween the stresses, i.e., the second term of equation (11). It
is therefore expected to give accurate results only if p = 0.

For extreme characteristic stress values f; and f;, the com-
bined stress according to the SRSS method is

fo= 3+

=fi+ Kf;
where

m, .
K= T[mc(l + 3 — 1] (28)

The probabilistic load combination factor K derived in this
paper [equation (21)] is again more accurate than that given
by the SRSS method [equation (28)] because it reflects the
effect of correlation between the stress components. The er-
ror in estimating the combined stress according to the SRSS
method increases as the correlation coefficient increases (see
Fig. 2). If p = 0, the SRSS method is expected to give ac-
curate results.

Nikolaidis & Kaplan (1991) provided some results for
combining wave-induced and slamming bending moments
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using simulation. The results were compared with Turksra’s
rule, the peak coincidence method, and the SRSS method.
For a significant wave height of 6.14 m and ship speed of 25
knots the simulation result for the combined bending mo-
ment is 1.8 x 10° ton-m. Turkstra’s rule gave 1.3 x 10°
ton -m while the peak coincidence and the SRSS methods
gave 2.1 x 10° and 1.5 x 10° ton: m, respectively. The av-
erage maximum wave and slamming bending moments are
given as 0.94 x 10° and 1.17 x 10° respectively.

If equation (26) is used to determine approximately the
correlation coefficient p according to Turkstra’s combined
moment result, one gets p = 0.138. Using this value in equa-
tion (21), and assuming that m, = m, = 1, one obtains K =
0.456. This value gives a combined moment according to
equation (1) of 1.60 x 10° ton- m., which is closer to the sim-
ulation results than the other methods.

Although the slamming bending moment is not linear with
respect to the wave height, the proposed method results are
closer to simulation results than the other methods. This ex-
ample shows the potential of the presented method al-
though, in this case, the correlation coefficient was esti-
mated approximately.

Three correlated load combinations

The simplified procedure for the three-load case is similar
to that for the two-load one. The sought combined stress has
the form

fo=hHh+ Kofe + Kafs
=+ Klfl + Kafs (29)

o=+ Kfi+Kfe

where K, K,, and Kj; are the load combination factors cor-
responding to the individual characteristic stresses f3, fz, and
fs, respectively. By requiring that any of the above equations
yield the same combined stress f;, equations (29) can be solved
simultaneously for the load factors, yielding

_Yf, . _fh_f
K‘"z(n“ A fl)

1/t A fa)
Kp=-(L+1-0_05 0
2 2<f2+1 i h 60

1

The characteristic stress (extreme) f; in each instance is
a,(rms);. Here we will consider only the case when a; = o
= 03 = @, i.e., the case of narrow-band processes with ap-
proximately the same central frequency. This case is ade-
quate for combining stresses due to vertical and horizontal
bending moments together with stress due to torsional mo-
ment or to local lateral pressure. In this case, equation (11)
can be written in terms of f; instead of ¢; and used to elim-
inate f, from equation (30). This yields, for K;, K,, and Kj:

1

K1=-2-(p*—r2—r3+1) (31)
1

K2=—(p*+7'2—7'3_1) (32)
27‘2
1

K3=——(p*+r3—r2—1) (33)
27’3

where
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ry = éand ry = é

f fi

and
(34)

The correlation coefficients pis, pys, and p,3 between the in-
dividual stress components fi, f,, and f; are to be determined
from equation (13) for long-crested seas or (15) for short-
crested seas. Experimental or simulation data, if available
for thess coefficients, may be used instead of equation (13)
or (15). Typical values are given next in the “Application”
section of the paper for specific load combinations.

Since any of equations (29) will give an identical result
for the combined stress f,, it is sufficient to use the first
equation of (29) [or equation (2)] and equations (32) and (33)
to determine K, and K; appearing in (29). The Appendix shows
somsa design charts for K, and K; [equations (32) and (33)]
as a function ¢f ry, ry, P12, P13, 204 pas. These are to be used
with the first of equations (28). f; was selected to be the larg-
est stress so that ry and 73 will always have values between
zero and one. Note that the K-factors can be negative, but
they always yield the correct value for the combined stress.

p* =14 1§+ ri + 2piary + 2p15rg + 2poyrorsl™

Anplcztion examples

Equation (1) with K determined from equation (21) is ap-
plicable to many two-load combination cases in marine
structures. For ships as an example, these two equations can
be used to combine the effects of vertical and horizontal
bending moments, vertical and torsional moments, vertical
and springing moments, and horizontal and torsional mo-
ments. They can be used 2also to combine stresses due to pri-
mary vertical bending moment (or any of the other primary
moements) with secondary stresses due to lateral pressure. In
all casez the cheracteristic stresses f; and f, may be taken
as the most prebable extreme values (or the expected values)
of the individual stress components as given by equation (17)
in the considered design sea state (Mansour & Hovem 1993).

Note that the frequency response functions H{w) are readily
computed in many ship motion computer programs for in-
dividual loads or moments rather than stresses, e.g., pri-
mary vertical, herizontal and torsional moments as well as
external hydredynamic pressure. These individual load fre-
quency response functions must be converted to stress fre-
quency respense functions by multiplying by an appropriate
conversion factor, e.g., by one over a section modulus to con-
vert a moment component to a stress component. These con-
version factors are asccounted for through the constants a;
appearing for exzamvle in equation (11). Therefore, in the case
of 2 moment, q; is equal to one over the section modulus. All
stress compsonents used in equations (1) and (2) must be at
the same location and in the same direction. In case of a
stress componsnt due to external pressure, only the dynamic
part of the pressure (i.e., excluding the stillwater pressure)
is to be used in the calculation of the combined response; see
Mansour & Thayamballi (1993). The stillwater stresses are
to be addsed after obtaining the combined stress due to waves,
in the usval manner.

The presantad model for load combination can be also used
in conjunction with the finite-element method. For example,
in the case of vertical and horizontal moments, the K-factor
determined from egquation (21) provides the fraction of the
herizontz] bending moment to be applied simultaneously with
the vertical bending moment on the hull,

The load combination factor X depends on the correlation
coefiicient p, which can be determined from equation (13) or
(15), experimental data, or simulation. Some typical values
of p ave svailable for specific load combinations as follows:

5¢ ARTH 1688

« Stresses due to primary vertical and horizontal mo-
ments: For large tankers considered by Stiansen & Mansour
(1975) the correlation coefficient was found to be dependent
on sea state and heading with values close to 0.45. The In-
ternational Ship Structures Congress (ISSC), in their 1973
session, recommended p = 0.32. For r = 0.67, the first value
of p results in K = 0.65 and the second value gives K = 0.55
(m, = m, = 1). That is to say, only about 60% of the stresses
due to the horizontal moment should be added to those due
to vertical moment.

+ Stresses due to vertical moment and external hydro-
dynamic pressure: For Mariner class ships, p was deter-
mined to be in the range 0.70 to 0.78 for panels near the
midship section. If one assumes p = 0.74 and r = 0.2, equa-
tion (21) with m, = m. = 1 yields K = 0.78. Note the high
correlation between the primary bending stress due to hull
girder wave vertical moment and the secondary stress due
to the hydrodynamic pressure near the midship section. Note
also that p and the corresponding K-factor are associated with
the time-dependent part of the individual stress components.
The time-independent part of the stresses due to still water,
for both hull girder bending and hydrostatic pressure, should
be added to the resulting combined wave stress in the usual
manner.

Equation (2) for the three-load combination case may be
also used in many applications to ships and marine struc-
tures. The K-factors appearing in the equation can be de-
termined from equations (32) and (33). To get an apprecia-
tion of the factors K, and K3, consider the stress arising from
vertical bending moment £}, horizontal bending f;, and local
pressure f3 near the midship section at a bottom plating. For
ro = 0.6, r3 = 04, p;, = 04, p;3 = 0.6, and py3 = 0.2, equa-
tions (32) and (33) yield K, = 0.67 and K3 = 0.51.

It is interesting to note that, for an extreme case when all
three loads are fully correlated (p;2 = p13 = p23 = 1), the
values of the K-factors are always unity, ie.,, K, = K; = 1,
independent of the values of r, and r;. If, on the other hand,
all three loads are uncorrelated (p;; = p13 = p2s = 0), the
K-factors will assume nonzero values and their magnitude
will depend on r; and rs.

It is also interesting to note that the two-load combination
case when m, = m, = 1 can be retrieved from the three-load
combination equations by inserting zero for one of the load
components. For example, if one inserts r; = 0 in equations
(2), (32), and (33) and noting that f3/rs = f;, one obtains an
equation for K, identical to K for the two-load case, i.e.,
equation (21).

Modeling errors

The presented simple procedure for combining two corre-
lated loads [equations (1) and (21)] and three correlated loads
[equations (2), (32), and (33)] may be used in either the usual
deterministic design analysis or in probabilistic and reli-
ability analysis. It is noted, however, that the load factors
are determined on a probabilistic basis. Therefore, it is more
consistent to use these equations in connection with proba-
bilistic analyses or reliability methods.

The developed load combination factors are based on lin-
ear systems and the associated spectral analysis. If used in
connection with reliability analysis, it is suggested that the
K-factors be taken as normally distributed and the associ-
ated modeling error to have a bias of 1.0 and a coefficient
of variation of 15%. These values are based on experience.
Monte-Carlo simulation can be used to estimate the statis-
tics of the modeling error. The associated characteristic
stresses fi, fo, and f; can be taken as the most probable ex-
treme values given by equations (17) and (20) and should be
calculated for a specified duration in a design sea state. In
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most cases the bandwidth parameter ¢; may be taken equal
to zero in equation (20). If f;, fz, and f; are calculated on the
basis of linear theory, which is likely the case, the modeling
errors associated with them due to nonlinearities should be
accounted for separately. For example, in the case of wave-
induced vertical bending moment and the associated stress,
the data provided by the Committee on “Applied Design” of
the International Ship and Offshore Structures Congress
(ISSC 1991) suggest a bias of 0.9 to be used to correct for
overpredicting the moment or stresses due to the linearity
assumption and short-crestedness of waves; i.e., the actual
loads in high sea states are approximately 90% of the pre-
dicted values. In addition, since linear strip-theory spectral
analysis programs give equal sagging and hogging mo-
ments, a bias of 1.15 is suggested to estimate sagging bend-
ing moments and a bias of 0.85 to estimate hogging bending
moments. For more information on quadratic response, see
Jensen et al (1992), and for a more complete discussion of
modeling errors associated with extreme loads for use in re-
liability analysis, see Mansour & Hovem (1993).

Summary and conclusions

A simple model suitable for design analysis has been pre-
sented for combining extreme correlated loads and the as-
sociated stresses. The cases of two correlated loads [equa-
tions (1) and (21)] and three correlated loads [equations (2),
(32), and (33)] have been modeled in a format suitable for
use either in the usual deterministic design analysis or in
probabilistic and reliability analysis.

The model is based on developing a composite frequency
and impulse response functions of multiple linear systems
subjected to common input (ocean waves). The requirement
for the applicability of the model is the satisfaction of the
stationarity condition of the common wave input and the
linearity of the multiple system. The stationarity of the wave
input implies short-term analysis, and the linearity as-
sumption allows the use of the superposition principle but
decreases the accuracy in high sea states. The model is con-
sistent with the “standard” frequency-domain linear ship
motion computer programs currently available in many de-
sign offices, classification societies, and government agen-
cies. Modeling errors or correction factors can be incorpo-
rated in the model to account for the nonlinearities of the
response in high sea states. Some typical values of the mod-
eling errors are given in the paper, though additional work
is necessary in this area.

The model is also suitable for use in the two level of anal-
yses usually required in practice, i.e., the design-oriented and
checking-oriented analyses. The design-oriented analysis
usually requires preliminary estimates of load combina-
tions, mostly to determine minimum scantlings and to de-
velop the design further. Therefore, a design-oriented for-
mulation must be simple and must be, to a large extent,

.independent of detailed information which is usually not
available at the early stages of a design. The developed model
can be used in this type of design-oriented analysis with load
combination factors K; estimated from typical values for the
specific two- and three-load cases under consideration. Some
typical values of the load factors are given in this paper,
though a more thorough parametric study in this area is
necessary.

Checking-oriented analysis, on the other hand, requires
more accurate estimates of load combinations to be used to
check the adequency of a completed preliminary design or
an existing ship. This checking-oriented analysis will nec-
essarily depend on more detailed information on the marine
structure and the operation profile. The presented model for
load combination can be used also for this type of checking
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analysis. A more accurate determination of the K-factors is
possible for a completed design or an existing ship. A strip-
theory ship motion program can be used to determine the
frequency response functions (transfer functions) of each in-
dividual load or stress component. The correlation coeffi-
cients can be then determined from equation (13) for long-
crested seas or (15) for short-crested seas. An accurate de-
termination of the K-factors is then possible from equation
(21) for the two correlated load combination or from equa-
tion (82) and (33) for the three correlated load combination.
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APPENDIX B

SKEWNESS, KURTOSIS AND ZERO UPCROSSING
RATE OF COMBINED RESPONSE

The standard deviation, skewness and kurtosis of the combined response x, can be
approximately estimated from the corresponding values of the individual components x;
whose individual means are zero, as follows:

Xe = X1+ X2

and

of = E[x}] =} +0; + 2E[ 3%,

B.1)
=°f +°§ +2p;, 0,0,
where E(*) denotes expected value, o; the standard deviation of x; and
_ E[xle]
12~
0,0,
as zero individual means are assumed.
The combined response skewness 0 can be determined from:
3 3
0= B[x3]= 5| +3,)']
2 2
=0, 0? +0, 0}2 + 3E[Jc1 x2] + 3E[x1 x2]
If x,2 is assumed independent of x; and x22 independent of x;, then
=20, & +a, ] 2
ac—o}a11+a22 (B.2)
c

The combined response kurtosis B, can be determined from:




B, -3t = E[x*]=H(x +x)"]

B, - 3)()"11 +(B, —-3)0“; +4E[x13 x2]+4E[x1 xi] +6E[x12 x%

If the x; of higher powers are independent, then

1
=B, =90} +(B, ~ 30} +66] 3] + 3 ®.3)

The combined response zero crossing can be approximately determined from the combined
spectrum S () as follows:

S_(@=5_(o) Z]Hi ((o)|2 +5,(@ 22, H, (o) H; () (B.4)
i i

i#]
and
1 jz m,
2 ,C
v, =|— (B.5)
0c (21t my .
where
ot =my, = [ s.@do and m, = [ o?s_(@)do (B.6)
0 0

In the above equations, S,(®) is the wave spectrum (common input spectrum to the two
processes), Hi(w) is the complex frequency response function and Hj*(-) indicates the
conjugate of Hj(-).

Substituting (B.6) in (B.5) and using (B.4) one gets

Sy 4 2300 2y T
5 ! L,
2 =(_1_] i#] (B.7)
O \2r Zmo,i+zz,pijcicj
i [ 2 |

1#]

where




Py = gl;—j { S, (@) Re{H,- (w) H;f (co)}dm (B.8)
P, = — L Ju*s @ Re{H, () H; (@)} do (B.9)
’ N™i™,j o * l /

If the two processes are uncorrelated or if the correlation terms are neglected, then (B.7)
reduces to

2 2 "
14

2 (L
Voe =(2n) E‘m—o' (B.10)

. ,i
4

Otherwise the correlation terms must be calculated from (B.8) and (B.9). Using the relation

1 ¢ m,;
vial—| =2 i=12
' \2n) my;
and for two processes only, i.e., i = 1, 2, (B.10) can be written as:

2 2
2 0%"01"'0%"02

VOc =
o} +0)

(B.11)
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CALREL
Program for Structural Reliability Analysis

CALREL (CAL-RELiability) is a general-purpose structural reliability analysis program
designed to compute probability integrals of the form

p = { £ x(x)dx

where X is a vector of random variables with the joint probability density function f x(x),
and F denotes the failure domain, which is defined as F = {g(x) <0} for a component

problem, as F H{U‘g,(x)SO} for a series system problem, and as F—{Uk ﬂi c
€L,

g;(x) < 0} for a general system problem, where g (x) denote limit-state functions and C;
denote cut sets. The functions g;(x) are provided by the user through an user-defined sub-
routine, which itself may call other subroutines or an entire subprogram (e.g., a finite-
element program) supplied by the user.

CALREL incorporates four general techniques for computing the above probability:

(1) First-order reliability method (FORM), where the limit-state surfaces are replaced by
tangent hyperplanes at design points in a transformed standard normal space;

(2) Second-order reliability method (SORM), where the limit-state surfaces are replaced
by hyperparaboloids by either curvature fitting or point fitting in the standard normal
space;

(3) Directional simulation with exact or approximate surfaces; and

(4) Monte Carlo simulation.

In addition to the above, CALREL has routines for computing reliability sensitivity meas-

ures with respect to parameters defining probability distribution functions or limit-state

functions.

CALREL has a large library of probability distributions for independent as well as depen-

dent random variables. Additional distributions can be included through a user-defined

subroutine.

CALREL is written in FORTRAN-77 and operates on IBM-PC or compatible personal

computers, as well as on computers with the UNIX operating system. It has been

developed by P-L. Liu, H-Z. Lin and A. Der Kiureghian at the University of California at

Berkeley. Further information and price quotation can be obtained by contacting Ken

Wong at NISEE, Department of Civil Engineering, University of California, Berkeley, CA

94720, or by calling (415) 642-5113.

Cc-1




g{@t ¥RV 043D
K\t

/ SESAM
SYSTEMS

State-of-the-art computer program for probabilistic reliability and sensitivity analysis

PROBAN®

PROBAN helps to efficiently evaluate the impact of

PROBAN i lied i .
uncertainty on the reliability of a system - technical, finan- s appued In many areas. The program has

successfully been used in reliability studies for marine and

plement and enhance experimental approaches and
conventional deterministic analyses such as design-case

cial, managerial or otherwise. Probabilistic reliability and offshore structures including: 1
sensitivity methods are used to quantify uncentainties and . ) ) _ g
thereby to support achieving a required reliability and e calibration of safety requirements in lechnical standards :
controlling risk. The methods provide a basis for decisions o fatigue and fracture reliability |
regarding optimal allocation of resources, and they com- o cost-optimal inspection planning |

\

i

o re-qualification of existing structures

evaluations or what-if sensitivity and parameter studies. ¢ foundation analysis and consolidation updating
The benefits of a probabilistic approach are the clear treat- o pipeline reliability
ment of uncertainty. the identification of key factors, the o probability-based fire and explosion analysis ‘

possibility of performing trade-off studies, and the fact that

the only consistent way of reducing uncertainty when morc o ship hull reliability

information becomes available, e.g. through inspection, is PROBAN is also used in the mechanical industry and in
through a probabilistic analysis. aerospace companies and institutions. Applications here
Besides traditional reliability measures, the modem include: . -

probabilistic methods in PROBAN provide a number of ® stochastic durability analysis

useful sensitivity results for reliability-based design and o probabilistic damage tolerance evaluation

optimisation. Also, sensitivity measures may show the

effect of changes in parameter values, and importance * streogth analysis of composites

measures can be used in inital analyses to reduce the In civil engineering, PROBAN has been applied to large
number of random variables and to focus attention on the structures such as bridges, ¢.g. for:

important uncertain quantines for the problem at hand. e design basis determination

APPLICATIONS o traffic load modelling

PROBAN has been developed to be a general probabilistic * ship COII..ISIOTI evaluation .

analysis tool. Particularl: efficient methods are available Other applications of PROBAN include:

for computing small probabilities, as ofien arise in & stochastic finite element analysis

structural reliability problems. The program is used by
engineers that run decision models already available in ]
PROBAN, as well as by expecrienced analysts who o network scheduling under uncertainty
formulate, implement, and apply new probabilistic models.

o economic risk analysis

PROBAN® isa Registered Trademark of Ventas Sesam Systems 4
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TECHNICAL CAPABILITIES

PROBAN provides state-of-the-art computation facilities
for the analysis of random variable models. It features
general methods to determine probability density and
distnbutions, rehability measures and  probabilistic
sensttivity and importance measures. The numerical rou-
tines. the execution facilitics, and the implementation are
of 2 high quality. The program features include:

Extensive modelling capabilities with a library of one- and
multi-dimensional probability distributions. User-defined
distributions can easily be specified by providing the densi-
ty and distribution functions. General multivanate
distributions are established by a scquential modelling in
which a function of random variables can be used as a
parameter in the distribution of another random variable.

The functions used to model probability distributions and
to define the events of interest (for example the failure of a
system) can be provided by the user as subroutines. In
addition, PROBAN comes with a library of standard func-
tions that can be used directly.

Full-featured first and second order reliability methods
(FORM and SORM) for probability computation of single
events, ugions, intersections and unions of intersections are
available. FORM and SORM are particularly efficient for
computing very small probabilities, e.g. 1072 - 107¢,
Exact parametnc FORM sensitivity is provided for small
and large intersections, as may be required in reliability
updating, and the second order method includes exact
SORM probability computation. Conditional reliability
under inequality and equality events can be computed.
PROBAN also contains a mean-based FORM. intended
pnmanily for CPU-intensive models.

The approximate FORM/SORM results may be updated
through importance sampling. The probability of general
events can be computed by Monte Carlo simulation and
directional sampling. Probability distribution computa-
tions can be performed by Monte Carlo simulation or Latin
Hypercube sampling. Sensitivity analysis by simulation is
also available.

DOCUMENTATION

The capabilities of PROBAN arc documented in numerous
scientific and technical papers and reports. The program
comes well documented with User's Manual, Distribution
Library Manual, Theory Manual and Example Manual.
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Veritas Sesam Systems A.S

Veritas Sesam Systems Ltd.

USER-INTERFACE

PROBAN Version 3 (1991) is an interactive program,
with a database for model and result data. The program is
equipped with an efficient, graphical user-interface. The
input is logged in a joumal file from where it can be
retrieved during a later (re)analysis. The program can also
be exccuted in batch mode.

Many graphics and print options are available, for exam-
ple, to display probability density and distnbution func-
tions of input and output random variables. Imponance
measurcs can be displayed in pie charts and automated
parameter studies can be presented by graphs.

FURTHER DEVELOPMENT

PROBAN is the result of a major strategic research effort
at Det norske Ventas, Norway, through A.S Veritas
Research. The first version was made in the mid-seventies
and it handled second-moment reliability computation for
components. From 1984, PROBAN was developed at A.S
Verntas Research, Hpvik outside Oslo, Norway, in close
cooperation with intemationally leading researchers in the
field. The first commercial version of PROBAN was made
available in 1986.

Det norske Veritas intends to keep PROBAN at the lead-
ing edge. Further research and development are undertak-
en by the large group of specialists at A.S Ventas
Research and Veritas Sesam Systems A.S, Norway. This
cnsures long-term maintenance apnd suppon of the
program. The implementation of new features in
PROBAN is pronilised according to user needs. A
number of special-purpose probabilistic analysis modules
based on PROBAN have been developed for Det norske
Veritas and other orgarusations.

PROGRAM INFORMATION

PROBAN is designed and maintained to be a state-of-the-
an, professional computer program. The program is
supported worldwide by Veritas Sesam Systems. It is

available for common computers from APOLLO/HP,

DEC, IBM and SUN.

PROBAN is installed at an increasing number of
companies in the petroleum industry, in engineenng
consultant and design firms, and in the aerospace industry.
In addition, the program is installed at research centres and
universities in Europe and the US.

:VERITAS SESAM SYSTEMS

Veritas Sesam Systems Inc.

Veritasveren 1 Veritas House 1325 South Dairy Ashtord
P.O.Box 3w 112 Siation Road Suite 100
N-1322 Hovik Sidcup. Kent DALS 7BU Houston. Texas 7707~
Norway Great Britain usa
Tel (02) 4799500 Tel (081) 309 7477 Tel (713) 558 1732
Fax (02) 477272 Fax (081) 309 1834 Fax (713) 558 239¢

DET NORSKE VERITAS

Det norske Veritas (DnV) is a corporation whose objective is 0 safeguard
life, property and the environment through services for managing quahty,
safety and risk. DnV was established in 1864 as a ship classihcation

society and has ined an independent foundat DnV provides a
wide variety of scrvices tn shupping, offshore development and produc-
ton, land-based indusuy, and acrosp and nf ion technology.

DaV operaws in 110 c6|'mnn. The headquarter 13 at Hevik outside
Orlo, Norway.

VERITAS SESAM SYSTEMS

Veritas Sesara Systems (VSS) is the company in the DnV-Group for
mp:kzl.i:g of engineering sofiware. The company also develops, main-
taing, operates software, and it serves as a market partner for RAD
institutions. VSS' activities are based on the SESAM progsam sysiem for
structural engineering in the offshore and marine indusuy. VSS sbo
offers the probabilisuc analysis program PROBAN. VSS has subsdiary
offices in London and Houston. -

C—3 Published by Veritas Sesam Systems AS, Hovik, Norway, July 15, 1991




SUMMARY OF NESSUS CAPABILITIES

NESSUS, under funding from NASA LeRC, is a general purpose
probabilistic structural analysis program which can model uncertainties in
loading, material properties, geometry, initial conditions, and any user-

defined random variables.

NESSUS employs advanced probabilistic

methods which can efficiently compute structural system reliability and risk
and identify critical uncertainty parameters. This information can be used

for cost-effective reliability-based design and analysis.

Capabiliti
. Random Yarables Lo
Analysis Types Geometry
Static Elastic Modulus R
Natural frequency Poisson's Ratlo
Buckling Shear Modulus
Materizl Orlentation g9

Harmonic excitation
Random vibration
Transient dynamics

Rotational speed Q2

3D Solid Elements
. s 360 Elements
Nonlinearities 810 Nodes
Plasticity 2100 DOF
Large displacement
Element Library NESSUS computes the probability of
Beam Jailure of a turbine blade as a function of
Plate rotational speed
g:::: ::::;: NESSUS can be used to Compute:
Axisymmetric + CDF analysis
3D solid . grobability of failure
. s Structural reliability
3D enhanced solid « System reliability

Probabilistic Anal
Fast probability integration
Efficient monte carlo

Adaptive importance sampling
Probabilistc fault tree
Probabilistic sensitivities

Southwest Research Institute
Dr.Y.-T. Wu

6220 Culebra Rd.

P.O. Drawer 28510

San Antonio, TX 78228-0510
(512) 522-3167

* Probability of exceedance of
disp, stress, strain, freq, ...

+ Optimized inspection schedules

+ Fault tree analysis

* Probability of rotor instability

Performance Function:

« NESSUS finite element module

+ User-defined subroutine

» Custom made interfaces to third
party finite element programs and

other programs

Random Variables
*Geometry
‘Loads
Forces
Pressures
Temperatures
*Material properties
Elastic modulus
Poisson's ratio
Shear modulus
Material orientation
Yield stress
Hardening parameters
Harmonic excitation
*Random vibration
«Initial conditions
+User-defied
Qutput Variables
Displacement
Stress
Strain
Plastic strain
Creep strain
Thermal strain
Natural frequency
Fatigue life
Fracture parameters
User-defined

Cray/Unicos ™
Vax/VMS ™
Unix

Patran” Interfaces

™ Cray is a registered trademark of Cray Research Inc., Vax/VMS is a registered trademark of the Digital Equipment Corp., Patran is a registered

trademark of PDA Inc.
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COMPASS

COMPASS (acronym for Computer Methods for Probabilistic Analysis of Structures
and Systems) is a general purpose software system for the reliability analysis of
stochastic systems. The program is developed, maintained, marketed and supported
by Martec Limited: an advanced engineering consultancy based in Halifax, Nova
Scotia, Canada.

The main motivation for the development of COMPASS was the provision of a robust,
efficient, user-friendly, and reasonably affordable computational tool for probabilistic
reliability and risk assessment.

FAST PROBABILITY INTEGRATORS
& ADVANCED SIMULATION SCHEMES

GRAPHICAL FAILURE MODES
USER INTERFACE LIBRARY

PROBABILISTIC
RISK ASSESSMENT

COMPONENT/SYSTEM
RELIABILITY ANALYSIS

EFFICIENT PROBABILISTIC
FEA INTERFACE DATA CHARACTERIZATION

PROBABILISTIC SENSITIVITY ANALYSIS
& PARAMETRIC STUDIES

COMPASS has been demonstrated to produce accurate reliability and probabilistic
sensitivity analysis results in several engineering applications.

S PO




General Features

COMPASS operates interactively or in a batch mode. The program currently has the
following main features:

v/

4
/
4

~

Library of 16 probability distributions.
Correlations between variables in U-space or X-space.
Definition of limit state functions by user subroutine.

Calculation of component reliability index (B) and failure probability (P,) by:

First-order Reliability Methods (FORM)
Second-order Reliability Methods (SORM)
Direct Monte Carlo Simulation (DMCS)
importance Sampling Scheme (ISS)

Systems reliability analysis methods based on:

Unimodal and Bimodal Bounds

Probabilistic Network Evaluation Technique (PNET)
Direct Monte Carlo Simulation (DMCS)

Importance Sampling Scheme (ISS)

Calculation of parametric sensitivity and importance factors.

PROBABILISTIC FATIQUE (8-N FORMAT) DATE: 3-MAR-93

COMPASS OUTPUT:
PARAMETRIC STUDY

i FILE PREFIX:
FATIO

5 COMPONENT (8):
7 x FATIQUE-SN

7 VARIABLE:
4 NYRS

DISTRIBUTION:
FIXED

PARAMETER:
s MEAN

2_J MIN.= 2.000E+00
MAX.= 1,000E+02
g INC.» 7

HXMOZ— A= —=@>=rmd
1

LI DRLENS LIRS LN DL RN LR LA L N B
20 40 0 ”0 100

MEAN
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capabi
capabi
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nique Features

In addition to these general purpose features, COMPASS has unique analysis

lities that are directed at special engineering requirements. Some of these
lities are:

Built-in library of limit state functions:

- Fatigue Damage Accumulation

- Probabilistic Fracture Mechanics

- Composite Failure Criteria

Customized limit state functions provided on request.
Graphics support capabilities.

Probabilistic data characterization.

Efficient interface with the commercial FEA program VAST (customized
interfaces with other commercial FEA packages are available on request).

Parametric studies

IMPORTANCE FACTORS FOR RANDOM VARIABLES
OF A COMPOSITE LAMINATE

N
TSAI-WU BETA=3.0355
.

30

AN\
HiLL BETA=5.4316

CHAMIS BETA=6.0432

HOFFMAN BETA=2.4467 | |

20

10+

IMPORTANCE FACTOR (PERCENT)

ves
SISISISIIL 74171777
™
SSSLfSILI LSS 17771
derasserssinasnsss

Rs P1

RANDOM VARIABLE
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APPENDIX D

GENERAL INFORMATION
ON
THE FOUR SELECTED SHIPS
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CL BHD

--l 7 0° ,—-v.n. TANK

Double Hull Tanker

} CARGD OIL TANK WATER —
BALLAST
TANK
8l 0'
i‘ AH-32 |
DHN-32 —i
4 4 —
= P~
\"\t
/‘ DHM-32
’\ / « L
- [X Grade A
Grade C
.—UV = y -
— ﬁ v -
&
[ —
© Grade B
iy
\ g\'
ais
Grade C
Grade A |

Midship Section
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Double Hull Tanker
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Longitudinal Bulkhead at 40 ft from CL

D-7




CHARACTERISTICS OF S. S. SEA-LAND McLEAN

Name* SEA-LAND McLEAN

Builder: Rotterdam Dry Dock (Hull 330)
Class: SL~7 Containership

Length, overall 946°' 1-1/2"

Length, between perpendiculars g3o’ 6"

Beam, molded 105* 6™

Depth to main deck, forward 64' O"

Depth to main deck, sft 68°' 6"

Draft, design 30°' o"

Draft, scantling 3%' o"

Dead weight - long tons 27,315

Displacement (34' 0" draft) -~ long tons 350,315

Machinery Tvo separate cross-compound |

steas turdines driving two
propeller shafts

Shaft horsepover-maxiwum continuous, doth shafts 120,000
Propeller RPM 135
Speed, maximum, knots 33
Center of gravity ~ full load 399.32' forward éf aft perpen-

dicular 42.63°' sbove bdase lime

Container Capacity

8' x68.5' x35' 8' x8.5' x 40" Total

Below deck 554 140 %
Above deck 342 60 402
TOTAL 896 200 1,096

D-8
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APPENDIX E

COLLECTED LOAD DATA (SAMPLE)
ON THE FOUR SELECTED SHIPS




Cruiser No. 1

CHARACTERISTICS

LBP 529 ft

B midship 55 ft

T midship 24 ft

Station of max area 290.95 ft aft of FP
Station spacing 26.45 ft

Total Displacement 9680 tons

TROCHOIDAL WAVE CALCULATION RESULTS

Displacement 9335 L.Tons
LCG 10.8 ft aft
Wave length L 529 ft

Wave type Trochoidal
Wave height 1.1 * sqrt(L)

Max BM and Min Shear force occur close to midship
(About station 11, aft of midship station 10, 0 FP 20 AP)
Max Shear force occurs about Station 6 fwd, 15 aft

ALLOWABLE STRESSES (per specs)

8.5 TSI at keel
9.5 TSI at 01 Level

SECTION AND MOMENT DATA

Neutral Axis Location

Stations 9,10,11 20.07, 19.76, 19.1 ft ABL
21.93,22.24, 22.9 ft from 01 Level
20.1°7, 19.76, 19.1 ft above keel
Station SM (top) SM (keel) BM hogging
01 Level (in**2-ft) (ft-tons)
(in**2-ft)
9 21388 23371 194236
10 22805 25667 210234
11 23168 27777 214972

E-1

BM sagging
(ft-tons)

105358
111253
108553




TROCHOIDAL STRESSES (TSI)

Station 01 Level Keel
Tension Compression Tension Compression
9 9.08 493 4.51 8.31
10 9.22 4.88 4.33 8.19
11 9.28 4.69 391 7.74

STILL WATER BENDING MOMENTS AND STRESSES

My, = 71,926 ft-ton Hogging @ midship section
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CHARACTERISTICS

LBP
Draft

LCG from amidships
Displacement
Station of max area
Beam at that station
Section area coefft
Prismatic coefft
Block coefft

Cruiser No. 2

529 ft
21.48 ft

-7.109 ft (+ fwd)
9019 Tons
288.95 ft from FP
55.92 ft

0.841

0.5754

0.4839

(Above data from SHCP output, baseline ship)

TROCHOIDAL WAVE CALCULATION RESULTS

Displacement
Wave length L
Wave type
Wave height

7818 Tons

529 ft

Trochoidal

1.1 *sqrt (L), 25.3ft

Max BM and Min Shear force occur close to midship
(Between station 11 aft, and midship station 10, 0 FP 20 AP)
Max Shear force occurs between Station 6,7 fwd, 14 aft

SECTION AND MOMENT DATA

Location of Neutral Axis

Station 9,10,11 19.84,20.11, 19 ft ABL
22.16, 21.89, 23 ft from top

19.94, 20.11, 19 ft from keel

Station SM (01 Levl) SM (keel) BM hogging BM sagging
(in**2-ft) (in**2-ft) (ft-tons) (ft-tons)
9 22307 24906 179916 103400
10 24419 26581 190670 110224
11 22644 27411 190034 111258
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TROCHOIDAL STRESSES (TSI)

Station 01 Level Keel
Tension Compression Tension

9 8.07 4.64 4.16

10 7.80 4.51 4.16

11 8.39 491 4.06

STILL WATER BENDING MOMENTS AND STRESSES
(Baseline ship, SHCP output)

Station Bending Moment Stresses (TSI)
(ft-tons) 01 Level
Tension
9 51771 hogging 2.32
10 57875 2.37
11 61369 2.71

E-13

Compression

7.25
7.18
6.93

Keel
Compression

2.08
2.18
2.24




“SCORES” RESULTS — SAMPLE

Cruiser No. 2

RUN IDENTIFICATION: SEA STATE 6

INPUT VERIFICATION:

9~

10-

11-

12~

13-

WATERLINE LENGTH LWL (M) =
VESSEL DISPLACEMENT (TONNES) =
VERTICAL CENTER OF GRAVITY (M) =

ROLL RADIUS OF GYRATION (M) =

]

FRACTION OF CRITICAL ROLL DAMPING

SHIP SPEED (KNOTS) =

SHIP HEADING RELATIVE TO WAVES (DEG)
WATER TYPE =
ISSC TWO PARAMETER SPECTRUM EXCITATION

SIGNIFICANT WAVE HEIGHT (M) =

CHARACTERISTIC WAVE PERIOD (S)

LOWER FREQ.INTEGRATION LIMIT (R/S)

UPPER FREQ.INTEGRATION LIMIT (R/S)

STA. BEAM[M] AREA[M*M] DRAFT[M]
0 .00 .00 .00
1 4.02 20.26 7.13
2 7.98 42.53 7.02
3 11.74 61.82 6.89
4 15.32 80.08 6.78
5 16.73 92.16 6.55
6 16.79 89.37 6.42
7 16.26 69.52 6.31
8 15.23 46.79 6.20
9 13.96 24.14 6.08

10 12.46 7.45 5.96

161.28
8835.5
7.10
6.95
.1000
15.00
135.00

SALTE1S5C

5.09
10.24
.26

1.70

WEIGHT[T)

300.0
375.6
775.0
926.1
1324.4
1295.7
1320.0
820.1
710.0
6€88.6
300.0




Cruiser No. 2 (SCORES)

RUN IDENTIFICATION: SEA STATE 6

MOTION NATURAL FREQUENCIES AND PERIODS:

HEAVE NATURAL FREQUENCY = 1.120 RAD/S HEAVE NATURAL PERIOD = 5.61 SEC.
PITCH NATURAL FREQUENCY = 1.152 RAD/S PITCH NATURAL PERIOD = 5.45 SEC.
ROLL NATURAL FREQUENCY = .412 RAD/S ROLL NATURAL PERIOD = 15.25 SEC.
ROLL WAVE DAMPING = 0.103E+03
ADDED VISCOUS ROLL DAMPING = 0.397E+04
SEAKEEPING RESPONSE RESULTS:
SHIP SPEED = 15.0 KNOTS = 7.72 M/S
WAVE ANGLE [WITH HEAD SEAS 180 DEG.] =135.0 DEG.
ISSC TWO PARAMETER SPECTRUM - SIGN.HEIGHT = 5.09 M CHAR. PERIOD = 10.24 S
NONDIMENSIONAL MOTION RESPONSE:
WAVE ENCOUNT. WAVE HEAVE PITCH ROLL
FREQ. FREQ. LENGTH AMPL. PHASE AMPL,. PHASE AMPL. PHASE
R/S R/S M ND DEG. ND DEG. ND DEG.
.260 .298 911.5 0.998E+400 179.9 O0.71%E+00 84.4 0.148E+01 -136.0
.340 .404 533.0 0.986E+00 179.8 0.728E+00 80.2 0.420E+01 155.8
.420 .518 349.3 0.963E+00 -180.0 0.731E+00 74.0 0.180E+01 61.0

.500 .639 246.5 0.932E+00 -179.1 0.721E+00 65.3 0.918E+00 40.6
.580 .767 183.2 0.923E+00 -178.2 0.688E+00 52.7 0.585E+00 31.0
.660 .902 141.5 0.986E+00 176.5 0.614E+00 33.0 0.381E+00 25.0
-740 1.045 112.5 0.949E+00 147.0 0.441E+00 .4 0.225E+00 21.1
.820 1.194 91.6 0.358E+00 97.1 0.189E+00 -33.6 0.105E+00 21.4
.900 1.351 76.1 0.553E-01 -115.3 0.554E-01 ~70.2 0.304E-01 44.7
.980 1.514 64.2 0.125E+00 -145.7 0.170E-01 -176.7 0.220E-01 134.5
1.060 1.685 54.8 0.732E-01 -168.4 O0.169E-01 122.4 0.238E-01 151.5
1.140 1.863 47.4 0.227E-01 162.8 0.811E-02 94.3 0.130E-01 156.5
1.220 2.048 41.4 0.697E-02 85.6 0.151E-02 56.2 0.292E-02 174.9
1.300 2.240 36.5 0.495E-02 49.8 0.648E-03 -61.7 0.947E-03 -76.6
1.380 2.440 32.4 0.151E-02 55.7 0.441E-03 -22.0 0.173E-03 128.2
1.460 2.646 28.9 0.116E-02 -82.0 O0.641E-03 -5.2 0.411E-03 142.5
1.540 2.860 26.0 0.255E-02 -96.9 O0.318E-03 -80.5 0.745E-03 -110.8
1.620 3.080 23.5 0.109E-02 -135.3 0.503E-03 -163.0 0.744E-03 -139.2
1.700 3.308 21.3 0.156E-02 106.9 0.277E-03 144.9 0.698E-03 108.6
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NONDIMENSIONAL MOMENT RESPONSE FOR RUN:

WAVE ENCOUNT.

FREQ.
R/S
.260
.340
.420
.500
.580
.660
. 740
.820
.900
.980
1.060
1.140
1.220
1.300
1.380
1.460
1.540
1.620
1.700

AMPLITUDE RESPONSE

FREQ WAVE AMP.

R/S
.260
.340
.420
.500
.580
.660
.740
.820
.900
.980

1.060
1.140
1.220
1.300
1.380
1.460
1.540
l1.620
1.700

RESPONSE AMPLITUDE

R.M.S.
AVE.
SIGNIF.
AVEl/10

FREQ.
R/S
.298
.404
.518
.639
.767
.902
1.045
1.194
1.351
1.514
1.685
1.863
2.048
2.240
2.440
2.646
2.860
3.080
3.308

M
0.000
.798
4.112
4.765
3.567
2.342
1.493
.960
.629
-423
.291
.205
.147
.108
.080
.061
.047
.036
.029

M
1.267
1.584

2.535
3.232

Cruiser No. 2 (SCORES)

VERTICAL MOMENT

WAVE
LENGTH AMPL.
M ND
911.5 0.336E-03
533.0 0.139E-02
349.3 0.349E-02
246.5 0.674E-02
183.2 0.106E-01
141.5 0.132E-01
112.5 0.136E-01
91.6 0.149E-01
76.1 0.138E-0l
64.2 0.956E-~02
54.8 0.266E-02
47.4 0.264E-02
41.4 0.334E-02
36.5 0.125E-02
32.4 0.606E-03
28.9 0.719E-03
26.0 0.180E-02
23.5 0.892E-03
21.3 0.170E-02
SPECTRA:
HEAVE PITCH

M DEG.
0.000 0.000

776 .193
3.811 2.335
4.137 5.282
3.039 6.514
2.276 5.725
1.346 2.973

.123 .527

.002 .043

.007 .004

.002 .004
0.000 .001
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
STATISTICS:

M DEG.
1.114 1.374
1.393 1.718
2.228 2.748
2.841 3.504

PHASE
DEG.
.7
-.3
-1.5
~3.7

163.4
164.5
-101.2
163.5
107.7
58.4
-74.5

ROLL
DEG.
0.000
6.414
14.181
8.560
4.713
2.204
770
.164
.013
.006
.007
.002
0.000
0.000
0.000
0.000
0.000
0.000
0.000

DEG.
1.721
2.152
3.443
4.389

DESIGN VALUE WITH N=1000 AND ALPHA=0.01

SEA STATE 6

TRANS. MOMENT

TORS. MOMENT

E-16

AMPL. PHASE AMPL. PHASE
ND DEG. ND DEG.
0.183E-03 79.9 0.119E-03 -164.8
0.246E-03 53.1 O0.850E-03 146.8
0.809E-03 91.3 0.684E-03 64.9
0.208E-02 79.9 0.516E-03 48.7
0.445E-02 72.6 0.385E-03 30.1
0.762E-02 65.8 0.274E-03 -14.9
0.105E-01 61.1 0.395E-03 -68.6
0.119E-01 58.7 0.604E-03 -89.3
0.110E-01 58.8 0.685E-03 -96.5
0.804E-02 61.8 0.547E-03 -95.4
0.381E-02 70.3 0.271E~-03 -73.4
0.709E-03 149.4 0.208E-03 3.0
0.147E-02 -140.9 0.245E-03 25.0
0.773E-03 -168.7 0.131E-03 22.4
0.140E-02 97.9 0.503E-04 -10.5
0.176E-02 97.6 0.807E-04 -8.6
0.984E-03 92.8 0.581E-04 -17.5
0.525E~03 -2.9 0.919E-04 169.6
0.632E-03 -76.9 0.155E-03 122.2
VERT. MOM. LAT. MOM. TORS. MOM.
T-M T-M T-M
0.769E+01 0.229E+01 0.974E+00
0.306E+06 0.966E+04 0.115E+06
0.997E+07 0.537E+06 0.384E+06
0.432E+08 0.412E+07 0.252E+06
0.795E+08 0.141E+08 0.105E+06
0.819E+08 0.271E+08 0.351E+05
0.553E+08 0.328E+08 0.464E+05
0.423E+08 0.269E+08 0.697E+05
0.240E+08 0.153E+08 0.588E+05
0.771E+07 0.544E+07 0.252E+05
0.411E+06 0.840E+06 0.424E+04
0.285E+06 0.205E+05 0.176E+04
0.326E+06 0.630E+05 0.176E+04
0.336E+05 0.128E+05 0.369E+03
0.587E+04 0.313E+05 0.406E+02
0.626E+04 0.377E+05 0.790E+02
0.303E+05 0.901E+04 0.314E+02
0.576E+04 0.200E+04 0.611E+02
0.166E+05 0.228E+04 0.136E+03
T-M T-M T-M
0.526E+04 0.319E+04 0.297E+03
0.657E+04 0.399E+04 0.371E+03
0.10SE+05 0.638E+04 0.593E+03
0.134E+05 0.814E+04 0.756E+03
0.252E+05 0.153E+05 0.142E+04




Cruiser No. 2 (SCORES)

RUN IDENTIFICATION: SEA STATE 7

INPUT VERIFICATION:

1- WATERLINE LENGTH LWL (M) = 161.28
2- VESSEL DISPLACEMENT (TONNES) = 8835.5
3- VERTICAL CENTER OF GRAVITY (M) = 7.10
4- ROLL RADIUS OF GYRATION (M) = 6.95
5- FRACTION OF CRITICAL ROLL DAMPING = .1000
6- SHIP SPEED (KNOTS) = 10.00
7- SHIP HEADING RELATIVE TO WAVES (DEG) = 135.00
'8— WATER TYPE = SALT@15C
9~ ISSC TWO PARAMETER SPECTRUM EXCITATION
10- SIGNIFICANT WAVE HEIGHT (M) = 7.32
11- CHARACTERISTIC WAVE PERIOD (S) = 10.90
12- LOWER FREQ.INTEGRATION LIMIT (R/S) = .26
13- UPPER FREQ.INTEGRATION LIMIT (R/S) = 1.70

STA. BEAM[M] AREA[M*M] DRAFT[M] WEIGHT[T)

0 .00 .00 .00 300.0
1 4.02 20.26 7.13 375.6
2 7.98 42.53 7.02 775.0
3 11.74 61.82 6.89 926.1
4 15.32 80.08 6.78 1324.4
5 16.73 92.16 6.55 1295.7
6 16.79 89.37 6.42 1320.0
7 16.26 69.52 6.31 820.1
8 15.23 46.79 6.20 710.0
9 13.96 24.14 6.08 688.6
10 12.46 7.45 5.96 300.0
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RUN IDENTIFICATION:

Cruiser No. 2 (SCORES)

SEA STATE 7

MOTION NATURAL FREQUENCIES AND PERIODS:

HEAVE NATURAIL FREQUENCY
PITCH NATURAL FREQUENCY

ROLL NATURAL FREQUENCY

ROLL WAVE DAMPING

ADDED VISCOUS ROLL DAMPING

1.120

= 1.152

= .412

SEAKEEPING RESPONSE RESULTS:

SHIP SPEED
WAVE ANGLE [WITH HEAD SEAS 180 DEG.]
ISSC TWO PARAMETER SPECTRUM - SIGN.HEIGHT

NONDIMENSIONAL MOTION RESPONSE:

WAVE

FREQ.

R/S
.260
.340
.420
.500
.580
.660
.740
.820
.900
.980

1.060
1.140
1.220
1.300
1.380
l1.460
1.540
1.620
1.700

ENCOUNT.

FREQ.
R/S
.285
.383
.485
.593
.705
.822
.943
1.069
1.200
1.336
1.477
1.622
1.772
1.927
2.086
2.251
2.420
2.593
2.772

WAVE
LENGTH
M
911.5
533.0
349.3
246.5
183.2
141.5
112.5
91.6
76.1
64.2
54.8
47.4
41.4
36.5
32.4
28.9
26.0
23.5
21.3

RAD/S

RAD/S

RAD/S
0.103E+03

0.397E+04

HEAVE

AMPL. PHASE

ND DEG.
0.994E+00 179.9
0.976E+00 179.8
0.938E+00 179.9
0.876E+00 ~179.2
0.799E+00 -177.1
0.740E+00 -174.8
0.696E+00 179.2
0.452E+00 151.2
0.593E-01 -154.2
0.174E+00 -128.9
0.114E+00 -152.9
0.371E-01 177.9
0.921E-02 98.0
0.666E-02 61.5
0.286E-02 78.3
0.129E-02 -82.3
0.362E-02 -95.4
0.221E-02 -143.8
0.315E-02 112.9

HEAVE NATURAL PERIOD

PITCH NATURAL PERIOD =

ROLL NATURAL PERIOD

10.0 KNOTS = 5.14 M/S
135.0 DEG.
7

5.61 SEC.

5.45 SEC.

15.25 SEcC.

.32 M CHAR. PERIOD = 10.90 s
PITCH ROLL

AMPL. PHASE AMPL. PHASE

ND DEG. ND DEG.
0.716E+00 85.2 0.135E+01 -132.3
0.719E+00 81.7 0.344E+01 -179.9
0.714E+00 76.7 0.245E+01 71.5
0.693E+00 69.7 0.114E+01 44.8
0.647E+00 60.0 0.705E+00 34.2
0.567E+00 46.3 0.455E+00 28.9
0.442E+00 25.2 0.278E+00 25.8
0.250E+00 -7.5 0.133E+00 27.0
0.753E-01 -43.9 0.418E-01 49.6
0.155E-01 -151.7 0.286E-01 134.4
0.215E-01 133.8 0.321E-01 154.3
0.113E-01 104.7 0.185BE-01 159.3
0.197E-02 67.6 0.506E-02 175.2
0.798E-03 -69.9 0.110E-02 -80.8
0.620E-03 7.0 0.304E-03 54.5
0.983E-03 5.4 0.578E-03 110.0
0.510E-03 -~76.9 0.969E-03 -115.4
0.905E-03 -159.4 0.121E-02 -138.8
0.631E-03 136.9 0.931E-03 109.4
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NONDIMENSIONAL MOMENT RESPONSE FOR RUN:

WAVE ENCOUNT.

FREQ.
R/S
.260
.340
.420
.500
.580
.660
.740
.820
.900
.980
1.060
1.140
1.220
1.300
1.380
1.460
1.540
1.620
1.700

AMPLITUDE RESPONSE

FREQ WAVE AMP.

R/s
.260
.340
.420
.500
.580
.660
.740
.820
.900
.980

1.060
1.140
1.220
1.300
1.380
1.460
1.540
1.620
1.700

RESPONSE AMPLITUDE

R.M.S.
AVE.
SIGNIF.
AVEl/10

FREQ.
R/S
.285
.383
.485
.593
.705
.822
.943
1.069
1.200
1.336
1.477
1.622
1.772
1.927
2.086
2.251
2.420
2.593
2.772

M

.012
3.654
10.376
9.598
6.500
4.060
2.520
1.594
1.035
.691
.474
.332
.238
.174
.130
.098
.075
.059
.046

M
1.825
2.281
3.650
4.654

Cruiser No. 2 (SCORES)

VERTICAL MOMENT

WAVE
LENGTH AMPL.

M ND
911.5 0.379E-03
533.0 0.148E-02
349.3 0.364E-02

246.5 0.701E~02
183.2 0.112E-01
141.5 0.149E-01
112.5 0.161E-01
91.6 0.148E-01
76.1 0.133E-01
64.2 0.943E-02
54.8 0.333E-02
47.4 0.193E-02
41.4 0.306E-02
36.5 0.107E-02
32.4 0.78B4E-03
28.9 0.785E-03
26.0 0.187E-02
23.5 0.129E-02
21.3 0.230E-02
SPECTRA:

HEAVE PITCH

M DEG.

.012 .001
3.478 .861
9.122 5.616
7.359 9.830
4.155 10.511
2.221 8.466
1.222 5.036

.326 1.543

.004 .131

.021 .005

.006 .009
0.000 .002
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
STATISTICS:

M DEG.
1.494 1.833
1.868 2.292
2.989 3.667
3.811 4.675

PHASE

DEG.
-3.4
~2.3
-2.4
-3.4
-5.4
-8.0
-9.1
=2.0

5.

6.

2.
171.4
162.3
165.6
-96.5
174.8
111.0

46.7
-65.9

4
9
1

ROLL
DEG.
.003
19.668
66.015
26.693
12.482
5.449
1.987
.436
.041
.018
.021
.007
0.000
0.000
0.000
0.000
0.000
0.000
0.000

DEG.
3.260
4.075
6.519
8.312

DESIGN VALUE WITH N=1000 AND ALPHA=0.01
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SEA STATE 7
TRANS. MOMENT TORS. MOMENT
AMPL. PHASE AMPL. PHASE
ND DEG. ND DEG.
0.237E-03 84.9 0.101E-03 -162.3
0.437E-03 69.2 0.649E-03 168.5
0.843E-03 94.9 0.870E-03 72.1
0.211E-02 86.8 0.611E-03 49.2
0.433E-02 79.9 0.468E-03 30.2
0.757E-02 73.3 0.351E-03 -7.6
0.107E~01 67.3 0.440E-03 -59.9
0.125E-01 63.0 0.646E-03 -84.3
0.118E-01 61.0 0.733E-03 -94.2
0.857E-02 62.3 0.594E-03 -95.5
0.402E-02 70.9 0.299E-03 -78.4
0.931E-03 152.6 0.194E-03 -3.0
0.174E-02 -142.2 0.250E-03 25.6
0.757E-03 -150.7 0.147E-03 28.5
0.115E-02 87.7 0.446E-04 6.8
0.181E-02 85.9 0.748E-04 -13.6
0.122E-02 91.2 O0.702E-04 -26.4
0.418E-03 -13.1 0.824E-04 168.2
0.827E-03 -83.2 0.167E-03 122.7
VERT. MOM. LAT. MOM. TORS. MOM.
T-M T-M T-M
0.336E+03 0.131E+03 0.238E+02
0.159E+07 0.139E+06 0.307E+06
0.274E+08 0.147E+07 0.157E4+07
0.941E+08 0.853E+07 0.714E+06
0.162E+09 0.243E+08 0.283E+06
0.179E+09 0.464E+08 0.997E+05
0.130E+09 0.577E+08 0.973E+05
0.693E+08 0.497E+08 0.133E+06
0.368E+08 0.288E+08 0.111E+06
0.123E+08 0.101E+08 0.486E+05
0.105E+07 0.152E+07 0.845E+04
0.248E+06 0.575E+05 0.251E+04
0.446E+06 0.144E+06 0.298E+04
0.397E+05 0.199E+05 0.750E+03
0.159E+05 0.340E+05 0.515E+02
0.121E+05 0.643E+05 0.110E+03
0.528E+05 0.224E+05 0.742E+02
0.194E+05 0.204E+04 0.793E+02
0.489E+05 0.630E+04 0.257E+03
T-M T-M T-M
0.756E+04 0.428E+04 0.520E+03
0.945E+04 0.535E+04 0.649E+03
0.151E+05 0.856E+04 0.104E+04
0.193E+05 0.109E+05 0.132E+04
0.363E+05 0.205E+05 0.249E+04




DOUBLE HULL TANKER

CHARACTERISTICS

LBP
B molded
Depth

T design load
Displacement
Deadweight

Web frame spacing
Tank Length, typical

VESSEL LOADING IS LOADMASTER CONTROLLED

625 ft
96 ft
50 ft
34 ft

44513 L.Tons
34700 L.Tons

11.5 ft
57.5 ft

ALLOWABLE STILL WATER BENDING MT AND SHEAR FORCE

Frame No. BM (L.Ton-ft) SF (L.Tons)

57 Aft 421665
67 Midship 421665
77 Fwd 380060

5810
6323
5305

TYPICAL STILL WATER BM AND SF

Condition BM as

% of Allowable

/ (Location)

Light ship
Fairweather ballast
Max ballast
Homogenous cargo
Half cargo

3/4 cargo

52 (Bhd 62)
80 (Bhd 57)
98 (Bhd 62)
20(Bhd 67)
70(Bhd 72)
65 (Bhd 63)
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SF as % of Allowable

(Location)

32 (Bhd
51 (Bhd
60 (Bhd
10 (Bhd
60 (Bhd
60 (Bhd

47)
47)
47)
67)
77)
77)




SL-7 SHIP

Weights, Centers and Gyradii
for "Light" Load Condition

1 2 3 4 5 6
SEGMENT WEIGHT LCG VCG K XX Kyy Kzz

1 777.4 421.25 43.40 24.9 31.4 21.8
2 1859.9 355.93 32.88 25.3 30.3 22.8
3 1217.9 297.07 58.52 36.7 32.6 31.0
4 1151.8 254.73 47.36 30.0 25.9 21.7
5 1379.2 214.75 48.67 33.2 27.2 25.1
6 1844.3 174.71 44.99 33.6 26.7 25.7
7 1990.6 134.72 33.36 32.7 25.6 25.9
8 2429.0 94.72 35.89 35.6 26.6 28.5
9 2547.5 54.73 34.42 36.1 26.3 29.4
10 2707.6 14.74 33.81 36.6 26.2 30.4
11 2714.9 -27.74 31.54 37.0 25.6 31.7
12 2697.9 -72.74 31.49 37.0 25.7 31.6
13 3284.9 ~-109.75 42.97 42.2 30.0 31.9
14 3031.4 -147.25 45.39 46.2 34.2 36.7
15 2726.3 -194.75 41.65 37.9 24.8 32.3
16 2757.4  -234.10 42.03 37.3 26.2 31.8
17 1631.3  -275.85 46.21 36.8 26.1 31.0
18 1217.7  -316.15 47.13 35.1 26.4 29.4
19 982.5 -355.30 41.47 32.7 24.1 28.4
20 901.2 -395.25 40.77 31.2 25.1 27.0
21 889.3 -429.25 44.36 24.3 21.1 18.6
22 682.9 -460.25 52.05 22.5 18.1 18.9
TOTAL 41422.8 -37.43 40.26 36.7 214.8 215.0

I_Long Tons (2240 lb)
.Feet Forward of Midship
.Feet Above Baseline
.Roll Gyradius, Feet
.Pitch Gyradius, Feet
.Yaw Gyradius, Feet

S N h o
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APPENDIX F

SAMPLE OF INPUT/OUTPUT FILES OF:

SLAM
SOST
ALPS/ISUM
CALREL
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3 Data Entry

The program provides several data input screens which ask for all necessary information:
ship sections, loading, transfer function, sea state, and analysis. All of the required data is
able to be input into the program manually. The ship sections and mass distribution,
however, can also be imported from an outside source.

3.1 Ship Sections

The ship sections screen asks for the offsets, stiffness, shear modulus, station number, and
location of the station from the forward perpendicular. The units and a brief description are
as follows:

Input Units
offsets, y and z coordinates m
stiffness, Elz MNm?

E is Young’s Modulus MN/m

Iz is the moment of inertia around the z-axis m’
shear modulus, GkA MN

G is the shear modulus MN/m

k is the effective shear area factor dimensionless

A is the area of the cross section m?
x-location, distance from the forward perpendicular m

The ship geometry can be input manually by opening the “Ship Sections” sheet and typing in
the y and z coordinates, stiffnesses, and location for the given station. This process may then
be repeated for as many stations as desired. See Figure 1 for a sample sheet.

Figure 1 — Ship Section Sheet
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It is also possible to inport data from ASCII files. The file must be named “ship.sec” and the
format of the data must be as follows:

File Format Example

[number of stations on file] 25

[station number x-coordinate stiffness shear modulus] 10 1E6 1E4

[number of offset points for the station] 3

[y offsets z offsets] 0 9.754
0.003 16.002
0 16.002

The last three steps are then repeated for the appropriate number of stations.

3.2 Ship Loading

The mass distribution can be either input manually or imported. ‘For manual input, the
loading screen will require input of the position of the stations, the mass corresponding to
that station, and the radius of gyration. See Figure 2 for a sample sheet.

Mass distribution X

Figure 2 — Ship Loading Sheet
The position of the stations must be input starting from the bow. The corresponding mass at

that station may be in any loading condition desired, if applicable. The radius of gyration of
the mass is defined as

h
= ‘/; where h = the height of the side of the vessel at that particular station.




The units of these inputs are as follows:

Input ‘ Units
position (x coordinate) of station m
mass kg
radius of gyration m”

The mass distribution can be imported from an ASCII file named “ship.loa” and has the
following format:

File Format Example

[number of loading points in file] 25

[x coordinate mass radius of gyration] 0 140000 2.82

The last step is then repeated for the appropriate number of stations.

3.3 Transfer Functions

The transfer function sheet consists of the following fields as shown in Figure 3.

e number of frequencies
This tells the program how many frequencies should be run in the range specified in
the following fields.

¢ low frequency (radians/second)
This tells the program the frequency at which to begin calculation.

¢ high frequency (radians/second)
This tells the program the frequency at which to stop calculation.

e integration points
This tells the program how many longitudinal points along the vessel are to be used
for the numberical methods calculations.

Figure 3 — Transfer Function Sheet
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34 Sea State

The sea state sheet consists of the following fields as shown in Figure 4.

e significant wave height, H; (meters)
Significant wave height is defined as the average of the highest 1/3 waves to be

encountered.

e zero crossing period, T, (seconds)
Zero crossing period is the period of the wave and can be calculated by

H
T, =1112 - where g is the acceleration of gravity

Figure 5 — Analysis Sheet

F-5




3.5 Analysis

The analysis sheet consists of the following fields as shown in Figure 5.

e number of modes
Defines the number of modes used when the dynamic response due to the slamming
impact is calculated. Two modes were used in all calculations for these vessels as
higher modes produced insignificant changes in the results.

e number of simulations
The statistics of the response moments are calculated by simulations.

e x-bow (meters)
This is the longitudinal position at which slamming impact takes place. For this
analysis, the position of slamming impact was taken as the location of damage which
was determined using Figure 6. The percent of total length read from the chart was
the mean value for a given block coefficient and in some cases had to be extrapolated.
As will be shown later, the position of slamming impact will greatly influence the
calculated slamming induced bending moments.

—F—f—ag—A——- - ==
.80 ]
1 v
\ s 2 £ n TS
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2 ‘ » /
v 70 LA \
\‘: \"IZI
S 65 :
e y 7\
X 6 ) (7%4
[ §] . N7 727 y
le) x r7
.J -
. =4\ A A

S 10 15 20 2 X
%L AFT OF FP

Figure 6 — Longitudinal Location of Damage [6]

e x-midship (meters)
This is the longitudinal position along the vessel at which the response is to be
calculated. In the analysis, this position was taken to be the midship of the vessel.
¢ damping ratio
This is a structural coefficient in the dynamic equations of motion. This analysis used
a damping ratio of 0.0017.
¢ heading angle (degrees)
This is the angle of the vessel relative to the encountered waves where 0° signifies
following seas and 180° signifies head seas.
¢ velocity (meters/second)
The speed of the vessel corresponding to the particular sea state.
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Results for CRUISERL.SHP --- page 1

RESULT IN AIR
qotal mass of ship 9694063.3

Natural frequency 1 = 8.39 rad/sec w(L/g)"}% =
Natural frequency 2 = 17.67 rad/sec w(L/g)"% =
RESULT IN WATER
rotal mass of ship 9694063.3
Natural frequency 1 = 6.23 rad/sec w(L/g)*k =
Natural frequency 2 = 12.67 rad/sec w(L/g)"% =
TRANSFER FUNCTIONS
# of wave frequencies 160
velocity 4.00 Heading 180.0 XcG 76.90
Omega H_a H p P_a P_p M a
0.050 0.99931 6.2825 0,00029 1.5488 0.00008
0.101 0.99803 6.2823 0.00107 1.5662 0.00011
0.151 0.99447 6.2825 0,00237 1.5791 0.00003
0.201 0.98617 0.0002 0.00418 1.5963 0.00049
0.252 0.96948 0.0020 0.00648 1.6205 0.00143
0.302 0.93976 0.0041 0.00922 1.6535 0.00302
0.352 0.89211 0.0051 0.01226 1.6976 0.00541
0.403 0.82266 0.0015 0.01539 1.7547 0.00864
0.453 0.73132 6.2696 0.01818 1.8284 0.01218
0.503 0.61971 6.2308 0.02023 1.9098 0.01642
0.553 0.49455 6.1447 0.02135 2.0192 0.02052
0.604 0.37951 5.9728 0.02092 2.1597 0.02366
0.654 0.29959 5.7030 0.01865 2.3481 0.02503
0.704 0.25131 5.3929 0.01437 2.6121 0.02434
0.755 0.20324 5.1034 0.00866 3.0940 0.02137
0.805 0.21107 4.5605 0.00391 4.4329 0.01676
0.855 0.29407 4.7795 0.00567 5.9653 0.01044
0.906 0.21030 5.4482 0.00723 0.3827 0.00381
0.956 0.08620 0.2660 0.00585 1.1722 0.00448
1.006 0.04799 2.0559 0.00325 2.2386 0.00525
1.057 0.03917 3.1075 0.00200 3.6013 0.00332
1.107 0.01825 4.0111 0.00155 4.5826 0.00175
1.157 0.01079 5.4708 0.00085 5.4181 0.00194
1.208 0.00934 0.1259 0.00040 0.3101 0.00166
1.258 0.00495 0.6203 0.00032 1.6138 0.00079
1.308 0.00060 2.0676 0.00021 2.3113 0.00060
1.358 0.00152 3.7744 0.00005 3.3060 0.00075
1.409 0.00063 3.5464 0.00005 5.4432 0.00032
1.459 0.00090 1.7619 0.00003 5.3216 0.00040
1.509 0.00060 1.1539 0.00004 3.5958 0.00026
1.560 0.00057 5.3204 0.00002 3.4898 0.00035
1.610 0.00059 4.9183 0.00003 0.4052 0.00026
1.660 0,.00033 2.2520 0.00004 0.7726 0.00042
1.711 0.00066 2.1527 0.00003 2.8978 0.00063
1.761 0.00021 4.2314 0.00005 3.7981 0.00023
1.811 0.00067 5.1645 0.0000C3 5.4406 0.00063
1.862 0.00026 0.3279 0.00004 0.4601 0.00033
1.912 0.00057 1.8596 0.00003 2.0473 0.00073
1.962 0.00024 3.3830 0.00004 3.4962 0.00034
2.013 0.00044 4.9192 0.00002 5.1826 0.00064
2.063 0.00022 0.5074 0.00003 0.3490 0.00040
2.113 0.00034 1.7913 0.00002 2.2483 0.00058
2.164 0.00023 3.9971 0.00002 3.6242 0.00044
2.214 0.00022 5.0759 0.00002 5.6723 0.00039
2.264 0.00023 1.0696 0.00001 0.8832 0.00051
2.314 0.00010 2.6152 0.00002 2.8411 0.00024
2.365 0.00017 4.4392 0.00001 4.9168 0.00043
2.415 0.00012 0.7428 0.00001 0.1745 0.00035
2.465 0.00007 1.9754 0.00001 2.4551 0.00019
2.516 0.00013 4.1593 0.00001 4.5028 0.00036
2.566 0.00008 0.4689 0.00001 6.0962 0.00026
2.616 0.00004 1.5401 0.00001 2,2220 0.00010
2.667 0.00008 3.8054 0.00000 4.5625 0.00024
2.717 0.00005 0.3718 0.00000 5.6791 0.00019%
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Marsden
Marsden
Marsden
Marsden
Marsden
Marsden
Marsden
Marsden
Marsden
Marsden
Marsden
Marsden

area
area
area
area
area
area
area
area
area
area
area
area

Total period

Fraction of
Service spee

of
of
of
of
of

Fraction
Fraction
Fraction
Fraction
Fraction

Rigid hull,

Response at

Scale factor for S-N curve

Slope of s-N

No. 8: Fraction of time .........: .059
No. 9: Fraction of time .........: .059
No. 10: Fraction of time .........: .059
No. 11: Fraction of time .........: .059
No. 15: Fraction of time .........: .118
No. 16: Fraction of time .........: .118
No. 17: Fraction of time ......... : .059
No. 23: Fraction of time .........: .118
No. 24: Fraction of time .........: .118
No. 25: Fraction of time .........: .118
No. 26: Fraction of time .........: .059
No. 27: Fraction of time .........: .059
(YEArS) ceeeeecccersoscansoroananst 15.000
Hsl = practical Hs limit for service speed ....: 16.500
Fraction of time with service speed when Hs<Hsl: .800
time with minimum speed when Hs>Hsl: 1.000
d>=.ceeesne cescesessscensascas PO 30.500
time with heading 0 deg (following): .111
time with heading 45 deg ..........t .222
time with heading 90 deg ..... P | .222
time with heading 135 deg .........: .333
time with heading 180 deg (head) ..: .111
Main dimensions: L,B,T = 640.000, 96.000, 34.100
bending moments, sagging statistics

Station NO. c.eiecececrescccsaccsnest 11
Fraction of time with non-zero response spectra: .899D+00
Stress conversion factor for fatigue analysis..: .500D+08
..... ceseecesesesesssd +329D+13
CUrVe ..evsve sesesecsesssasssescsest -3.000
Resulting fatique damage ......ccccecevevece.e.s .273D-02
sesssesnsssecst .258D-02

Resulting fatigue damage (linear)

Long term probability of exceedance of + peaks

during 15.0
Level
from zero
0.000D+00
2.200D+07
4.400D+07
6.600D+07
8.800D+07
1.100D+08
1.320D+08
1.540D+08
1.760D+08
1.980D+08
2.200D+08
2.420D+08
2.640D+08
2.860D+08
3.080D+08
3.300D408
3.520D+08
3.740D+08

years, corr.
Poisson
upcrossing
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00

to 599445
Order
statistics
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00

59 peaks (
Poisson
(k3=0,k4=3)
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
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59588777 if
Poisson
Linear resp
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00

Gaussian)
Individual
peak exced.
8.993D-01
7.209D-01
5.154D-01"
3.738D-01
2.767D-01
2.076D-01
1.576D-01
1.211D-01
9.406D-02
7.366D-02
5.809D-02
4.608D-02
3.673D-02
2.941D-02
2.363D-02
1.905D-02
1.540D-02
1.247D-02




3.960D+08
4.180D+08
4.400D+08
4.620D+08
4.840D+08
5.060D+08
5.280D+08
5.500D+08
5.720D+08
5.940D+08
6.160D+08
6.380D+08
6.600D+08
6.820D+08
7.040D+08
7.260D+08
7.480D+08
7.700D+08
7.920D+08
8.140D+08
8.360D+08
8.580D+08
8.800D+08
9.020D+08
9.240D+08
9.460D+08
9.680D+08
9.900D+08
1.012D+09
1.034D+09
1.056D+09
1.078D+09
1.100D+09
1.122D+09
1.144D+09
1.166D+09
1.188D+09
1.210D+09
1.232D+09
1.254D+09
1.276D+09
1.298D+09
1.320D+09
1.342D+09
1.364D+09
1.386D+09
1.408D+09
1.430D+09
1.452D+09
1.474D+09
1.496D+09
1.518D+09
1.540D+09
1.562D+09
1.584D4+09
1.606D+09
1.628D+09
1.650D+09
1.672D+09
1.694D+09
1.716D+09
1.738D+09
1.760D+09
1.782D+09

1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
9.998D-01
9.993D-01

1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00

TANKER

1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
9.999D-01
9.991D-01
9.959D-01
9.863D-01
9.643D-01
9.248D-01
8.653D-01
7.879D-01
6.981D-01
6.027D-01
5.086D-01
4.206D-01
3.419D-01
2.740D-01
2.169D-01
1.701D-01
1.322p-01

-9

1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
9.999D-01
9.995D-01
9.973D-01
9.898D-01
9.711D-01
9.352D-01
8.786D-01
8.027D-01
7.125D-01
6.155D-01
5.189D-01
4.282D-01
3.471D-01
2.770D-01
2.184D-01
1.704D-01
1.318D-01
1.012D-01
7.725D-02

1.013p-02
8.234D-03
6.707D-03
5.472D-03
4.471D-03
3.658D-03
2.997D-03
2.459D-03
2.021D-03
1.663D-03
1.370D-03
1.131D-03
9.342D-04
7.729D-04
6.403D-04
5.311D-04
4.411D-04
3.668D-04
3.054D-04
2.545D-04
2.124D-04
1.774D-04
1.484D-04
1.242D-04
1.041D-04
8.734D-05
7.335D-05
6.166D-05
5.188D-05
4.370D-05
3.684D-05
3.108D-05
2.625D-05
2.218D-05
1.876D-05
1.589D-05
1.346D-05
1.141D-05
9.681D-06
8.219D-06
6.982D-06
5.936D-06
5.049D-06
4.297D-06
3.659D-06
3.117D-06
2.656D-06
2.265D-06
1.932p-06
1.649D-06
1.408D-06
1.202D-06
1.027D-06
8.773D-07
7 .498D-07
6.410D-07
5.481D-07
4.687D-07
4.009D-07
3.430D-07
2.935D-07
2.511D-07
2.149D-07
1.839D-07




TANKER
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1.804D+09 9.980D-01 9.999D-01 1.021D-01 5.866D-02 1.574D-07
1.826D+09 9.951D-01 9.997D-01 7.838D-02 4.434D-02 1.348D-07
1.848D+09 9.895D-01 9.990D-01 5.987D-02 3.339D-02 1.154D-07
1.870D+09 9.797D-01 9.973D-01 4.552D-02 2.505D-02 9.877D-08
1.892D+09 9.643D-01 9.937D-01 3.448D-02 1.873D-02 8.456D-08
1.914D+09 9.423D-01 9.870D-01 2.603D-02 1.397D-02 7.239D-08
1.936D+09 9.130D-01 9.757D-01 1.959D-02 1.039D-02 6.198D-08
1.958D+4+09 8.762D-01 9.585D-01 1.470D-02 7.701D-03 5.307D-08
1.980D+09 8.327D-01 9.344D-01 1.099D-02 5.696D-03 4.543D-08
2.002D+09 7.836D-01 9.029D-01 8.205D-03 4.202D-03 3.890D-08
2.024D+09 7.302D-01 8.642D-01 6.107D-03 3.093D-03 3.330D-08
2.046D+09 6.741D-01 8.190D-01 4.535D-03 2.271D-03 2.851D-08
2.068D+09 6.169D-01 7.685D-01 3.359D-03 1.663D-03 2.441D-08
2.090D+09 5.601D-01 7.142D-01 2.483D-03 1.215D-03 2.090D-08
2.112D+09 5.048D-01 6.578D-01 1.830D-03 8.858D-04 1.789D-08
2.134D+09 4.5200-01 6.006D-01 1.346D-03 6.442D-04 1.531D-08
2.156D+09 4.024D-01 5.442D-01 9.880D-04 4.674D-04 1.311D-08
2.178D+09 3.563D-01 4.896D-01 7.234D-04 3.383D-04 1.122D-08
2.200D+09 3.141D-01 4.376D-01 5.284D-04 2.443D-04 9.602D-09
Long term probability of exceedance of - peaks

Level Poisson Order Poisson Poisson Individual
from zero upcrossing| statistics|(k3=0,k4=3)|Linear resp|peak exced.
0.000D+00 1.000D+00 1.000D+00 1.000D+00 1.000D+00 8.993D-01
2.200D+07 1.000D+00 1.000D+00 1.000D+00 1.000D+00 7.183D-01
4.400D+07 1.000D+00 1.000D+00 1.000D+00 1.000D+00 5.075D-01
6.600D+07 1.000D+00 1.000D+00 1.000D+00 1.000D+00 3.614D-01
8.800D+07 1.000D+00 1.000D+00 1.000D+00 1.000D+00 2.617D-01
1.100D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.918D-01
1.320D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.424p-01
1.540D4+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.071D-01
1.760D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 8.142D-02
1.980D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 6.238D-02
2.200D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 4.806D-02
2.420D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 3.719D-02
2.640D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 2.887D-02
2.860D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 2.247D-02
3.080D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.752D-02
3.300D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.367D-02
3.520D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.068D-02
3.740D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 8.347D-03
3.960D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 6.526D-03
4.180D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 5.104D-03
4.400D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 3.993D-03
4.620D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 3.125D-03
4.840D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 2.447D-03
5.060D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.917D-03
5.280D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.503D-03
5.500D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.179D-03
5.720D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 9.257D-04
5.940D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 7.274D-04
6.160D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 5.720D-04
6.380D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 4.502D-04
6.600D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 3.546D-04
6.820D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 2.796D-04
7.040D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 2.206D-04
7.260D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.742D-04
7.480D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.378D-04
7.700D+08 1.000D+00 1.000D+00 1.000p+00 1.000D+00 1.090D-04
7.920D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 8.634D-05
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8.140D+08
8.360D+08
8.580D+08
8.800D+08
9.020D+08
9.240D+08
9.460D+08
9.680D+08
9.900D+08
1.012D+09
1.034D+09
1.056D+09
1.078D+09
1.100D+09
1.122D+09
1.144D+09
1.166D+09
1.188D+09
1.210D+09
1.232D+09
1.254D+09
1.276D+09
1.298D+09
1.320D+09
1.342D+09
1.364D+09
1.386D+09
1.408D+09
1.430D+09
1.452D+09
1.474D+09
1.496D+09
1.518D+09
1.540D+09
1.562D+09
1.584D+09
1.606D+09
1.628D+09
1.650D+09
1.672D+09
1.694D+09
1.716D+09
1.738D+09
1.760D+09
1.782D+09
1.804D+09
1.826D+09
1.848D+09
1.870D+09
1.892D+09
1.914D+09
1.936D+09
1.958D+09
1.980D+09
2.002D+09
2.024D+09
2.046D+09
2.068D+09
2.090D+09
2.112D+09
2.134D+09
2.156D+09
2.178D+09
2.200D+09

1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
9.998D-01
9.990D-01
9.959D-01
9.878D-01
9.707D-01
9.406D-01
8.953D-01
8.352D-01
7.629D-01
6.828D-01
5.996D-01
5.176D-01
4.402D-01
3.696D-01
3.069D-01
2.526D-01
2.062D-01
1.673D-01
1.350D-01
1.084D-01
8.672D-02
6.916D-02
5.500D-02
4.363D-02
3.455D-02
2.730D-02
2.154D-02
1.697D-02
1.335D-02
1.049D-02
8.235D-03
6.457D-03
5.058D-03
3.958D-03
3.094D-03
2.417D-03
1.886Db-03

1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
9.998D-01
9.987D-01
9.952D-01
9.862D-01
9.675D-01
9.354D-01
8.880D-01
8.259D-01
7.522D-01
6.712D-01
5.877D-01
5.060D-01
4.293pD-01
3.597D-01
2.981D-01
2.449p-01
1.996D-01
1.617D-01
1.303D-01
1.045D-01
8.348D-02
6.649D-02
5.282D-02
4.185D-02
3.310D-02
2.613D-02
2.059D-02
1.621D-02
1.274D-02
9.998D-03
7.839D-03
6.139D-03
4.804D-03
3.755D-03
2.932D-03
2.288D-03

TANKER

1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
9.999D-01
9.992D-01
9.961D-01
9.863D-01
9.639D-01
9.234D-01
8.623D-01
7.829D-01
6.912D-01
5.944D-01
4.994D-01
4.111D-01
3.327D-01
2.654D-01
2.092D-01
1.633D-01
1.265D-01
9.726D-02
7.437D-02
5.658D-02
4.287D-02
3.235D-02
2.434D-02
1.825D-02
1.364D-02
1.017D-02
7.567D-03
5.614D-03
4.155D-03
3.068D-03
2.260D-03
1.661D-03
1.218D-03
8.911D-04
6.504D-04
4.736D-04
3.441D-04
2.495D-04
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1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
1.000D+00
9.999D-01
9.995D-01
9.973D-01
9.898D-01
9.711D-01
9.352D-01
8.786D-01
8.027D-01
7.125D-01
6.155D-01
5.189D-01
4.282D-01
3.471D-01
2.770D-01
2.184D-01
1.704D-01
1.318D-01
1.012D-01
7.725D~02
5.866D-02
4.434D-02
3.339D-02
2.505D-02
1.873D-02
1.397D-02
1.039D-02
7.701D-03
5.696D-03
4.202D-03
3.093p-03
2.271D-03
1.663D-03
1.215D-03
8.858D-04
6.442D-04
4.674D-04
3.383D-04
2.443D-04

6.845D-05
5.433D-05
4.316D-05
3.432D-05
2.733D-05
2.178D-05
1.738D-05
1.388D-05
1.110D-05
8.881D-06
7.115D-06
5.705D-06
4.578D-06
3.676D-06
2.954D-06
2.375D-06
1.910D-06
1.536D-06
1.236D-06
9.944D-07
8.000D-07
6.435D-07
5.175D-07
4.161D-07
3.344D-07
2.687D-07
2.157D-07
1.732D-07
1.389D-07
1.114D-07
8.922D-08
7.144D-08
5.717D-08
4.571D-08
3.653D-08
2.917D-08
2.327D-08
1.855D-08
1.478D-08
1.177D-08
9.358D-09
7.437D-09
5.905D-09
4.685D-09
3.714D-09
2.942D-09
2.328D-09
1.841D-09
1.454D-09
1.148D-09
9.052D-10
7.132D-10
5.615D-10
4.417D-10
3.471D-10
2.726D-10
2.138D-10
1.676D-10
1.313D-10
1.027D-10
8.033D-11
6.275D-11
4.898D-11
3.821D-11
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Marsden area No. 8: Fraction of time .........2 .059
Marsden area No. 9: Fraction of time .........: .059 .
Marsden area No. 10: Fraction of time .........: .059
Marsden area No. ll: Fraction of time ........ . .059
Marsden area No. 15: Fraction of time .........2 .118
Marsden area No. 16: Fraction of time .........2 .118
Marsden area No. 17: Fraction of time ....c.... : .059
Marsden area No. 23: Fraction of time ......c..2 .118
Marsden area No. 24: Fraction of time ..... P .118
Marsden area No. 25: Fraction of time ....cccc0.2 .118
Marsden area No. 26: Fraction of time ...cceee. .059
Marsden area No. 27: Fraction of time ....ccc0. .059

Total period (Years) .e.ceececcccssccccccsccecnsl 15.000

Hsl = practical Hs limit for service speed ....: 16.500
Fraction of time with service speed when Hs<Hsl: .800
Fraction of time with minimum speed when Hs>Hsl: 1.000
Service speed >=....iiicietiecietassenacnantacaet 30.500
Fraction of time with heading 0 deg (following): .111
Fraction of time with heading 45 deg .......... : .222
Fraction of time with heading %0 deg ...... et .222
Fraction of time with heading 135 deg ..... oot .333
Fraction of time with heading 180 deg (head) ..: .111
Main dimensions: L,B,T = 880.000,105.510, 32.429
Rigid hull, bending moments, sagging statistics

Response at Station NO. ..ccieeeeceososncacocest 11

Fraction of time with non-zero response spectra: .894D+00

Stress conversion factor for fatigue analysis..: .500D+08
Scale factor for S-N curve ....cceeeeevenssessst .329D+13

Slope Of S-N CUILVE ...cecvscscssasccascscns ceval -3.000
Resulting fatique damage ....cevevccces ecseesest <743D-02
Resulting fatigue damage (linear) ......... esses .699D-02

Long term probability of exceedance of + peaks
during 15.0 years, corr. to 55596001 peaks ( 54925809 if Gaussian)

- | - —— - - —— -] - -

Level Poisson order Poisson Poisson Individual
from zero upcrossing| statistics|(k3=0,k4=3)[Linear resp|peak exced.
0.000D+00 1.000D+00 1.000D+00 1.000D+00 1.000D+00 8.938D-01
2.200D4+07 1.000D+00 1.000D+00 1.000D+00 1.000D+00 7.448D-01
4.400D+07 1.000D+00 1.000D+00 1.000D+00 1.000D+00 5.668D-01
6.600D+07 1.000D+00 1.000D+00 1.000D+00 1.000D+00 4.372D-01
8.800D+07 1.000D+00 1.000D+00 1.000D+00 1.000D+00 3.445D-01
1.100D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 2.768D-01
1.320D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 2.257D-01
1.540D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.859D-01
1.760D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.543D-01
1.980D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.291D-01
2.200D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 1.087D-01
2.420D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 9.211D-02
2.640D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 7.847D-02
2.860D4+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 6.716D-02
3.080D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 5.772D-02
3.300D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 4.980D-02
3.520D+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 4.311D-02
3.740D+4+08 1.000D+00 1.000D+00 1.000D+00 1.000D+00 3.744D-02
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*

* *
* *
* *
* A LPS / I S UM *
* *
* *
* %*
* A COMPUTER PROGRAM OF *
* NONLINEAR ANALYSIS OF *
* LARGE PLATED STRUCTURES USING *
* IDEALIZED STRUCTURAL UNIT METHOD *
* *
* *
* DEVELOPED BY *
* *
* JEOM K. PAIK *
* *
* DEPARTMENT OF NAVAL ARCHITECTURE *
* AND OCEAN ENGINEERING *
* PUSAN NATIONAL UNIVERSITY *
* PUSAN, KOREA *
* *
* *
* *
* % % % %k & %k * %k %k *k % * % * k % % * %k * % * *k * * * %k *k % *k * * *k % % % * Kk %

<<<<<« I NPUT DATA E C H O >>>>>

NUMBER OF PLATE ELEMENT(NEP)..cccoe.sso= 140
NUMBER OF STIFFENED PLATE ELEMENT (NES)= 51
NUMBER OF BEAM ELEMENT(NEF)..ccceesese= 25
NUMBER OF NODAL POINT(NP)...eevsecceee.™ 118
NUMBER OF LOADING STEP(NSTEP).:cceecs = 500
SKIP NUMBER OF OUTPUT PRINT(NSKIP)....= 200
NUMBER OF LOADING POINT(NR)..... ceeee = 59
TYPE OF LOADING CONDITION(KTYPE)......= 2

ARRANGEMENT NUMBER OF PLATE (NPNOP)
1) 1 2 61 60 ( 2) 11 38 97 70
3) 21 59 118 80 4) 24 58 117 83

15) 68 67 71 67

(
(
(
(
(
(
(
(
( 17) 10 68 69 18) 1 10 69 70
(
(
(
(
(
(
(
(

(
(
(
(
(
(
(  16)
(
19) 13 10 69 72 ( 20) 12 13 72 71
(
(
(
(
(
(
(

5) 29 57 116 88 6) 1 3 62 60
7) 4 2 61 63 8) 3 4 63 62
9) 3 5 64 62 10) 5 6 65 64
11) 7 4 63 66 12) 6 7 66 65
13) 6 8 67 65 14) 9 7 66 68
8 9 8 12
9 1

21) 12 14 73 71
23) 16 13 72 75
25) 15 17 76 74
27) 18 11 70 77
29) 19 20 79 78
31) 20 22 81 79
33) 23 24 83 82

22) 14 15 74 73
24) 15 16 75 74
26) 17 18 717 76
28) 18 19 78 77
30) 20 21 80 79
32) 22 23 82 81
34) 23 25 84 82

F-13




35) 25 26 85 84 (

37) 27 28 87 86 (

39) 30 1 60 89

41) 31 30 89 90 (

43) 33 32 91 92

45) 34 33 92 93 ¢

47) 34 36 95 93

49) 39 35 94 98

51) 37 38 97 96 |

53) 40 39 98 99 (

55) 42 41 100 101 (

57) 43 42 101 102

59) 45 44 103 104 (

61) 46 45 104 105 (

63) 48 47 106 107 (

65) 50 49 108 109 (

67) 52 50 109 111

69) 54 53 112 113 (

71) 56 55 114 115

73) 58 51 110 117 (

75) 25 26 28 24

77) 24 28 29 58

79) 58 56 55 51 (

8l1) 51 55 53 52

83) 82 8 87 83 ( 84) 83 87 88 117

85) 83 88 116 117 ( 86) 117 115 114 110

87) 110 114 113 109 ( 88) 110 114 112 111
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

( 36) 26 27 86 85
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
{
(
(
(
(
(
(
(
(
(
( 89) 20 23 24 21 90) 21 24 58 59
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

38) 28 29 88 87
40) 2 31 90 61
42) 32 30 89 91
44) 31 34 93 90
46) 35 33 92 94
48) 36 35 94 95
50) 36 37 96 95
52) 37 40 99 96
54) 41 39 98 100
56) 40 43 102 99
58) 44 42 101 103
60) 38 45 104 97
62) 47 46 105 106
64) 49 47 106 108
66) 51 50 109 110
68) 53 52 111 112
70) 55 54 113 114
72) 59 48 107 118
74) 57 56 115 116
76) 23 27 28 24
78) 24 29 57 58
80) 51 55 54 50
82) 84 85 87 83

91) 59 58 51 48 92) 48 51 50 47

93) 79 82 83 80

95) 118 117 110 107
97) 18 20 21 11
99) 11 59 48 38
101) 77 79 80 70
103) 70 118 107 97
105) 15 16 13 12
107) 8 9 71 6
109) 3 4 2 1
111) 30 31 34 33
113) 35 36 40 39
115) 74 75 72 71
117) 67 68 66 65
119) 62 63 61 60
121) 89 90 93 92
123) 94 95 99 98
125) 10 11 38 37
127) 20 22 24 21
129) 48 51 49 47
131) 19 20 21 11
133) 38 48 47 46
135) 17 18 11 16
137) 43 38 45 44
139) 58 57 56 51

94) 80 83 117 118

96) 107 110 109 106

98) 11 21 59 38
100) 38 48 47 45
102) 70 80 118 97
104) 97 107 106 104
106) 12 13 9 8
108) 6 7 4 3
110) 1 2 31 30
112) 33 34 36 35
114) 39 40 43 42
116) 71 72 68 67
118) 65 66 63 62
120) 60 61 90 89
122) 92 93 95 94
124) 98 99 102 101
126) €69 70 97 96
128) 79 81 83 80
130) 107 110 108 106
132) 78 79 80 70
134) 97 107 106 105
136) 76 77 70 75
138) 102 97 104 103
140) 117 116 115 110

MATERIAL PROPERTY OF PLATE (E,SY, SYT,TC,EFCR)

( 1) <211E+05 .330E+02 ,462E+02 .111E+02 .500E-01

( 2) -211E+05 .330E+02 .462E+02 .100E-01 .500E-01
F-14




P . N A T e T B
S e T T . . T N T T T B B S S N e W TR TR W S i B e B S B !
—

3)

4)

5)

6)

7)

8)

9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)
55)
56)
57)
58)
59)

.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05

.330E+02
.562E+02
.562E+02
.547E+02
.330E+02
.330E+02
.562E+02
.562E+02
.330E+02
.330E+02
.544E+02
.330E+02
.330E+02
.542E+02
.330E+02
.536E+02
.330E+02
.330E+02
.562E+02
.531E+02
.330E+02
.330E+02
.562E+02
.543E+02
.330E+02
.562E+02
.540E+02
.562E+02
.540E+02
.562E+02
.562E+02
.562E+02
.562E+02
.562E+02
.562E+02
.562E+02
.547E+02
.330E+02
.330E+02
.562E+02
.562E+02
.330E+02
.330E+02
.544E+02
.330E+02
+.330E+02
.542E+02
.330E+02
.536E+02
.330E+02
.330E+02
.562E+02
.531E+02
.330E+02
.330E+02
.562E+02
.543E+02

.462E+02
.787E+02
.787E+02
.765E+02
.462E+02
.462E+02
.787E+02
.787E+02
.462E+02
.462E+02
.762E+02
.462E+02
.462E+02
.759E+02
.462E+02
.751E+02
.462E+02
.462E+02
.787E+02
.743E+02
.462E+02
.462E+02
.787E+02
.760E+02
.462E+02
.787E+02
.756E+02
.787E+02
.756E+02
.787E+02
.787E+02
.787E+02
.787E+02
.787E+02
.787E+02
.787E+02
.765E+02
.462E+02
.462E+02
.787E+02
.787E+02
.462E+02
.462E+02
.762E+02
.462E+02
.462E+02
.759E+02
.462E+02
.751E+02
.462E+02
.462E+02
.787E+02
.743E+02
.462E+02
.462E+02
.787E+02
.760E+02

.635E+01
.556E+01
.127E+02
.175E+02
.111E+02
.873E+01
.175E+02
.143E+02
.111E+02
.873E+01
.143E+02
.111E+02
.873E+01
.127E+02
.111E+02
.714E+01
.111E+402
.873E+401
.127E+02
.111E+02
.111E+02
.111E+02
.111E+02
.953E+01
.635E+01
.953E+01
.873E+01
.635E+01
.873E+01
.953E+01
.635E+01
.953E+401
.127E+02
.127E402
.143E+02
.143E+02
.175E+02
.111E+02
.873E+01
.175E+02
.143E+02
.111E+402
.873E+01
.143E+02
.111E+02
.873E+01
.127E+02
L111E+02
.714E+01
.111E+402
.873E+01
.127E+02
.111E+02
.111E+02
.111E+02
.111E+02
.953E+01

F-15

.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E~01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01




60)
61)
62)
63)
64)
65)
66)
67)
68)
69)
70)
71)
72)
73)
74)
75)
76)
77)
78)
79)
80)
81)
82)
83)
84)
85)
86)
87)
88)
89)
90)
91)
92)
93)
94)
95)
96)
97)
98)
99)

100)

101)

102)

103)

104)

105)

106)

107)

108)

109)

110)

111)

112)

113)

114)

115)

116)

.211E+05
.211E+05
.211E+05
.211E+05
«211E+05
.211E+05
.211E+05
+.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+405
.211E+405
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05

.211E+05

.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
+211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05
.211E+05

.330E+02 .462E+02
.562E+02 .787E+02
.540E+02 .756E+02
.562E+02 .787E+02
.540E+02 ,756E+02
.562E+02 .787E+02
.562E+02 .787E+02
.562E+02 ,787E+02
.562E+02 .787E+02
.562E+02 .787E+02
.562E+02 .787E+02
.562E+02 .787E+02
.330E+02 .462E+02
.562E+02 .787E+02
.562E+02 .787E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
«330E+02 ,462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02
.330E+02 .462E+02

.635E+01
.953E+01
.873E+01
.635E+01
.873E+01
.953E+01
.635E+01
.953E+01
.127E+02
.127E+02
.143E+02
.143E+02
.635E+01
.556E+01
.127E+02
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00
.500E+00

F-16

.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E~-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E~01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E~-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E~01
.S500E-01
.500E-01
.500E-01.
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01




117) .211E4+05 .330E+02 .462E+02 .500E+00

(

( 118) .211E+05 .330E+02 .462E+02 .500E+00
( 119) .211E+05 .330E+02 .462E+02 .500E+00
( 120) .211E+05 .330E+02 .462E+02 .500E+00
( 121) .211E+05 .330E+02 .462E+02 .500E+00
( 122) .211E+405 .330E+02 .462E+02 .500E+00
( 123) .211E+05 .330E+02 .462E+02 .500E+00
( 124) .211E+05 .330E+02 .462E+02 .500E+00
( 125) .211E+05 .330E+02 .462E+02 .500E+00
( 126) .211E+05 .330E+02 .462E+02 .500E+00
( 127) .211E+05 .330E+02 .462E+02 .500E+00
( 128) .211E+05 .330E+02 .462E+02 .500E+00
( 129) .211E+05 .330E+02 .462E+02 .500E+00
( 130) .211E+05 .330E+02 .462E+02 .500E+00
( 131) .211E+05 .330E+02 .462E+02 .500E+00
( 132) .211E+05 .330E+02 .462E+02 .500E+00
( 133) .211E+05 .330E+02 .462E+02 .500E+00
( 134) .211E+05 .330E+02 .462E+02 .500E+00
( 135) .211E+05 .330E+02 .462E+02 .S500E+00
( 136) .211E+05 .330E+02 .462E+02 .500E+00
( 137) .211E+05 .330E+02 .462E+02 .S500E+00
( 138) .211E+05 .330E+02 .462E+02 .500E+00
( 139) .211E+05 .330E+02 .462E+02 .500E+00
(

140) .211E+05 .330E+02 .462E+02 .500E+00

PROPERTY OF STIFFENER IN STIFFENED PLATE
(NTYPE,STIFFENER NO.,H x B x T1/T2,A,I)
( 1) 3 1 151.380 109.220 3.560 5.840

Y .000 .000 .000 .000
( 3) 3 8 125.480 100.330 4.570 5.180
0 0 .000 .000 .000 .000
( 4) 3 9 125.480 106.680 3.180 5.590
0 0 .000 .000 .000 .000
( 5) 3 1 151.380 109.220 3.580 5.840
c 0 .000 .000 .000 .000
( 6) 3 1 152.400 101.600 5.840 6.830
0 O .000 .000 .000 .000
{ 7) 3 1 125.480 100.330 4.570 5.180
0 o0 .000 .000 .000 .000
{ 8) 3 2 125.480 100.330 4.570 5.180
0 0 .000 .000 .000 .000
( 11) 3 1 125,480 100.330 4.570 5.180
0 0 .000 .000 .000 .000
( 12) 3 2 125.480 100.330 4.570 5.180
0o o .000 .000 .000 .000
( 13) 3 1 152.400 101.600 5.840 6.830
0 o .000 .000 .000 .000
( 14) 3 1 125.480 100.330 4.570 5.180
0 0 .000 .000 .000 .000
( 15) 3 2 125.480 100.330 4.570 5.180
0o 0 .000 .000 .000 .000
( 16) 3 1 152,400 101.600 5.840 6.830
0 0 .000 .000 .000 .000
( 18) 3 2 125.480 100.330 4.570 5.180
0 o .000 .000 .000 .000
( 20) 3 2 125,480 100.330 4.570 5.180
0 0 .000 .000 .000 .000

F-17

.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01
.500E-01

.118E+04
.000E+00
.875E+04
.000E+00
.896E+04
.000E+00
.118E+04
.000E+00
.158E+04
.000E+00
.109E+04
.000E+00
.219E+04
.000E+00
.109E+04
.000E+00
.219E+04
.000E+00
.158E+04
.000E+00
.109E+04
.000E+00
.219E+04
.000E+00
.158E+04
.000E+00
.219E+04
.000E+00
.219E+04
.000E+00

.209E+08
.000E+00
.976E+08
.000E+00
.112E+09
.000E+00
.211E+08
.000E+00
.269E+08
.000E+00
.127E+08
.000E+00
.249E+08
.000E+00
.127E+08
.000E+00
.249E+08
.000E+00
.263E+08
.000E+00
:127E+08
.000E+00
.249E+08
.000E+00
.260E+08
.000E+00
.246E+08
.000E+00
.249E+08
.000E+00




22)
23)
24)
26)
27)
29)
30)
31)
33)
35)
38)
39)
40)
41)
44)
45)
46)
47)
48)
49)
51)
53)
55)
56)
57)
59)
60)
62)

63)

wowowowowouowouowowowowouowouowowowowowowcuowowououowouou

wONOU‘IOHOI—‘ONONONONOHONOHOHOMOHONOHOHO\DOHONONOMOMOU’IOD—'OHONON

152.400
.000
125.480
.000
125.480
.000
151.260
.000
100.330
.000
100.330
.000
125.480
.000
100.330
.000
125.480
.000
151.380
.000
151.380
.000
152.400
.000
125.480
.000
125.480
.000
125.480
.000
125.480
.000
152.400
.000
125.480
.000
125.480
.000
152.400
.000
125.480
.000
125.480
.000
152.400
.000
125.480
.000
125.480
.000
151.260
.000
100.330
.000
100.330
.000
125.480

101.600
.000
100.330
.000
100.330
.000
100.790
.000
100.080
.000
100.080
.000
106.680
.000
100.080
.000
106.680
.000
109.220
.000
109.220
.000
101.600
.000
100.330
.000
100.330
.000
100.330
.000
100.330
.000
101.600
.000
100.330
.000
100.330
.000
101.600
.000
100.330
.000
100.330
.000
101.600
.000
100.330
.000
100.330
.000
100.790
.000
100.080
.000
100.080
.000
106.680

5.840
.000
4.570
.000
4.570
.000
5.030
.000
4.320
.000
4.320
.000
3.180
.000
4.320
.000
3.180
.000
3.580
.000
3.580
.000
5.840
.000
4.570
.000
4.570
.000
4.570
.000
4.570
.000
5.840
.000
4.570
.000
4.570
.000
5.840
.000
4.570
.000
4.570
.000
5.840
.000
4.570
.000
4.570
.000
5.030
.000
4.320
.000
4.320
.000
3.180

6.830
.000
5.180
.000
5.180
.000
5.690
.000
5.180
.000
5.180
.000
5.590
.000
5.180
.000
5.590
.000
5.840
.000
5.840
.000
6.830
.000
5.180
.000
5.180
.000
5.180
.000
5.180
.000
6.830
.000
5.180
.000
5.180
.000
6.830
.000
5.180
.000
5.180
.000
6.830
.000
5.180
.000
5.180
.000
5.690
.000
5.180
.000
5.180
.000
5.590
F-18

.317E+04
.000E+00
.219E+04
.000E+00
.109E+04
.000E+00
.133E+04
.000E+00
.476E+04
.000E+00
.190E+04
.000E+00
.299E+04
.000E+00
.190E+04
.000E+00
.199E+04
.000E+00
.118E+04
.000E+00
.106E+05
.000E+00
.158E+04
.000E+00
.109E+04
.000E+00
.219E+04
.000E+00
.109E+04
.000E+00
.219E+04
.000E+00
.158E+04
.000E+00
.109E+04
.000E+00
.219E+04
.000E+00
.158E+04
.000E+00
.219E+04
.000E+00
.219E+04
.000E+00
.317E+04
.000E+00
.219E+04
.000E+00
.109E+04
.000E+00
.133E+04
.000E+00
.476E+04
.000E+00
.190E+04
.000E+00
.299E+04

.515E+08
.000E+00
.254E+08
.000E+00
.127E+08
.000E+00
.208E+08
.000E+00
.372E+08
.000E+00
.152E+08
.000E+00
.377E+08
.000E+00
.152E+08
.000E+00
.251E+08
.000E+00
.211E+08
.000E+00
.192E+09
.000E+00
.269E+08
.000E+00
.127E+08
.000E+00
.249E+08
.000E+00
.127E+08
.000E+00
.249E+08
.000E+00
.263E+08
.000E+00
.127E+08
.000E+00
.249E+08
.000E+00
.260E+08
.000E+00
.246E+08
.000E+00
.249E+08
.000E+00
.515E+08
.000E+00
.254E+08
.000E+00
.127E+08
.000E+00
.208E+08
.000E+00
.372E+08
.000E+00
.152E+08
.000E+00
.377E+08




ARRANGEMENT NUMBER OF BEAM-COLUMN

MATERIAL PROPERTY OF
33.00
33.00
33.00
33.00
33.00
33.00
56.20
56.20
56.20
56.20
56.20
33.00
33.00
33.00
33.00
33.00
33.00
56.20
56.20
56.20
56.20
56.20
56.20
56.20
33.00

P e e e e e R B e R T e N e I e T e T T e N N - ey

COOR

(
(

64)
66)
68)
71)
72)
73)

74)

1)
4)
7)
10)
13)
16)
19)
22)
25)

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)

1)
2)

O W O WO WO WO WOoHd WO WOo

5
19
25
28
41
48
51
56
59

W WWwwwwwwwwwwwwwwwwwwwwwww

O K O VWO WO WO KHONONDO

64
78
84
87
100
107
110
115
118

.000
100.330
.000
125.480
.000
151.380
.000
151.380
.000
125.480
.000
125.480
.000
151.380
.000

( 2)
( 5)
( 8)
( 11
( 14)
« 17)
( 20)
( 23)
(

DINATE (XXG)
.000E+00
.000E+00

.000E+00
.000E+00

.000
100.080
.000
106.680
.000
109.220
.000
109.220
.000
100.330
.000
106.680
.000
109.220
.000

14
21
24
29
44
49
53
57

.000 .000
4.320 5.180
.000 .000
3.180 5.590
.000 .000
3.580 5.840
.000 .000
3.580 5.840
.000 .000
4.570 5.180
.000 .000
3.180 5.590
.000 .000
3.580 5.840
.000 .000
(NPNOF)

73 3) 17
80 ( 6) 22
83 ( 9) 26
88 ( 12) 32
103 ( 15) 46
108 ( 18) 52
112 ( 21) 55
116 ( 24) 58

60
60
79
33
33
08
22
68
22
22
22
60
60
79
33
33
08
22
68
22
22
22
50
50
50

.000E+00
.137E+04

5.84 6.83
5.84 6.83
5.03 5.69
4.57 5.18
4.57 5.18
4.32 5.18
3.58 5.84
3.18 5.59
3.58 5.84
3.58 5.84
3.58 5.84
5.84 6.83
5.84 6.83
5.03 5.69
4.57 5.18
4.57 5.18
4.32 5.18
3.58 5.84
3.18 5.59
3.58 5.84
3.58 5.84
3.58 5.84
9.09 14.48
9.09 14.48
9.09 14.48

F-19

.000E+00
.190E+04
.000E+00
.199E+04
.000E+00
.118E+04
.000E+00
.106E+05
.000E+00
.875E+04
.000E+00
.896E+04
.000E+00
.118E+04
.000E+00

76
81
85
91
105
111
114
117

BEAM-COLUMN (NTYP,H1,B,T1,T2,ARF,ZIF)
152.40 101.
152.40 101.
151.26 100.
125.48 100.
125.48 100.
100.33 100.
151.38 109.
125.48 106.
151.38 109.
151.38 109.
151.38 109.
152.40 101.
152.40 101.
151.26 100.
125.48 100.
125.48 100.
100.33 100.
151.38 109.
125.48 106.
151.38 109.
151.38 1089.
151.38 109.
228.60 190.
228.60 190.
228.60 190.

.158E+04
.158E+04
.133E+04
.109E+04
.109E+04
.952E+03
.118E+04
.995E+03
.118E+04
.118E+04
.118E+04
.158E+04
.158E+04
.133E+04
.109E+04
.109E+04
.952E+03
.118E+04
.995E+03
.118E+04
.118E+04
.118E+04
.484E+04
.484E+04
.484E+04

.000E+00
.152E+08
.000E+00
.251E+08
.000E+00
.211E+08
.000E+00
.192E+09
.000E+00
.976E+08
.000E+00
.112E+09
.000E+00
.211E+08
.000E+00

.257E+08
.237E+08
.204E+08
.121E+08
.129E+08
.833E+07
.209E+08
.128E+08
.219E+08
.214E+08
.209E+08
.253E+08
.263E+08
.211E+08
.125E+08
.129E+08
.781E+07
.203E+08
.131E+08
.206E+08
.211E+08
.209E+08
.200E+09
.200E+09
.200E+09




L B i B R I R I I i T I T T T e T T e T T e T e T T T T . I . T T G e i S S

3)

4)

5)

6)

7)

8)

9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)
55)
56)
57)
58)
59)

.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00

.129E+04
.129E+04
.193E+04
.258E+04
.258E+04
.387E+04
.387E+04
.451E+04
.451E+04
.516E+04
.516E+04
.580E+04
.741E+04
.677E+04
.774E+04
.821E+04
.825E+04
.838E+04
.580E+04
.838E+04
.838E+04
.645E+04
.838E+04
.838E+04
.838E+04
.774E+04
.129E+04
.129E+04
.129E+04
.193E+04
.258E+04
.258E+04
.387E+04
.387E+04
.451E+04
.451E+04
.516E+04
.516E+04
.580E+04
.741E+04
.677E+04
+774E+04
.821E+04
.825E+04
.838E+04
.580E+04
.838E+04
.838E+04
.645E+04
.838E+04
.838E+04
.838E+04
.774E+04
.129E+04
.000E+00
.000E+00
.000E+00

.762E+02
.145E+04
.172E+03
.293E+03
.166E+04
.566E+03
.194E+04
.211E+04
.457E+04
.988E+03
.236E+04
.127E+04
.216E+04
.282E+04
.308E+04
.457E+04
.526E+04
.732E+04
.732E+04
.937E+04
.101E+05
.101E+05
.107E+05
.121E+05
.128E+05
.128E+05
.128E+05
.762E+02
.145E+04
.172E+03
.293E+03
.166E+04
.566E+03
.194E+04
.211E+04
.457E+04
.988E+03
.236E+04
.127E+04
.216E+04
.282E+04
.308E+04
.457E+04
.526E+04
.732E+04
.732E+04
.937E+04
.101E+05
.101E+05
.107E+05
.121E+05
.128E+05
.128E+05
.128E+05
.128E+05
.101E+05
.732E+04
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60)
61)
62)
63)
64)
65)
66)
67)
68)
69)
70)
71)
72)
73)
74)
75)
76)
77)
78)
79)
80)
81)
82)
83)
84)
85)
86)
87)
88)
89)
90)
91)
92)
93)
94)
95)
96)
97)
98)
99)
(100)
(101)
(102)
(103)
(104)
(105)
(106)
(107)
(108)
(109)
(110)
(111)
(112)
(113)
(114)
(115)
(116)

P A R e e T T e T T e T e e e T T e T T e T I T I e B T R )

—

.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
+«244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
«244E+04
«244E+04
.244E+04
.244E+04
«244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
.244E+04
+244E+04
.244E+04

.000E+00
.000E+00
.129E+04
.129E+04
.193E+04
.258E+04
.258E+04
.387E+04
.387E+04
.451E+04
.451E+04
.516E+04
.516E+04
.580E+04
.741E+04
.677E+04
.774E+04
.821E+04
.825E+04
.838E+04
.580E+04
.838E+04
.838E+04
.645E+04
.838E+04
.838BE+04
.838E+04
.774E+04
.129E+04
.129E+04
.129E+04
.193E+04
.258E+04
.258E+04
.387E+04
.387E+04
.451E+04
.451E+04
.516E+04
.516E+04
.580E+04
.741E+04
.677E+04
.774E+04
.821E+04
.825E+04
.838E+04
.580E+04
.838E+04
.838E+04
.645E+04
.B38E+04
.838E+04
.838E+04
.774E+04
.129E+04
.000E+00

.000E+00
.137E+04
.762E+02
.145E+04
.172E+03
.293E+03
.166E+04
.566E+03
.194E+04
.211E+04
.457E+04
.988E+03
.236E+04
.127E+04
.216E+04
.282E+04
.308E+04
.457E+04
.526E+04
.732E+04
.732E+04
.937E+04
.101E+05
.101E+05
.107E+05
.121E+05
.128E+05
.128E+05
.128E+05
.762E+02
.145E+04
.172E+03
.293E+03
.166E+04
.566E+03
.194E+04
.211E+04
.457E+04
.988E+03
.236E+04
.127E+04
.216E+04
.282E+04
.308E+04
.457E+04
.526E+04
.732E+04
.732E+04
.937E+04
.101E+05
.101E+05
.107E+05
.121E+05
.128E+05
.128E+05
.128E+05
.128E+05
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(117)
(118)

LOADING

BOUNDARY COND. :

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

60)
64)
68)
72)
76)
80)
84)
88)
92)
96)
100)
104)
108)
112)
116)

1)

3)

5)

7)

9)
11)
13)
15)
17)
19)
21)
23)
25)
27)
29)
31)
33)
35)
37)
39)
41)
43)
45)
47)
49)
51)
53)
55)
57)
59)
61)
63)
65)
67)
69)
71)

i T I R S e S S S W W

U
HOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

| DU D T R |
I = R

.244E+04
.244E+04

i e e il o T e T o S S U Y

.000E+00
.000E+00

61)
65)
69)
73)
77)
81)
85)
89)
93)
97)
101)
105)
109)
113)
117)

0=FIX, 1=FREE, -1=PRESCRIBED DISPLACEMENT

POINT

e I L I e e e T T T S S

s b b e e e e p e e e e e

(

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

.101E+

05

.732E+04

62)
66)
70)
74)
78)
82)
86)
90)
94)
98)

102)

106)

110)

114)

118)

2)

4)

6)

8)
10)
12)
14)
16)
18)
20)
22)
24)
26)
28)
30)
32)
34)
36)
38)
40)
42)
44)
46)
48)
50)
52)
54)
56)
58)
60)
62)
64)
66)
68)
70)
72)

]
l-‘OOOOOOOOOOOOOOOOOOOOOOOOOOOOO

LU D N T B |
e T

o Rk e b e b B e e e

HFEEEFEEBEPRPRORPRRFFRERR PR PR B B B B MR R R RS RS R R RO

63)
67)
71)
75)
79)
83)
87)
91)
95)
99)

103)

107)

111)

115)

e i I e L T e e T T e S T U TR

\
N
N

F

T T Y o Y Sy Sy N




Pl e el e el e e e e e N e e

73)
75)
77)
79)
81)
83)
85)
87)
89)
91)
93)
95)
97)
99)
101)
103)
105)
107)
109)
111)
113)
115)
117)

1
[y
R O T e e el e I e S S S R S S T

HARD PLATE UNITS

36

69 70

L e e o e e o N R e S e e e T S S

74)
76)
78)
80)
82)
84)
86)
88)
90)
92)
94)
96)
98)

100)

102)

104)

106)

108)

110)

112)

114)

116)

118)

Pl e e e e e e e e e e e e e e e e

LENGTH(AA) AND BREADTH(BB)

B . > N N e I e T e N U N O N N P e A G e

1)

3)

5)

7)

9)
11)
13)
15)
17)
19)
21)
23)
25)
27)
29)
31)
33)
35)
37)
39)
41)
43)
45)
47)
49)
51)
53)
55)
57)

2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400

1371.600
5802.900
1289.500
1291.749

651.819
1307.647
1318.227
1371.600

666.630

692.403

703.798
1675.486

973.972
3697.900
2061.310
2057.401
1934.300
1346.000

644.816
1291.749
1371.600

656.073
1371.600
1318.227
1356.735
2464.800
1371.600
1841.032

920.695

P N B N N N e e o e e e N e e R e e N e N N a N N N

2)

4)

6)

8)
10)
12)
14)
16)
18)
20)
22)
24)
26)
28)
30)
32)
34)
36)
38)
40)
42)
44)
46)
48)
50)
52)
54)
56)
58)

[ S I S T T O I S S e S T )
e T e T i T o S o S S O S S T S =

2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400
2438.400

7-23

9026.800
6447.700
1291.749
1371.600
656.073
1371.600
1318.227
1356.735
2464.800
1371.600
1841.032
920.695
1566.849
687.103
2577.600
685.800
673.300
673.100
6447.866
1291.749
651.819
1307.647
1318.227
1371.600
666.630
692.403
703.798
1675.486
973.972




59) 2438.400 1566.849 60) 2438.400 3697.900

61) 2438.400 687.103 62) 2438.400 2061.310
63) 2438.400 2577.600 64) 2438.400 2057.401
65) 2438.400 685.800 66) 2438.400 1934.300
67) 2438.400 673.300 68) 2438.400 1346.000
69) 2438.400 673.100 70) 2438.400 644.816

71) 2438.400 6447.866
73) 2438.400 6447.700
75) 1491.786 2167.709
77) 6447.783 3010.291
79) 6447.783 3010.291
81) 1491.786 2167.709
83) 1289.558 2840.909
85) 3868.600 4292.737
87) 1289.558 2840.909
89) 2255.950 2780.582
91) 6125.300 2780.581
93) 2255.950 2780.582
95) 6125.300 2780.581 96) 2255.950 2780.582
97) 3137.750 2889.789 98) 7414.850 4156.412

(

(

(

(

(

(

{ 72) 2438.400 5802.900
(
(
(
(
(
(
(
(
(
(
(
(
(

99) 7414.850 4156.412 ( 100) 3137.750 2889.789

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

74) 2438.400 1289.500 X
76) 1289.558 2840.909
78) 3868.600 4292.737
80) 1289.558 2840.909
82) 1491.786 2167.709
84) 6447.783 3010.291
86) 6447.783 3010.291
88) 1491.786 2167.709
90) 6125.300 2780.581
92) 2255.950 2780.582
94) 6125.300 2780.581

101) 3137.750 2889.789 102) 7414.850 4156.412
103) 7414.850 4156.412 104) 3137.750 2889.789
105) 2109.095 1146.147 106) 1356.735 1371.600
107) 1318.227 1371.600 108) 1307.647 1371.600
109) 1291.749 1371.600 110) 1291.749 1371.600
111) 1307.647 1371.600 112) 1318.227 1371.600
113) 1356.735 1371.600 114) 2109.095 1146.147
115) 2109.095 1146.147 116) 1356.735 1371.600
117) 1318.227 1371.600 118) 1307.647 1371.600
119) 1291.749 1371.600 120) 1291.749 1371.600
121) 1307.647 1371.600 122) 1318.227 1371.600
123) 1356.735 1371.600 124) 2109.095 1146.147
125) 9026.800 2464.800 126) 9026.800 2464.800
127) 2314.938 2437.682 128) 2314.938 2437.682
129) 2314.938 2437.682 130) 2314.938 2437.682
131) 3190.077 2546.237 132) 3190.077 2546.237
133) 3190.077 2546.237 134) 3190.077 2546.237
135) 2349.918 2212.915 136) 2349.918 2212.915
137) 2349.918 2212.915 138) 2349.918 2212.915
139) 3868.600 4292.737 140) 3868.600 4292.737

e e e e e i e I e i N T T T T T e T T S S

BUCKLING TERM OF INITIAL DEFLECTION OF PLATE

( 1)  5.555 ¢ 2) .005 3)  3.175 ¢ 4) 2.780
( 5) 6.350 ( 6) 8.730 ( 7)  5.555 ( 8)  4.365
( 9) 8.730 ( 10) 7.145 ( 11) 5.555 ( 12) 4.365
( 13) 7.145 ( 14) 5.555 ( 15) 4.365 ( 16) 6.350
( 17) 5.555 ( 18) 3.570 ( 19) 5.555 ( 20) 4.365
( 21) 6.350 ( 22) 5.555 ( 23) 5.555 ( 24) 5.555
( 25) 5.555 ( 26) 4.765 ( 27) 3.175 ( 28) 4.765
( 29) 4.365 ( 30) 3.175 ( 31) 4.365 ( 32) 4.765
( 33) 3.175 (  34) 4.765 ( 35) 6.350 ( 36) 6.350
( 37) 7.145 ( 38) 7.145 ( 39) 8.730 ( 40) 5.555
( 41) 4.365 ( 42) 8.730 ( 43) 7.145 ( 44) 5.555
( 45) 4.365 ( 46) 7.145 ( 47) 5.555 (  48)  4.365
( 49) 6.350 ( 50) 5.555 ( 51) 3.570 ( 52) 5.555
( 53) 4.365 ( 54) 6.350 ( 55) 5.555 ( 56) 5.555
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{ 57) 5.555 ( 58)
( 61) 4.765 ( 62)
( 65) 4.765 ( 66)
( 69) 6.350 ( 70)
( 73) 2.780 ( 74)

5.555
4.365
3.175
7.145
6.350

59)
63)
67)
71)

INITIAL DEFLECTION OF BEAM-COLUMN

( 1) 1219.200 ¢ 2)
( 5) 1219.200 ( 6)
( 9) 1219.200 ( 10)
( 13) 1219.200 ( 14)
( 17) 1219.200 ( 18)
(  21) 1219.200 ( 22)
( (

25) 1219.200

ACTUAL COMPRESSIVE RESIDUAL STRESS

1) -3.30 -.93
4) -5.62 -1.49
7) -3.30 -.87

( (
( (
( (
( 10) -5.62 =-1.51 (
( 13) -5.44 -1.47 (
( 16) -5.42 -1.51 (
( 19) -3.30 -.94 (
( 22) =5.31 =1.34 (
( 25) -5.62° =-2.24 (
( 28) -5.62 =1.58 (
( 31) -5.40 -1.52 (
( 34) -5.62 =-1.55 (
( 37) -5.62 -1.49 (
( 40) -3.30 -.87 (
( 43) -5.62 -1.51 (
( 46) ~-5.44 -1.47 (
( 49) -5.42 -1.51 (
( 52) =3.30 -.94 (
( 55) =5.31 -1.34 (
( 58) -5.62 -2.24 (
( 61) -5.62 -1.58 (
( 64) -5.40 =1.52 (
( 67) -5.62 =1.55 (
( 70) -5.62 -1.49 (
( 73) -5.62 -1.49 (

1219.200
1219.200
1219.200
1219.200
1219.200
1219.200

4.765
3.175
4.765
7.145

3) 1219.200
7) 1219.200
11) 1219.200
15) 1219.200
19) 1219.200
23) 1219.200

OF PLATE
2)  -3.30 -12.22
5) -5.62 -1.49
8) -3.30 -.62

11) -3.30  -.88

14) -3.30  -.89

17) -3.30  -.90

20) -3.30 -.62

23)  -3.30 -.76

26) -5.43 -1.74

29) -5.40 -1,52

32) -5.62 -1.58

35) -5.62 -1.55

38) -5.62 -1.49

41) -3.30  -.62

44) -3.30  -.88

47) -3.30  -.89

50) -3.30  -.90

53) -3.30 -.62

56) -3.30 -.76

59) -5.43 -1.74

62) -5.40 -1.52

65) -5.62 -1.58

68) -5.62 -1.55

71) -5.62 -1.49

74) -5.62 -1.49

COMPRESSIVE RESIDUAL STRESS OF BEAM-COLUMN

( 1) .00 ( 2)
( 5) .00 6)
( 9) .00 ( 10)
( 13) .00 ( 14)
( 17 .00 ( 18)
(  21) 00 ( 22)
(  25) .00

TOTAL NUMBER OF UNKNOWNS =
REAL VALUE OF NWKPA =

.00 ¢
.00
.00
.00
.00
.00

231
16411

3)
7)
11)
15)
19)
23)
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60)
64)
68)
72)

P e e e )

3)

6)

9)
12)
15)
18)
21)
24)
27)
30)
33)
36)
39)
42)
45)
48)
51)
54)
57)
60)
63)
66)
69)
72)

.00
.00
.00
.00
.00
.00

e e e e

3.175
4.365
6.350
3.175

4)
8)
12)
16)
20)
24)

-3.30
-5.47
~5.62
-3.30
-3.30
~-5.36
-5.62
-3.30
~3.30
-5.62
-5.62
~-5.62
-5.47
-5.62
-3.30
-3.30
-5.36
-5.62
~3.30
-3.30
~5.62
-5.62
-5.62
-3.30

4)
8)
12)
16)
20)
24)

1219.200
1219.200
1219.200
1219.200
1219.200
1219.200

-.87
-1.45
-1.50

-.62

-.62
-1.81
-1.62

-.62

~.83
-1.49
-1.49
~1.55
~-1.45
-1.50

~-.62
~.62
-1.81
-1.62
~.62
~.83
-1.49
-1.49
-1.55
-.87

.00
.00
.00
.00
.00
.00




HULL MODULE DATA

LENGTH OF HULL MODULE (mm) :  .24384E+04
DEPTH OF HULL MODULE (mm) :  .12802E+05
BREADTH OF HULL MODULE (mm) : .16764E+05
CROSS-SECTIONAL AREA (mm2) :  .14220E+07
HEIGHT TO NEUTRAL AXIS (mm) :  .60288E+04
MOMENT OF INERTIA, VERT. (m4) :  .31113E+02
SECTION MODULUS, BOTTOM (m3) :  .51607E+01
SECTION MODULUS, DECK (m3) :  .45938E+01
MOMENT OF INERTIA, HORI, (m4) :  .39306E+02

PLASTIC BENDING MOMENT, VERT.(ton-m)x10%*5 : .29756E+01
PLASTIC BENDING MOMENT, HORI.(ton-m)x10%*5 : .32601E+01

WEIGHT OF FULL-HULL MODULE (ton) : .27218E+02

LOADING STEP = 200
VERTICAL CURVATURE X 10%*-7(1/mm) = -.33014E+01
VERTICAL BENDING MOMENT x 10**5(ton-m) = -.17142E+01
HEIGHT TO NEUTRAL AXIS (mm) = .54780E+04
HORIZONTAL CURVATURE x 10**-7(1/mm) = ,00000E+00
HORIZONTAL BENDING MOMENT x 10**5(ton-m) = .00000E+00
WIDTH TO NEUTRAL AXIS (mm) = ,00000E+00

EXTERNAL LOAD/DISPL CEMENT
60, 1) .47373E+01 61, 1) .36332E+01
62, 1) .46760E+01 63, 1) .35718E+01

—

64, 1) .45992E+01 65, 1) .45017E+01
66, 1) «33975E+01 67, 1) .42813E+01
68, 1) .31772E+01 69, 1) .30410E+01
70, 1) .10568E+01 71, 1) .39420E+01

72, 1) .28379E+01 73, 1) .37148E+01

74, 1) .29989E+01 75, 1) .24698E+01
76, 1) .22590E+01 17, 1) .10568E+01
78, 1) .50474E+00 79, 1) ~.11515E+01
80, 1) -.11515E+01 81, 1) -.28077E+01
82, 1) ~.33598E+01 83, 1) -.33598E+01

P S S S S e e e s e e e
P N e N R R T e I e N N = N Sy

84, 1) ~.39018E+01

85, 1) -.49853E+01
" F-26
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86,
88,
90,
92,
94,
96,
98,
100,
102,
104,
106,
108,
110,
112,
114,
1le,
118,

OLLA

1)

2)

3)

4)

5)

6)

7)

8)

9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)

NOONODOOOODOOODODO0OODOOODUODOOOUNMOOULOOOULOON OO UW

1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)

1]
o]

OF

-.55272E+01
~.55681E+01
.35718E+01
.45017E+01
.42813E+01
.30410E+401
.39420E+01
.37148E+01
.24698E+01
.10568E+01
-.11515E+01
-.28077E+01
-~.33598E+01
-.49853E+01
-.55309E+01
-.55681E+01
-.11515E+01
MODE
.000 .000
.000 .000
.354 .490
.996 .840
.922 .993
.000 .000
.003 .000
.000 .000
.000 .000
.000 .000
.002 .000
.000 .000
.000 .000
.002 .000
.000 .000
.000 .000
.002 .000
.000 .000
.002 .000
.000 .000
.000 .000
.000 .000
.001 .000
.000 .000
.183 .000
.091 .000
.000 .000
.002 .000
.016 .090
.145 .278
.268 .570
.394 .000
.924 .786
.539 .000
.866 .992
.000 .000
.000 .000
.865 .994

P e e e e e e e e e T e e e B

87, 1)
89, 1)
91, 1)
93, 1)
95, 1)
97, 1)
99, 1)
101, 1)
103, 1)
105, 1)
107, 1)
109, 1)
111, 1)
113, 1)
115, 1)
117, 1)
PLATE
.000 .992
.000 .049
.000 .000
.000 .000
.000 .000
.000 .566
.000 .916
.000 .993
.000 .449
.000 .432
.000 .855
.000 .994
.000 .511
.000 .760
.000 .994
.000 .457
.000 .582
.000 .120
.000 .524
.000 .992
.000 .297
.000 .358
.000 .540
.000 .564
.000 .000
.000 .000
.000 .100
.000 .013
.000 .000
.000 .000
.000 .000
.000 .000
.000 .000
.000 .000
.000 .000
.000 .654
.000 .723
.000 .000
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-.55309E+01

.46760E+01
.45992E+01
.33975E+01
.31772E401
.10568E+01
.28379E+01
.29989E+01
.22590E+01
.50474E+00

-.11515E+01

-.33598E+01

-.39018E+01

-.55272E+01

-.55681E+01

-.33598E+01
.833  .510
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.817  .492
.000  .000
.000  .000
.000  .000
.796 471
.000  .000
.000  .000
L7171 447
.000  .000
.000  .000
.000  .000
.000  .000
724 .418
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000
.000  .000




( 39) 0 .651 .000 .000 .000 .000 .000
( 40) O .000 .000 .000 .905 .000 .000
( 41) 5 .000 .000 .000 .992 .815 .492
( 42) o .523 .000 .000 .000 .000 .000 (
( 43) o .504 .000 .000 .000 .000 .000
( 44) o .000 .000 .000 .846 .000 .000
( 45) 5 .000 .000 .000 .994 .796 .471
( 46) 0O .587 .000 .000 .000 .000 .000
( 47) o .000 .000 .000 .752 .000 .000
( 48) 5 .000 .000 .000 .993 .770 .447
( 49) 0 .526 .000 .000 .000 .000 .000
( 50) 0O .000 .000 .000 .577 .000 .000
( s51) o0 .000 .000 .000 .120 .000 .000
( 52) 0 .000 .000 .000 .517 .000 .000
( 53) 5 .000 .000 .000 .995 .730 .418
( 54) 0 .000 .000 .000 .295 .000 .000
( 55) 0 .063 .000 .000 .373 .000 .000
( 56) 0O .000 .000 .000 .539 .000 .000
( 57) © .000 .000 .000 .566 .000 .000
( 58) 0 .055 .000 .000 .154 .000 .000
( 59) 0O .012 .000 .000 .076 .000 .000
( 60) O .000 .000 .000 .100 .000 .000
( 61) 0 .002 .000 .000 .013 .000 .000
( 62) 0 .016 .094 .000 .000 .000 .000
( 63) 0 .145 .276 .000 .000 .000 .000
( 64) 0 .268 .569 .000 .000 .000 .000
( 65) 0O .395 .000 .000 .000 .000 .000
( 66) 0O .923 .786 .000 .000 .000 .000
( 67) 0O .537 .000 .000 .000 .000 .000
( 68) 2 .853 .992 .000 .000 .000 .000
( 69) 0O .000 .000 .000 .653 .000 .000
( 70) o .000 .000 .000 .722 .000 .000
( 71) 2 .865 .995 .000 .000 .000 .000
( 72) o .354 .486 .000 .000 .000 .000
( 73) 1 .995 .838 .000 .000 .000 .000
( 74) 2 .915 .990 .000 .000 .000 .000
COLLAPSE MODE OF BEAM-COLUMN

( 1) 5 2) 0 3) 0 4) 0
( 5) 0 ( 6) 0 7) 0 ¢ 8) 0
( 9) 0 ( 10) 0 ( 11) 0 ( 12) 5
( 13) 0 ( 14) 0 ( 15) 0 ( 16) 0
( 17) 0 ( 18) 0 ( 19) 0 ( 20) 0
(  21) 0 ( 22) 0 ( 23) 0 ( 24) 0
(  25) 0

NODAL DEFORMATIONS

( 1) .000E+00 .000E+00 .000E+00

( 2) .000E+00 .000E+00 -.912E+00

( 3) .000E+00 -,733E+00 —-.528E+00

( 4) .000E+00 ~.493E+00 -.123E+01

( 5) .000E+00 —-.697E+00 -.335E+01

( 6) .000E+00 -.150E+01 -.108E+01

( 7) .000E+00 -.913E+00 -.175E+01

( 8) .000E+00 ~-.202E+01 -.198E+01

( 9) .000E+00 -.122E+01 —.259E+01

(  10) .000E+00 -.996E+00 -.433E+01

F-28
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11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)
55)
56)
57)
58)
59)
60)
61)
62)
63)
64)
65)
66)
67)

.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.000E+00
.474E+01
+363E+01
.468E+01
.357E+01
.460E+01
.450E+01
.340E+01

.202E-01
-.237E+01
-.155E+01
-.745E+01
-.207E+01
-.189E+01
-.102E+01
-.446E+00
-.103E-01
.276E-01
.851E-01
.447E-01
.162E+00
.156E+00
.166E+00
.119E+01
.146E+01
.103E+01
.167E+00
.659E+00
+441E+00
.130E+01
.114E+01
.804E+00
.159E+01
.108E+01

.109E+01

.585E+00
.186E+01
.127E+01
.750E+01
.171E+01
.169E+01
.820E+00
.103E+01
.556E+00
.521E+00
.492E+00
.585E+00
.857E+00
.840E+00
.615E+00
-.138E+00
-.545E+00
-.117E+00
+.340E+00

.252E+00°

.385E+00
.335E+00
.000E+00
.000E+00
-.734E+00
-.508E+00
-.562E+00
-.151E+01
-.918E+00

-.479E+01
-.305E+01
-.355E+01

.749E+01
-.397E+01
-.419E+01
-.449E+01
-.491E+01
-.499E+01
-.495E+01
-.475E+01
-.502E+01
-.503E+01
-.468E+01
-.520E+01
-.547E+01
-.504E+01
-.494E+01
-.445E+01
-.794E+00
-.149E+01
.118E+01
.149E+01
«216E+01
.241E+01
.302E+01
.380E+01
.429E+01
.344E+01
.395E+01
.830E+01
.385E+01
.425E+01
.438E+01
.459E+01
.468E+01
.463E+01

.469E+01
.469E+01
.442E+01
.490E+01
.524E+01
.481E+01
.484E+01
-.442E+01
.418E+01
-.434E+01
.439E+01
.000E+00
.494E+00
.410E+00
.304E+00
.325E+01
.113E+00
.780E+00

.428E+01 -,202E+01 -.101E+01

.448E+01
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(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

AVERAGE

o~ o~ s

68)
69)
70)
71)
72)
73)
74)
75)
76)
77)
78)
79)
80)
81)
82)
83)
84)
85)
86)
87)
88)
89)
90)
91)
92)
93)
94)
95)
96)
97)
98)
99)
100)
101)
102)
103)
104)
105)
106)
107)
108)
109)
110)
111)
112)
113)
114)
115)
116)
117)
118)

1)
3)
5)
7)

.318E+01
.304E+01
.106E+01
.394E+01
.284E+01
.371E+01
.300E+01
.247E+01
.226E+01
.106E+01
.505E+00
.115E+01
.115E+01
.281E+01
+.336E+01
.336E+01
.390E+01
~-.499E+01
-.553E+01
.553E+01
.557E+01
.468E+01
.357E+01
.460E+01
.450E+01
.340E+01
.428E+01
.318E+01
.304E+01
.106E+01
.394E+01
.284E+01
.371E+01
.300E+01
.247E+01
«226E+01
.106E+01
.505E+00
-.115E+01
-.115E+01
-.281E+01
-.336E+01
-.336E+01
-.390E+01
-.499E+01
-.553E+01
-.553E+01
-.557E+01
-.557E+01
~.336E+01
-.115E+01

ST
33.041
-8.061

-26.001
32.122

~.122E+01
.100E+01
.761E~-02
-.236E+01
.155E+01
.722E+01
.207E+01
.189E+01
-.102E+01
.448E+00
.423E-01
.193E-01
.780E-01
.646E-01
.168E+00
.163E+00
.135E+00
.131E+01
.147E+01
.104E+01
.177E+00
.656E+00
.455E+00
.110E+01
.115E+01
.809E+00
.159E+01
.107E+01
.110E+01
.587E+00
.185E+01
.127E+01
.721E+01
.171E+01
.169E+01
.824E+00
.103E+01
.577E+00
.531E+00
.503E+00
.536E+00
.855E+00
.B44E+00
.580E+00
.302E+00
.555E+00
.127E+00
+349E+00
.262E+00
.386E+00
.337E+00

RESS
.812 -2,
-.183 .
-.292 -
1.117 .

~-.162E+01
~-.335E+01
-.379E+01
-.208E+01
-.258E+01

.799E+01
-.299E+01
.321E+01
.351E+01
.392E+01
.401E+01
.396E+01
.369E+01
.403E+01
.404E+01
.357E+01
.421E+01
.448E+01
.404E+01
.377E+01
.282E+01
.141E+00
.568E+00
.918E+00
.525E+00
.119E+01
.145E+01
-.206E+01
-.281E+01
.327E+01
.246E+01
-.298E+01

.871E+01
-.287E+01
-.328E+01
-.340E+01
-.361E+01
-.369E+01
-.364E+01
-.334E+01
-.370E+01
-.369E+01
-.321E+01
-.390E+01
-.424E+01
-.381E+01
-.358E+01
-.288E+01
~.274E+01
-.289E+01
-.307E+01

OF
218 (
010 (
008 (
085 (

PLATE
2)
4)
6)
8)
¥-30

7.874
-20.522
41.258
33.362

1.267
2.255
.207
.992

.001
.012
-.103
-.134
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11)
13)
15)
17)
19)
21)
23)
25)
27)
29)
31)
33)
35)
37)
39)
41)
43)
45)
47)
49)
51)
53)
55)
57)
59)
61)
63)
65)
67)
69)
71)
73)

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)

I

37.928 .527 -.025
31.046 1.098 .052
39.055 .325 -.035
33.309 .845 -.037
25.647 .973 .025
24.123 .477 -.003
32.188 3.422 <113
24.571 .665 .004
22.666 -.233 -.014
10.505 .118 .023
-2.108 .082 .013
-11.365 -.114 .023
~19.486 .040 .023
-25.568 =.075 .036
-47.893 -.238 ~-.025
43.506 -.253 .095
33.381 1.049 .140
39.317 -.175 .083
33.343 .917 .042
29.348 1,513 -.020
38.837 -.007 -.009
19.227 1.315 .068
33.334 .861 .029
32,631 .392 .080
24.967 .264 .012
15.118 .242 -.001
6.497 .135 -.010
-7.145 -.035 ~.036
-14.893 -.154 -.042
-17.449 -.297 -.047
-45.525 -,200 -.054
-26.736 -.350 .002
-20.519 2.071 -.003
N G STRESS OF
34.810 32.460
33.457 32.933
33.000 33.000
56.200 56.200
56.200 56.200
56.736 54.099
34.498 32.607
34.784 32.455
58.206 55.624
58.168 55.635
34.449 32.621
34.708 32.488
56.299 53.846
34.367 32.640
34.613 32.530
55.978 53.689
34.311 32.657
54.486 53.407
34.222 32.658
34.466 32.613
57.856 55.870
54.552 52.688

i e e e R R I R e e R e I e e N = T T N T e O O .

PL
32.902
5.845
-3.300
~5.620
-5.620
35.243
26.657
32.373
34.496
33.742
25.677
30.866
32.550
24.034
28.960
30.149
22.921
12.365
21.137
26.025
27.497
23.728

10) 37.212
12) 33.344
14) 29.253
16) 36.879
18) 19.284
20) 33.408
22) 32.011
24) 25.070
26) 15.570
28) 6.478
30) -7.147
'32) -14.868
34) -17.503
36) -45.500
38) -26.716
40) 32.256
42) 40.073
44) 31.154
46) 41.153
48) 33.318
50) 25.717
52) 24.230
54) 32.399
56) 24.574
58) 22.102
60)  10.533
62) -2.115
64) -11.363
66) -19.476
68) -25.317
70)  -47.931
72) -8.045
74)  -25.869

ATE
-11.732
-13.553

-.873
-1.486
-1.486

-13.463
-8.727
-11.510
-13.028
-12.820
-8.472
-10.862
-12.553
-8.102
-10.021
-11.734
-7.755
-5.663
-7.771
-8.353
~8.227
-9.581
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.518
.919
.985
.460
1.506
1.105
.469
.606
-.049
.122
~-.068
~-.182
~-.207
-.120
-.367
1.795
-.162
1.680
-.121
.871
1.336
1.027
4.125
.728
.124
.210
112
-.080
.055
-.221
-.368
~.213
-.351

~-.064
.039
.020
~.001
-.049
.029
-.075
-.012
-.002

.006

.026

.033

.037

.049
-.004
-.085
-.025
-.053

.025

.040
-.015
-.005
-.127
-.004
.013
.007
-.021
~.032
-.003
~.042

.029
-.022

.000




(  23) 34.133 32.694 19.360  -6.884
(  283) 34.183  32.694  20.360  -5.886
(  28) 36.283 58.698  20.836  -2.336
(  25) 56.332  56.29%  -4.836  -2.929
(  28) 33.352 32.869  -8.885  -1.889
(  28) 88.468  SB.886 5.889  -3.066
(  28) 56.068  56.006 -5.388  -3.8%6
(  208) 56.200  56.000  -5.880  -1.886
(  30) 56.000 56.000  -5.680  -1.889
(  32) 56.800  56.800 -5.680  -1.589
(  33) 56.200  56.200  -5.620  -1.886
(  38) 56.200  56.200  -5.620  -1.888
(  38) 56.200  56.200 -5.620  -1.552
(  35) 56.200  56.200  -5.620  -1.551
(  38) 56.200  56.200 -5.620  -1.88E
(  38) 56.200  56.200  -5.620  -1.486
(  38) 56.200 56.200 -5.620 -1.488
(  39) 34.588 32.500  23.888  -8.488
(  40) 34.988 32.659  32.883 -18.488
(  42) 36.260  S58.280  38.820 -31.808
( 43) 56.200  56.200  -5.620  -1.502
(  43) 36.300  S8B.8B09  26.628  -8.302
( 48) 34.308  32.688  236.866 -210.864
(  46) 84.308  52.486  35.866 -10.85Q
(  48) 34.400  52.600  25.230  -1.980
(  48) 34.6232  32.631  28.980  -9.963
( 49) 34.800  52.860  28.980  -9.908
(  889) 84.300  52.860  235.890  -1.588
(  50) 34.386  53.868  23.865  -3.686
(  52) 34.236  53.868  22.389  -5.828
(  53) 34.256 32.668  28.029  -8.588
(  53) 33.856  53.802  26.095  -8.588
( 58) 53.895  53.8634  22.882  -§.8%8
(  5B) 33.998  52.891 19.682  -6.92%
( 58) 34.188  32.698  20.859  -5.96§
(  58) 56.182  5B8.688  28.833  -5.286
(  58) 56.780  56.068 5.088  -8.2390
(  69) 53.380  52.888 5.868  -3.378
(  60) 38.453  38.830 5.84%  -3.98i
(  62) 56.080  56.060 -5.800  -2.982
( 63) 56.000  56.000 -5.600  -1.883
( 683) 56.800  56.000 -5.600  -1.589
( 68) 56.000  56.800 -5.600  -1.589
(  65) 56.200  56.200  -5.620  -1.88§
(  68) 56.200  56.200 -5.620  -1.888
(  68) 56.200  56.200 -5.620  -1.552
(  68) 56.200  56.200 -5.620  -1.551
(  89) 56.200  56.200 -5.620  -1.886
(  70) 56.200  56.200 -5.620  -1.486
( 72) 88.000  38B8.G600  -8.800  -1.888
( 72) 33.000  33.000  ~3.300 -.873
(  73) 56.200  56.200 -5.620  -1.486
(  74) 56.200  56.200  -5.620  -1.486
AXIAL STRESS OF BEAM-COLUMN
( 1) 33.185 ( 2) 32.158 3) 19.551
( 4) 4.368 ( 5) -9.450 ¢ 6) -22.512
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7)
10)
13)
16)
19)
22)
25)

VERAGE

1)

2)

3)

4)

5)

6)

7)

8)

9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)

-32.510 ( 8)
-46.051 ( 11)
32.158 ( 14)
-9.450 ( 17
-27.631 (  20)
-46.315 (  23)
-9.809 (
STRAIN
.172E-02 -.512E-03
.434E-03 -.634E-04
-.472E-03 -.439E-04
-.138E-02 -.845E-04
-.228E-02 -.658E-04
.193E-02 -.570E-03
.148E-02 -.390E-03
.169E-02 -.516E~03
.190E-02 -.546E-03
.187E-02 -.536E-03
.143E-02 -.376E~03
.162E-02 ~-.486E-03
.180E-02 -.525E-03
.135E-02 -.357E-03
.153E-02 -.446E-03
.169E-02 -.485E-03
.128E-02 -.335E~03
.840E-03 -.183E-03
.121E-02 ~-.337E-03
.139E-02 -.367E-03
.157E-02 -.313E-03
.138E-02 -.391E-03
.109E-02 -.295E-03
.112E-02 -.309E-03
.108E-02 -.153E-03
.680E-03 -.140E-03
.434E-03 -.125E-03
.320E-03 -.849E-04
-.133E-03 .248E-04
-.472E-03 -.226E-04
-.812E-03 -.366E-04
-.126E-02 -.119E-04
-.138E-02 -.270E-05
-.149E-02 -.249E-03
-.182E-02 -.200E-03
-.216E-02 .641E-03
-.227E-02 .670E-03
-.228E-02 .134E-03
.193E-02 -.523E-03
.148E-02 -.361E-03
.169E-02 -.513E-03
.190E-02 -.508E-03
.187E-02 -.492E-03
.143E-02 -.352E-03
.162E-02 -.486E-03
.180E-02 -.471E-03
.135E-02 -.335E-03
.153E-02 -.444E-03

-27.603
-46.315

19.551
-22.392
-41.466
-47.370

OF PL
-.317E-03

.215E-05

.120E-05

.139E-05
-.383E-05
.128E-04
.105E-04
.202E-04
.306E-05
-.788E-05
.649E-05
.562E-05
.430E-05
.247E-05
.505E-05
.176E-06
.311E-05
-.607E-05
.379E-06
.365E-05
.141E-04
-.930E-05

.529E-06
-.149E-05

-.179E-05

-.275E-06
.289E-05
.690E-06
.165E-05
.323E-05
.291E-05
.406E-05
.287E-05
.458E-05
.473E-05
.599E-05

-.306E-05

-.261E-05
.118E-04

-.106E-04
.212E-04

-.313E-05
.102E-04

-.656E-05
.597E-05
.304E-05

-.245E-05
.542E-05

A

P e e T

T

9)
12)
15)
18)
21)
24)

733

-41.566
33.185
4.368
-32.474
-46.030
-28.603
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49)
50)
51)
52)
53)
54)
55)
56)
57)
58)
59)
60)
61)
62)
63)
64)
65)
66)
67)
68)
69)
70)
71)
72)
73)
74)

IAL
1)
4)
7)
10)
13)
16)
19)
22)
25)

.169E-02 -.423E-03
.128E-02 -.321E-03
.840E-03 -.192E-03
.121E-02 ~-.315E-03
.139E-02 -.378E-03
.157E-02 -.281E-03
.138E-02 -.373E-03
.109E-02 -.293E-03
.112E-02 -.324E-03
.108E-02 ~-.212E-03
.680E-03 -.169E-03
.434E-03 -.120E-03
.320E-03 -.841E-04
-.133E-03 .248E-04
-.472E-03 -.109E-04
-.812E-03 -.302E-04
-.126E-02 .111E-04
-.138E-02 -.715E-05
-.149E-02 -.312E-03
-.182E-02 -.253E-03
-.216E-02 .638E-03
-.227E-02 .664E-03
-.228E-02 .730E-04
-.472E-03 -.278E-04
-.138E-02 -.708E-04
-.228E-02 -.676E-04
STRAIN OF
.189E-02 ( 2)
.207E-03 ( 5)
-.160E-02 ( 8)
-.227E-02 ( 11)
.152E-02 ( 14)
-.472E-03 ( 17)
-.138E-02 ( 20)
-.228E-02 ( 23)
-.472E-03 (

-.107E-05
-.184E-05

.840E-05
-.580E-06

.362E-05
-.157E-04

.990E-05
-.536E~-06

.151E~05

.158E-05
-.899E-07
-.919E-06
-.129E-05
-.255E-05
-.442E-05
-.394E-05
-.522E-05
-.368E-06
-.579E-05
-.551E-05
-.671E-05

.360E-05
-.111E-05
-.274E-05
-.972E-06
-.403E-05

BEAM -

.152E-02
-.472E-03
-.138E-02
-.228E-02

.927E-03
-.115E-02
-.204E~02
~.228E-02
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COLUMN
( 3) .927E-03
( 6) -.115E-02
( 9)  -.204E-02
(  12) .189E-02
(  15) .207E-03
( 18) -.160E-02
(  21) -.227E-02
(  24) -.138E-02
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>>>> NEW PROBLEM <<<<

number of limit-state functions....... ...ngf= 1

number of independent variable groups ...nig= 1

total number of random variables ..... .. .DIrX= 6

number of limit-state parameters ........ntp= 0

>>>> INPUT DATA <<<<

Ship Reliability Project

Cruiser 1

Primary Mcde -- Ultimate Strength

Sagging Condition, Short-Term (CR1_PYSS)

type of SyStem ....ceieniiaann. e e icl= 1
icl=1 iuieiinioneneaaenan. h i e component
1C1=2 tiiienri s annsenans cheee s series system
1C1=3 ittt ettt general system

flag for gradient computation ...........igr= 0
igr=0 ..ieieieiieiiianaiaaann e .finite difference
1gr=1 ..iiieeenierinnannn ..formulas provided by user

optimization scheme used .............. . .lop= 1
10pP=1 ..ttt triencatacconsssnnnana . .HL-RF method
iop=2 ...iciceienniesenens..modified HL-RF method
10p=3 i iieiecrnnainannn gradient projection method
iop=4 ..iiiiiereanannnn .sequential quadratic method

maximum number of iteration cycles ......nil= 100

maximum steps in line search ............ni2= 4

convergence tolerance ................tol= 1.000E-03
optimization parameter 1 .............0pl= 1.000E+00
optimization parameter 2 .............0p2= 0.000E+00
optimization parameter 3 .............0p3= 0.000E+00

statistical data of basic varibles:

available probability distributions:
determinitic ....c..... ...1ds=0
normal ....c.viesecccsnns...ids=1
lognormal ........00cu....ids=2
QAMMA «ececavseoscnasessasids=3
shifted exponential ......ids=4
shifted rayleigh .........ids=5
uniform ..ececeeseiacen...ids=6
beta ..ccvereennncaanenss.ids=7
type i largest value .....ids=11
type i smallest value ....ids=12
type ii largest value ....ids=13
weibull ........cc000ee...1ds=14
user defined .............1ds>50
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group no.: 1 group type: 1
var ids mean st. dev. paraml paran?2 param3 paramd init. pt
Mu 2 5.96E+01 5.96E+00 4.08E+00 9.98E-02 5.96E+01
Ms 1 6.14E+00 9.22E-01 6.14E+00 9.22E-01 6.14E+00
Mw 51 1.99E400 1.9%9E+01 1.99E+00 O0.00E+00 0.0CE+00 1.99E+01
Md 52 2.39E+00 7.96E+00 2.39E+00 O0.00E+00 0.00E+00 7.96E+00
Kw 1 1.00E+00 5.00E-02 1.00E+00 5.00E-02 1.0GE+0Q0
Kd 1 7.00E-01 1.05E-01 7.00E-01 1.05E-01 7.00E~-01
>>>> FIRST-ORDER RELIABILITY ANALYSIS <<<<
print interval ......iitiiiiiiaiannianann npr= 0

npr<f0 .......... no first order results are printed

npxr=0 ........ print the final step of FORM results

npr>0 ........ print the results of every npr steps
initialization flag .cveeeviennennnnnennn ini=

ini=0 ...... ..., start from mean point

ini=1 .......... start from point specified by user

ini=-1 ....start from previous linearization point
restart flag ....veiiiie ittt ist= 0

ist=0 .ottt analyze a new problem

ist=1 ............. continue an unconverged problem
limit-state function 1
iteration number .............. iter= 10
value of limit-state function..g(x)=-5.507E-07
reliability index ............. beta= 6.4746
probability ...... .. .. i Pfl= 4.752E-11
var design point sensitivity vectors

x* u* aipha gamma delta eta

Mu 4.077E+01 -3.750E+00 -.5791 -.5791 .8024 -2.2182
Ms 5.360E+00 -8.499E-01 -.1313 -.1313 .1313 -.11186
Mw 3.1428+01 4.064E+00 .6277 .6277
Md 1.265E+01 2.250E+00 .3474 .3474
Kw 1.097E+00 1.939E+00 .2994 .2994 -.2994 -.5805
Kd 8.411E-01 1.343E+00 .2075 .2075 -.2075 ~.2187

>>>> SECOND-ORDER RELIABILITY ANALYSIS -~ POINT FITTING <<<<

type of integration scheme used .......c..eeveeuvenn itg= 2
B o improved Breitung formula
18g=2 it i e i i e improved Breitung formula

............................ & Tvedt's exact integral

max. number of iterations for each fitting point ..inp= 4

limit-state function 1

coordinates and ave. main curvatures of fitting points in rotated space

axis u'i u'n G(u) u'i u'n G(u) a'i
1 2.941 6.502 -4.035E-05 -2.935 6.504 -1.018E-05 3.2933E-03
2 2.979 6.484 -2.421E-06 ~2.979 6.485 -3.334E-06 1.1143E-03
3 2.981 6.483 -7.339E-06 -3.000 6.394 6.982E-09 ~4.,2385E-03
4 3.000 6.389 8.723E-10 -3.000 6.329 3.568E~-10 -1.3009E~-02
5 2.884 6.527 -9.162E-05 -2.863 6.536 -5.451E-05 6.8979E-03
improved Breitung Tvedt's EI
generalized reliability index betag = 6.4669 6.4670
probability Pf2 = 5.001E-11 4.999E-11
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>>>> SENSITIVITY ANALYSIS AT COMPONENT LEVEL <<<<

type of parameters for sensitivity analysis

.......................................... isv= 0
isv=l .00 cenens vese....distribution parameters
ISVE2 i iiiiee e ennann limit-state fcn parameters

isv=0 ..distribution and limit-state fcn parameters

sensitivity with respect to distribution parameters

limit-state function 1

d(beta) /d (parameter) :

var mean std dev par 1 par 2
Mu 1.347E~-01 -3.724E-01 5.806E+00 -2.177E+01
Ms 1.424E-01 -1.210E-01 1.424E-01 -1.210E-01
Mw -1.764E-01 -7.033E-01
Md -1.565E-01 -1.747E-01
Kw -5.988E+00 -1.161E+01 -5.988E+00 ~1.161E+01
Kd -1.976E+00 -2.654E+00 -1.976E+00 -2.654E+00

d(Pfl)/d(parameter) :
var mean std dev par 1 par 2

Mu -4.239E-11 1,172E-10 -1.827E-09 6.851E-09
Ms -4.481E-11 3.808E-11 -4.481E-11 3.808E-11
Mw 5.551E-11 2.213E-10
Md 4,924E-11 5.497E-11
Kw 1.885E-09 3.653E~09 1.885E-09 3.653E-0C9
Kd 6.218E-10 8.353E-10 6.218E~10 8.353E-10

.000E+00
.000E+00

par 3

.000E+00
.000E+00

0.000E+00
0.000E+00

par 4

0.000E+00
0.000E+00

Stop -~ Program terminated.
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APPENDIX G

PARAMETRIC STUDY AND COMPARISON
OF RELIABILITY INDICES
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Ship Lengthin ft

2. Ship Length(ft) vs Wave Bending Moment Ratio

Table 6.1.511 Ship Length(ft) vs Wave Bending Moment Ratio

Ship Length vs Wave Bending Moment Ratio

Ships Length Ratio(wave)
Primary hogging cruiser 1 529.00 1.37E+00
cruiser 2 529.00 1.30E+00
tanker 640.00 1.21E+00
sl-7 880.50 1.10E+00
sagging cruiser 2 523.00 1.26E+00
cruiser 1 529.00 1.15E+00
tanker 640.00 1.08E+00
sl-7 880.50 9.42E-01

1.40E+00
1.20E+400
1.00E+00
8.00E-01
6.00E-01

4.00E-01

Wave Bending Moment
RatiosMw(real)/M(ABS)

2.00E-01
0.00E+00

T

ps : Ratio(wave)=Wave Bending Moment(real)/Wave Bending Moment(ABS)

Ship Length vs Wave Bending Moment Ratio
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(IV) Factor of Safety vs Safety Index (see Graph 4,5)

Table 6.1.4 Factor of Safety vs Safety Index

1 Factor of Safety vs Safety Index
Primary Stress
deck
Ships initial yleld moment ABS moment SFI beta 1 beta 2 beta 3
si-7 3.00E+08 1.80E+06 1.67E+00 3.32E+00 2.69E+00 3.11E+00
tanker 1.51E+06 8.80E+05 1.71E+00 2.82E+00 2.32E+00 2.82E+00
cruiser 2 5.24E+05 2.71E+05 1.93E+00 6.23E+00 5.23E+00 5.56E+00
cruiser 1 8.34E+05 2.74E+05 3.04E+00 6.76E+0Q 5.56E+00 5.87E+00
bottomn
Ships Initial yleld moment ABS moment SFi beta 1 beta 2 beta 3
st7 2.38E+08 1.80E+06 1.33E+00 S5.83E+00 5.70E+00 5.34E+00
tanker 1.58E+08 8.79E+05 1.80E+00 2.70E+00 2.29E+00 2.55E+00
cruiser 2 5.78E+05 2.71E+05 2.13E+00 5.10E+00 5.07E+00 4.83E+00
cruiser 1 9.12E+05 2.74E+05 3.32E+00 |6.47E+00 | 6.18E+00 | 5.95E+00
imethod1 : CALREL structural program
method2 : Closed Form (by approximation)
method3 : Mean Value First Order Second Moment
hogging
Ships Ultimate moment Nonlinear moment SFu beta 1 beta 2 beta 3
tanker 1.12E+08 5.86E+05 1.91E+00 |{2.82E+00 |[2.32E+00 | 2.82E+00
sl-7 1.90E+08 9.70E+05 1.96E+00 | 3.32E+00 | 2.69E+00 | 3.11E+00
cruiser 2 4.38E+05 1.56E+05 2.81E+00 | 6.23E+00 | 5.23E+00 5.56E+00
cruiser 1 5.23E+05 1.69E+05 3.09E+00 6.76E+00 | 5.56E+00 5.87E+00
sagging
Ships Ultimate moment Nonlinear moment SFu beta 1 beta 2 beta 3
tanker 1.05E+06 5.95E+05 1.77E+00 2.70E+00 2.28E+00 2.55E+00
cruiser 2 4.55E+05 2.14E+05 2.13E+00 5.10E+00 5.07E+00 4.83E+00
si-7 2.29E+08 1.07E+06 2.15E+00 5.83E+00 5.70E+00 5.34E+00
cruiser 1 5.18E+05 1.99E+05 2.60E+00 8.47E+00 8.18E+00 5.95E+00
Imethodt : CALREL structural program
method2 : Closed Form (by approximation)
Lmethod3 : Mean Value First Order Sacond Moment
(V) Ship Length vs Moment Ratio
1. Ship Length(ft) vs Total Bending Moment Ratio
Table 6.1.51 Ship Length(ft) vs Total Bending Moment Ratio
Ship Length vs Total Bending Moment Ratio
Ships Length Nonlinear Moment ABS Moment | Ratlo(total)
Primary hogging cruiser 1 529.00 1.69E+05 2.74E+05 6.16E-01
cruiser 2 529.00 1.56E+05 2.71E+05 $.75E-01
tanker 640.00 5.86E+05 8.80E+05 6.66E-01
sk7 880.50 9.70E+05 1.80E+06 5.39E-01
sagging cruiser 1 529.00 1.99E+05 2.74E+05 7.25E-01
cruiser 2 529.00 2.14E+05 2.71E+05 7.8SE-01
tanker 640.00 5.95E+05 8.79E+05 6.77E-01
sl-7 880.50 1.07E+06 1.80E+06 5.92E-01
Lps_: Ratio(total=Nonlinear Moment/ABS Moment
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Appendix 5. Results of MVYFOSM

Primary Stress

Ship : Cruiserit | | |
Condition |: short term, hogging , primary stress
Method : mean value first order second moment
|Part 12 Calculation of the s.t.d. and mean of l[Imlit-state function
o.t.d.
omoWmed O bandwidit rameler
t 3 teorm ;mrlod (houmg
Nw=in LA AKX Humber of peaka associaied w ad component w
| + Aumber of peaks assoclaled with Ioad component d
W({rnenn) [ B TSOE YUY iean of wave bendirg moment T ol
[T Yalmean) WWZWWI&%{ N | ol
alata W prs g BRI LB conversion Tacior assoc:n;oa with load component w
alata d A IBIYZETOS Sonverslon lacior assoclaled wih load com, nt d
slgma u .51 508E 754 standard dovIAllon of responss 10 Joad component U v
sigma s 9.2 1600E +03 standard deviation of response to load component s *
slgma w X +O siandard devianon of response 1o load component w. w
SlGme RO BT S e ard Jeviaian o7 respens e o Toad component d. v
K=Kd ] load combination factor for two correlated load response ol
T B BE3AS3IBY T | siess ratio. . |
Mrame k) Soethcients associated with loading tactor
ro o correlation coefficlent between w. g“nd d
slgma g A S BETSY 3.1 d. of imR-slale tunclion
mean
Gl Y] BIS08ET 0% moan of load component U o
mus 14 OOL«& mean of IoAd component 8 ¥
muw 1.690100E +0S mean of load component w. -
mu d B VELCOET 04 mean ol load component d ol
mu g q TOIEBE+ 05 mean of imil-alate functlon fod
Part 2 : Probabllity of Fallure
beta g 5.87360E+00 safety index
Pf 2.13920E-09 probability of failure
1 | 1
1 1
P T means the value is from the input varibles table ¥ inputvars "
means the vaiue is atior some calculations of the input variables from * inputvars ¥
Ship : Cruiseri r I l
Condition |: short term, sagging , primary stress
Method : mean value first order second moment
1 ] ) |
Part 1: Calculation of the s.t.d. and mean of limit-state function
».t.d.
exewxed 2] Bandwidth parameler
t 3 term period (hours)
Nw=n 7.71429E+02 number of peaks assoclated with load component w.
Nd J3.85714E£4+03 number of peaks associated with load component d
“Ywlmean) X EFO8 mmﬁmﬁ |
& lmean) TV USEOOE YOS fean of dynamic bending moment v
alala W TS BT Conversion TRLIor associaled wih Ioad component w
alaln d 4.13493E +00 conversion facior associaled with load component d
sigma u 2 05640E 404 standard deviation of response to load component U *
sigma & U2 TEO0ETUS Standa oviation of response 10 Ioad component & N
" slgmaw 1 YT.OBUOOE+O0XL | slan oviation of response 10 load comp W
slgma d WHEEBE LB STangard Jevialion of response 10 IGAd component d
ig-Kg 0.7 load combination factor for two comelated load response
r 1.2 stress ratio | ] |
mrame 1 ‘coefclonts associated with loading factor
) VY Correlation coelicient belween w ‘!WET‘"
sIgme g B TSETOR TSI B iR Slate Funclion il
ean hmssanmann.
G BYSEABE TS Friean of Ioad cornponent U
™HU & B YIIO0ET0R | 7hean of Ioad componerl 3 v
mu w 1 .98900%033 mean of load component w
mu d 7.95600E+04 mean of load cornponent d o
mu g 4.02488E+05 mean of limit-state function .

Part 2 : Probab

ity of Fallure

beta g

5.95418E+00

safety index

Pf

1.31139E-09

probability of failure
i I

& VAU

1 1
value 1s ko fiput varibles table ' Inpulvars

®r Sorme caiculations o.

ro~y d
@ inpul variables from ~ inpulvars




Ship : Crulser2 { 1 |
Condition |:short term, hogging, primary stress
Method : mean value first order second moment
1
Part 1: Calculation of the s.t.d. and mean of llmlit-state function
s.t.d.
@=ow=0d (Y] vandwldin parameler
t 3 term period (hours)
WW=h V7T TEIDD number ol peaks assoclaled with load component w
Nd 3,857 14E+03 number of peaks assoclated with load component d
Twimean) BESSBE B ‘mean of wave bending morment 1 i
fd(mean) 8.23800E +04 mean of dynamic bending moment *
1. V2BBBEY conversion Tactor assoclaled with Joad component w.,
4.13483E+00 conversion factor assoclated with load component d
e + slandard deviallon of rtesponse 1o load component U W
7.74000E +03 standard deviation of response to load component 8 d
BES00E + sTandard deviation ol response 10 Ioad component w. ¥
B7080E +04 standard deviation of Iesgonsn to load component d *
4] 16ad comblnation Tactor 1or two cormelaled load response
[ 0.833333333 stross ratio
mr=moc 1 Coethicionts assoclaled Witk loading Tacior
) (4] correlation coeMiclent Bélween w and d”
sigma g BRoEIVE 0L 3.1.d._ ol ImA-siate function il
mean
mu el il ETel S thean of load component U W
mus .16000E +04 mean of load component s *
U W EES00ETSE mean of Io8d component w
mu d 6.23600E +04 mean of load component d >
ma g 2 OEESEETOY riean of imil-stale Winchion
Part 2 : Probabllity of Fallure
AR o
beta g 5.55531E+00 safety index
N AL
Pr 1.38919E-08 probability of failure
| |
]|
p3 . ° ** means the value is from the input varibles table " inputvars *
S . VM eans the value is aller some calculations ofthe input variables trom Yinputvars
Ship : Cruiser2 | 1 |
Condition |:short term , sagging, primary stress
Method : mean value ftirst order second moment
1.
Part 1: Calculation of the s.t.d. and mean of lim!t-state function
s.t.d.
S=owW=od Q bandwi parameter
3 term period (hours)
Nwehr WAL L3R number of peaks associated wi ad component w
Nd 3.85714E+03 number of peaks associated with load component d
Twimean) ..153325§+5'5 mean of wave bending moment | *
fd‘rno.n) _S55800E +04 mean of dynamic bending moment | -
alatfaw I 7EEEEELSY Conversion Iacior assoc/a,?oa with 16ad component w.
alafta d 4.13493E +00 conversion factor associated with joad component d
.lglma (*) & TBU@_E+& STANJAr eviaiion ol response to Joad componen [} l
sigma s .74000E +03 standard deviation of response to load component $ F
Slgma w TT3VC0ETES Slandard deviation ol réesponse 10 1oad component w w
nl?ma d 2.56680E+04 standard deviation of res se to load %eonom d d
«Rd 0.7 Io._‘aa combinalion Tactor fwo correiatl. oad response
ey 1.2 Stress ratio l
mfemoc k] coellicienis associa with loading Tacior
1) 0354 correlalion coeMicient belween w &3 4
algma g S ITTIBET0Y s.1.d. of ImA-siate tunclion [
mean
mu U 291 JOE +05 irean ol load component o ol
mu s -5.16000E +04 mean of load component s *
muw 2. 13500308 mean of load component w -
mud 8.55600E +04 | mean of load component d ol
mu o 3. + mean ol _ﬂm:l-si ale funclion -
Part 2 : Probabllity of Fallure
beta g 4.83198E+00 safety index
Pt 6.76800E-07 probability of failure
1 I
" 1 1
ps ;. - = means the value is from the input varibles table ° Inputvars *
R means the value i3 alter some calculations of the inpuf variables from ¥ inputvars™™




Ship

T el-7 | | 1

Condlition

:short term , hoggling , primary stress

Method

: mean value first

order second moment

Part 1: Calculation of the s.t.d. and mean of imit-state function

R

s.0.d,
=sWeod 0 Bandwidibh parameter
t 3 torm gaﬂod (hours) —
Nwan . e number of peaka associated with load component w
R B BEVVIEDY number of peaks masocialed wih load component d

moan ol wave bending moment {

mean ol dynamic bending moment

— 3.
COnveralon Iacior asaociaied wilh Joad component w

alava ¥ YIATIELGO Sonversion Iaclor assodaled wih load component o,
.lgml u 2.401 + s1Andard devialion of résponse 1o load component U [~
sigma s .98650E +04 standard deviation of res se lo load component 8 -
slgma w BOBO0E+ standard deviatlon of respons e 1o load component w. ol
.Igmn d BY/ESE ¢ slandard deviatlon of response 1o Toad companent d *
K=Kd 0 load combination factor for two correlated load response
T X airess rallo
M =Mme b coeffictents assoclated with loading lactor,
ro o correlation coefficient between w and d
[ Slgma g T RS IO el d of imK-siate funcilon ool
mean
mu . Oy ean of load component i ol
MU & A EEIESETVS Mean ol Ioad component 8
mu w 9.69600E +05 mean of load component w. »
mu d 105558 708 mean of load co;'n'gononi ) ind
mu g SOE 08 mean of limit-state function ool
[Part 2: Probabliity of Fallure
beta g 3.171487E+00 safety index
Pf 9.20196E-04 probability of failure
| i
1
2% gty rneans the value is Fom the Input varibles table _Inputvars
R means the value is afier some calculations of the inpul varables from © inputvars
Ship :sl-7 1 1 |
Condition |[: short term , sagging, primary stress
Method : mean value first order second moment
1
Part 1: Calculation of the s.t.d. and mean of limit-state function
td,
=, o
S=owaod O Dandwi PArameter
t 3 term 'agrlod (hours) —
W= P TISE BT number of peaks associated with load com nt w
dq 385714103 humber of poaka associated wih Toad component d
(Mean) [T DS S00E B8 mean ol wave Bending moment )| ®
¥d (mean) 2. 1A500E L BE ‘mean of dynamlc SonSIng moment 1 ol
alata w 3. 72558ET00 conversion factor asaocialed with load componoﬁ? w
alatad 4.134; + converslon Iacior associated Witk load component d
sigma u 3.69103E 108 standard deviation of responzse fo load component U *
sigma s 8.9 DE +04 standard deviation of res o to load onent 8 «
SIgma w S {2 Slandard doviation of reapons e 16 load component w o
.I s d SEOBBET alandard deviaHon of res @ 10 Joad & orent d nd
-Kd 0.7 load combination factor for two correlated load response
T K] siress rallo | !
mismc 1 coollcients associate cading factor
ro 0.547 correlation coefliciont betweon w and d
.lem. 2 o Re §Eo2: el Eae)cd #.1.d ol imiX-siate function o
mean
muu 2 B2B21E 08 mean of load component U
mue -5.5§3W§~85 mean of load component Ml
mu w .06S00E +08 mean of load component w. 12
mud 2 TIOBBE S | mean of load component J
mu g 7735 TE 08 mean of imi-siate Fonclion w

Part 2 : Probab

Ity of Fallure

beta g

5.34239E+00

safety index

Pr

4.59638E-08

probability of failure
i




Ship : Tanker ] | I
Conditlon |: shortterm , hogging , primary stress
Method : mean value first order second moment
Part 1: Calculation of the s.t.d. and mean of Iimit-state function
s.0.d.
e=ow-od ) bandwidih pararmeier
t 3 term period (hours)
Nwa=n 7.71429E +02 number of psaks associaled with load component w
Nd WHEITIETYS number of peaks associated w ad component d
Twlmean B BET00E 0% mean of wave bending moment I d
Ad(Mean T Y 7230 <0% mean of dynamic bending moment
alata“w B W -1-1-1:1 =3 ¢ - pam— ‘W‘law Aasoc?avba with Toad component w
slala d LR ¥ Eonverslon factor assoclaled with load cormponent d_
sigma AVASTETCY slandard devialion of responae 10 load component U
sigma s 92350F 404 standard deviation of res, se to load component s *
slgma w BETCOE Y standard deviation of res e toload component w v
-’_ggm d TE1EESEY standard deviaiion of response 1o load component d. W
KaKd [+] load combination factor for two correlated load response bl
(4 0.6 Siress rallo I ! I
mfema 1 Cooticlents assoclated with loa ing factor
ro o correlation coefficient between w and
sigma g T e3177E308 a.1.d. of imi-siate funcilon el
mean
mu U SESYVETOE mean ol load component u o
mus 2. 96020E +US mean of load component s ¥
muw 5.86100E+05 mean of load component w. *
mu d 172268708 mean of load component d bl
mu g 4. + mean of limit-state hinction oind
Part 2 : Probabllity of Feyuro
beta g 2.81972E+00 safety index
Pt 2.40333E-03 probability of failure
| I
I

pa; * means the value Is from the input varibles table ¥ inputvars
RN eans the value Is aRer some calculations of the input varables from Tinputvars *

Ship : Tanker | 1 1
Condition |: shortterm , sagging , primary stress
Method : mean value first order second moment
1 |
Part 1: Calculation of the s.t.d. and mean of limit-state function
o.t.d. |
e=owued O Bandwidih parameter
L3 3 term period (hours,
Nwan 7145 +03 qumber of peaks assoclated wih load component w
Nd 3.85714E+0C number of peaks assoclated with load component d
Twimean) X% +08 mean of wave Benang moment v
fd{mean) 1.18860E +0* mean of dynamic bending moment Ind
RIata W 3. /25586y conversion TRclor .ssoc7ayfw WA IoRd COMpOri@rt w
alafa d 4.13493E+00 conversion factor associated with load com, ent o
Slgma u - ET Slandard deviation of respons e 1o load comnponent U
slgma e 3.25500E +04 standard deviation of res, se 10 Joad c onent s M
SIgMa W B EIBBBETVY STandard deviation ot résponse 16 Ioad cormponent w
sigma o 3 *

3.58880E+04 standard deviation of rosgonsc to load c%,r#cnmr d
=Rd 5.7 1oad combination TActor WO COfTel oad response nd
T 0.6 Stress ratio I ! |
mramo 1 coelficlents associa with Joading factor

o 0.547 correlation coeliclent belween w 533 d

sigma g T BEASEET08 S.I.d. ol imn-siale tuncllon o
mean
MU u Eﬁmg'm mean of load component ¥
mus 1.30200E +05 mean of load component s *
mu w B OIESOE T8 mean ol load component w
mud 1.18960E +05 mean of ioad component d *
mug 3.591 + mean of imii-state funclion il
Part 2 : Probabliity of Fallure
beta g 2.55080E+00 safety index
Pt 5.37389E-03 probability of failure
| 1
1 I

£, * ** means the value is from the input varibles table * inputvars *
ps - means the value Is affer some calculations of the :nem vaerables M INpUtvars il




Appendix 6. Comparison of the Short-Term Primary Stress

Comparison of * Pf * and * beta " among Three Methods
Condition : short term , primary stress
ship cruiser 1 crulser 2
Pf beta Pf beta
hogging
method1 6.940E-12 6.760E+00 2.340E-10 6.230E+00
method2 1.376E-08 5.557E+00 8.542E-08 5.229E+00
method3 2.139E-09 5.874E+00 1.389E-08 5.555E+00
saqging
method1 4,920E-11 6.470E+00 1.700E-07 5.100E+00
method2 3.265E-10 6.178E+00 2.040E-07 5.066E+00
method3 1.311E-09 5.954E+00 6.768E-07 4,.832E+00
ship tanker sl-7
Pf beta Pf beta
hogging
method1 2.400E-03 2.820E+00 4.500E-04 3.320E+00
method2 1.008E-02 2.323E+00 3.536E-03 2.693E+00
method3 2.403E-03 2.820E+00 9.202E-04 3.115E+00
sagging
method1 3.470E-03 2.700E+00 2.780E-09 5.830E+00
method2 1.115E-02 2.285E4+00 5.933E-09 5,702E+00
method3 5.374E-03 2.551E+00 4,596E-08 5.342E+00
Limit-State-Function : g=M, =M, +k,(M, +kM,)|hogging:k, = (f
method1 : CALREL structural program
method2 : Closed Form (by approximation)
method3 : Mean Value First Order Second Moment




Appendix 7. Comparison of the Short-Term Secondary Stress

Comparison of " Pf “ and " beta * among Three Methods

Condition : short term , secondary stress

ship crulser 1 cruiser 2
Pf beta Pf beta

hogging

method{ 8.530E-12 6.730E+00 5.880E-07 4.860E+00

method2 6.244E-08 5.287E+00 3.067E-05 4.009E+00

method3 1.018E-08 5.609E+00 5.748E-06 4.387E+00
sagging

method1 1.720E-09 5.910E+00 7.840E-05 3.780E+00

method2 9.899E-09 5.614E+00 5.333E-05 3.874E+00

method3 4.850E-08 5.333E+00 2.180E-04 3.517E+00

ship tanker sl-7
Pf beta Pf beta

hogging

method1 2.740E-01 6.000E-01 2.800E-03 2.770E+00

method2 3.707E-01 3.299E-01 2.464E-02 1.966E+00

method3 1.981E-01 8.483E-01 5.070E-03 2.571E+00
sagging

method1 1.540E-03 2.960E+00 N N

method2 7.544E-03 2.430E+00 N N

method3 3.297E-03 2.717E+00 N N

Limit-State Function : g =o,SM, -[M, +k,(M_ +kM )}hogging:k, =

method1 : CALREL structural program

method?2 : Closed Form (by approximation)

method3 : Mean Value First Order Second Moment
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Appendix 8. Comparison of the Short-Term Tertiary Stress

Comparison of " Pf " and “ beta " among Three Methods

Condition : short term , tertiary stress

ship crulser 1 cruiser 2
Pf beta Pf beta

hogging

method1 3.330E-16 8.060E+00 1,270E-09 5.960E+00

method2 9,555E-10 6.006E+00 6.763E-07 4.768E+00

method3 1.447E-10 6.305E+00 1.210E-07 5.164E400
saggin

method1 2.190E-09 5.870E+00 5.420E-06 4.400E+00

method2 1.137E-08 5.590E+00 5.648E-06 4.391E+00

method3 5.578E-08 5.307E+00 2.212E-05 4.084E+00

ship tanker sl-7
Pf beta Pt beta

hogging

method1 1.420E-04 3.630E+00 1.170E-05 4,230E+00

method2 1.238E-03 3.026E+00 1,.246E-03 3.024E+00

method3 2.727E-04 3.457E+00 3.013E-04 3.430E+00
sagging

method1 6.220E-06 4.370E+00 N N

method2 1.331E-04 3.646E+00 N N

method3 6.204E-05 3.838E+00 N N

Limit-State Function : [g=0oSM, -M, +k. (M, +kM,)fhogging:k, = [V ]
{method1 : CALREL structural program
method2 : Closed Form (by approximation)

method3 : Mean Value First Order Second Moment

G-11




Nomenclature

length between perpendiculars
beam
waterplane coefficient
block coefficient
heading (0° = head seas)
speed
stillwater bending moment
ultimate failure bending moment
mean
standard deviation
wave frequency
encounter frequency
significant wave height
mean wave period
moments of the response spectrum
zeroth
second
fourth
probability density function
cumulative distribution function
standard normal cumulative distribution function
average response period
bandwidth parameter
number of encounters
expected maximum in N encounters
value with a probability of exceedance of o
probability of failure
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Cruiser I Particulars

Length (BP) 529.00 feet

Beam 55.00 feet

Draft 22.07 feet
Displacement 9403.40 LT

Speed 30+ knots

Trim 1.83 feet by stern
GMt 2.56 feet

LCG 7.37 feet aft amidships
KG 23.28 feet

Cs 0.61

Cwr 0.753
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Assumptions

The following assumptions are made concerning the ship and the environment for this analysis:

Mgw is deterministic and known.

Sea conditions are statistically stationary and the spectral content of the waves can be represented
by a two-dimensional spectrum.

The seas are long-crested and fully-developed.

The ship’s response to the waves is linear and can be represented by an RAO.

M, is normally distributed with mean p and a known coefficient of variation. (applies to both
hogging and sagging strength)

The bending moment response is a narrowband process and its peaks follow a Rayleigh
distribution. ‘

Order statistics can be used to determine the extreme characteristics of the bending moment
response.

The ship’s strength is statistically independent of the wave-induced bending moment.

G-14




Development of the Model

Determining the Response Spectrum

The wave forces that the ship encounters are modeled by a two-dimensional sea spectrum. This
procedure utilizes the ISSC-63 wave spectrum. This is a two-parameter spectrum, with significant wave
height and mean wave period as its parameters. A spectrum is generated for each case by looking up the
given sea state in Table 1 and reading the corresponding Hy;3 and Ty, The ISSC-63 spectrum is given by

S, (0)= ABo e where A=(O.25)(H%)2 and B=(O.817><

Table 1: NATO Sea States

Sea State | Hys (m)y | Hys () | Tn (sec) |% Occurance
2 0.30 0.98 7.5 7.2
3 0.88 2.89 7.5 22.4
4 1.88 6.17 8.8 28.7
5 3.25 10.66 9.7 15.5
6 5.00 16.40 124 18.7
7 7.50 24.61 15.0 6.1
8 11.50 37.73 16.4 1.2
9 20-68) 6562 20.0 0.05
iYoo| .9
NOTES: |open-ocean, North Atlantic, fully developed seas,
most probable wave heights and modal periods

In order to get the response spectrum, the bending moment RAO for the ship must be known at the

4
7
Tm

given speed and heading. In this case, the RAO’s are determined from a plot of non-dimensional RAO’s.
(Figure 1) The information in this plot is valid for ships with cruiser/destroyer-type hullforms (0.44 < Cg<
0.62 and 0.72 < Cyp < 0.84). The plot is entered with the frequency parameter and the returned value, the

bending moment parameter is converted into the bending moment RAO value for the input frequency. Note

that the RAO is a function of the length and beam of the ship and the given heading and speed.
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Figure 1. RAQ Plot
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2 2
RAO(w) = {pr(LBP) EE,BM Parameter(a))}

where Fj=3|cosd| and  F =1ltanh(15+V,/g)+0.0V,/g)

Now, the response spectrum is simply Spm(0) = Sw(o) x RAO(®). Converting the response in wave
frequency into the response in encounter frequency is the next step. First, the response is divided into
discreet, evenly spaced blocks. The total area and center frequency (o) are calculated for each block.
Next, each center frequency is converted to the corresponding encounter frequency by the formula
Vio.
o, =0, +-—<cosd
g

The #™ moment of the response spectrum, now in terms of encounter frequencies, is given by

m, = Za):"e x Area@w,,

Statistics of the Extreme Responses
It is now necessary to determine some of the characteristics of the extreme responses. First, the

bandwidth parameter is calculated &= ,/ 1- mz2 / mym, So long as this is less than 0.6, we are well
justified in assuming a narrowband process. Next, the average period of the response is determined by
T~ 27’\/”’0 /m, This value is combined with the duration over which the analysis is being conducted

(this must be < 3 hours) to calculate the number of cycles (encounters) to be expected in the analysis period
N~ duration in seconds

T,

avg

At this point, it is useful to calculate, as a check, the expected maximum value of the bending
moment in N cycles. This value, derived from the use of order statistics, is given by

G-16




05772
~ ,/m V2InN + —— assuming a Rayleigh distribution for the peaks
O 0 { 2InN }

orby Qy = fmy 21n[N(1—32) y 90772

] @n[zv(l- &)

These two values can then be compared with each other to get a qualitative measure of how much error is
incurred by assuming that the process is perfectly narrowbanded for the remainder of the analysis. In
practice, this error is small. For example, at 30 knots, sea state 9, head seas, we have € = 0.661. This
difference in the Qy values is only 3.74 %, and the value of Qy derived from the Rayleigh distribution is
larger. Thus, it seems that narrowbandness is a well-justified assumption even for values of € slightly greater
than 0.6 -- if anything, we are being more conservative.

Other values that are of use in obtaining a qualitative feel for the extreme bending moment are the
value with a probability of exceedance of 0.1% and the value with a probability of exceedance of 50%.

These are given by
a(@)=2m{in N + 1/ in(:25)]}

assuming a Rice distribution.

Calculating the Probability of Failure

The first step in the actual calculation of the probability of failure is determining the probability
distributions of both the strength and the load. In this case, strength is represented by the ultimate bending
moment in both the hogging and sagging modes. We assume that the ultimate bending moments are
normally distributed with the given mean and an assumed coefficient of variation. Note that the results are
strongly dependent on the coefficient of variation that is assumed. For example, in the sample condition
above, for a coefficient of variation of 15% the probability of failure (hogging) is 5.49 x 10° The
corresponding probability of failure for a coefficient of variation of 12% is 2.22 x 10

For the loading, we assume that the peaks of the bending moment can be closely approximated by a
Rayleigh distribution. While it would be more exact to represent the peaks of the bending moment by Rice’s
distribution, we have shown above that assuming the response in narrowbanded incurs only a small error.

Since we are also assuming that the strength and the load are statistically independent, we can
represent the joint probability density function as the product of the probability density function of the load
and the probability density function of the strength. By the application of order statistics, the probability of
failure is given by

Pr=1- [fu()[Fa(@)" &

{3

where Fpu(z)=1-e V2m
_ifz-mY?

and f§”(2)=——-1—-e 2( u)

o2

These equations are integrated numerically for both the hogging and sagging modes to determine the
probability of failure for each mode.
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Limitations

Any answers arrived at through a modeling procedure are only as accurate as the model is realistic.
There are several simplifications made in modeling the ship’s response and calculating the probabilities of
failure with this procedure that anyone who is using it must understand. First, the probabilities generated by
the model are conditional on the ship actually encountering the specified sea condition for the specified
duration at the specified course and speed. Second, the sea spectrum is only two-dimensional and assumes
long-crested, fully-developed seas. However, the model can be made more realistic by modifying the
spectrum to include directional and transient effects.

A more pressing consideration is the use of a regression fit for the ship’s bending moment RAO’s.
A more accurate procedure could involve using the ship’s actual RAO’s (from full-scale or model testing)
instead of the regression fitted ones. A significant obstacle to this enhancement is the difficulty in obtaining
RAO’s for each speed and heading condition to be investigated. It is obvious the use of the regression
RAO’s is much simpler, but how much accuracy is lost? Table 2 shows a comparison between the method
used here and those derived from the second order strip theory program SOST. One can see that the values
obtained from this procedure are very close to the linear SOST analysis. Therefore, so long as a second-
order analysis is not necessary, using the regression RAO’s is a valid simplification, at least for this ship.

Table 2: Comparison with SOST

Cruiser I -- 6 knots, Hy3=45'", T,= 14 s l
duration: 2.78 hours q(50%)
| SOST  |Lvl 3 Short-Term

Condition A: ©=0° |sagging | 2.032E+05 ft-LT
hogging | 1.691E+05 f-LT
linear 1.811E+05| 1.783E+0S|ft-LT

Condition A: 0 = 45° sagging 1.408E+05 fi-LT
hogging | 1.134E+05 ft-LT
linear 1.217E+05| 1.227E+0S5ift-LT

There is one other factor of importance that is not covered in this approach: loads on the ship due
to slamming. This cannot be simply implemented in this framework. Its effects would be greatest in the
higher sea states, adding approximately 1/3 of the expected wave bending moment to the total load.
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Application of the Model

Figure 2: Probability of Failure at 6 =0°
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Figure 3: Probability of Failure at 6 =30°
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Figure 4: Probability of Failure at § =45°
Heading 45° (Bow Seas)
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Figure 5: Probability of Failure at 8 = 60°
Heading 60° (Bow Seas)
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Conclusions

The fully-probabilistic (Level IIT) reliability analysis is a viable option for the analysis of wave-
induced longitudinal bending loads over a short period of time. Various simplifying assumptions can make
this process tractable, even if the user has only limited amounts of computer resources and ship data
available. The method can also be easily modified to increase its accuracy, at the price of needing more
information. The only significant failing of the model is in its failure to account for the slamming loads at
high sea states. So long as one is mindful of the limitations of the procedure, the data derived from it can be
of great use to both designers and operators.
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Sample Run of Model

Input Data Ship:  Cruiser |
Hydrostatic Data Condition Data
LBP: 529 R Speed: 30 knots
Beam: 55 ft Heading: 0 °(relative)
Draft: 2207 #f Sea State 9
A: 94034 LT Duration: 3  hour(s)
CBI 0.61
Cuwp: 0.753
Strength Data

Msw 76,821 fi-LT
Ultimate Failure Bending Moment
Sagging Hogging
p -616,241 574,489 fi-LT
Cov 15% 15%
c 92436 86173 fi-LT
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Wave Response Calculations
Density: | 19905/ Ib-f/s* m, |8427E+6
Accel of Gravity: 32174 ft/s* m, 958.7E+6
Sig Wave Height: 459ft m, 1.9E+9
Mean Wave Period: 20.0/sec
[0 Suw(®) RAO Sem(®@) O, ® Area Blks| Om; Omy ®e Sem{®e)
s fi¥s |(A-LT/R)’| (R-LT)Ys| s’ s (R-LTY |(R-LT)YsY (R-LTYYs' | s7  |[(R-LT)s
0.02 0 0 0 0.035] 0.036928 0 0 0| 0.02063 0
0.05| 2E-295 0 0 0.065) 0.071649 0 0 0) 0.053934 0
0.08; 6.73E-41 0 0 0.095] 0.109203 0 0 0! 0.090072 0
0.11] 1.9E-08 0 0 0.125| 0.14959 0 0 0] 0.129043 0
0.14| 0.528018 0 0 0.155] 0.19281 0 0 0| 0.170846 0
0.17] 89.26811 0 0 0.185] 0.238862 0 0 0| 0.215482 0
0.2] 474.7726 0 0 0.215| 0.287747 0 0 0 0.262951 0
0.23] 754.1868 0 0 0.245] 0.339465| 635559.8| 73239.76| 8439.9032| 0.313252 0
0.26 745.2984! 56850.59|42370650 0.275] 0.394016| 6441821| 1000083| 155261.51| 0.366386/23301606
0.29| 604.1912{ 640664.9| 3.87E+08 0.305] 0.451399|18362265| 3741522| 762377.9| 0.422354|2.02E+08
0.32| 450.9752| 1856126|8.37E+08 0.335] 0.511616(30685395| 8031922} 2102360.6| 0.481153|4.17E+08
0.35| 326.3703| 3703235|1.21E+09 0.365| 0.574665[41503215|13706005| 4526265.4| 0.542786|5.75E+08
0.38] 234.6077{ 6641960! 1.56E+09 0.395| 0.640547!53432141|21923204| 8995089.1| 0.607252{ 7.1E+08
0.41| 169.4466|11826071 2E+09 0.425| 0.709261]64355179132373965| 16285770 0.67455|8.75E+08
0.44| 123.624|18495255|2.29E+09 0.455| 0.780809|70799058{43163498| 26315146| 0.744681 | 9.59E+08
0.47} 91.31423|26649511|2.43E+09 0.485] 0.855189|73839839(54002601; 39494681| 0.817645|9.82E+08
0.5| 68.3355336425799| 2.49E+09 0.515| 0.932402|74976619(65182638| 56668016| 0.893441|9.67E+08
0.53| 51.8068448435014|2.51E+09 0.545| 1.012447|74743816|76616125| 78535334 0.97207| 9.4E+08
0.56| 39.76932|62200100| 2.47E+09 0.575| 1.095326|72947030]87517377| 104997987} 1.053533|8.95E+08
0.59| 30.8915{77350707|2.39E+09 0.605| 1.181037]67015949|93477107| 130386418 1.137827| 8.36E+08
0.62| 24.26273{85656089| 2.08E+09 0.635] 1.269581|55061985|88750905| 143051931} 1.224955| 7.04E+08
0.65| 19.25432{82711231| 1.59E+09 0.665| 1.360958/40983632|75910152| 140601283} 1.314915|5.23E+08
0.68] 15.42744|73874433| 1.14E+09 0.695| 1.455168/29055531|61525453 | 130280922} 1.407709| 3.63E+08
0.71} 12.47225{63929242| 7.97E-+08 0.725| 1.55221/20302888|48916878| 117858154/ 1.503335| 2.46E+08
0.74| 10.16739|54702726| 5.56E+08 0.755] 1.652085]14231042{38841993 | 106014753 | 1.601793| 1.67E+08
0.77] 8.352922|46995763 | 3.93E+08 0.785] 1.754793|10027319]/30877107| 95079825} 1.703085| 1.15E+08
0.8] 6.911977|39921429|2.76E+08 0.815] 1.860334| 7025991{24315841! 84153268| 1.807209|78434959
0.83| 5.758267|33423844/| 1.92E+08 0.845| 1.968707| 4878484|18908065| 73284023} 1.91416653277828
0.86| 4.827429|27503007| 1.33E+08 0.875| 2.079913| 3386100|14648403| 63369571| 2.023956|35816912
0.89| 4.070987|22837506{92971192 0.905] 2.193952] 2365090|11384187| 54796952! 2.136579:24457732
0.92| 3.452103|18742621{64701451 0.935| 2.310824| 1634887| 8730147| 46618185| 2.252034|16608315
0.95| 2.942536|15051990|44291017 0.965! 2.430529| 1109187 6552488| 38708624| 2.370322|11100082
0.98 2.520461(11765613|29654769 0.995| 2.553066| 757949.4| 4940425| 32202415| 2.491443| 7260179
1.01| 2.168881| 9624867|20875190 1.025] 2.678436| 537939.4| 3859188 27685897| 2.615397| 4995255
1.04| 1.874459| 7995606|14987438 1.055] 2.806639| 383833.5| 3023542| 23817118| 2.742184| 3507121
1.07| 1.626661| 6517317|10601465 1.085] 2.937675| 269343.8| 2324419! 20059583| 2.871803| 2427155
1.1] 1.417108| 5189999 7354791 1.115] 3.071543| 192608.5] 1817141| 17143597| 3.004255| 1648213
1.13] 1.239098| 4427232| 5485774 1.145] 3.208244| 147794.3| 1521222| 15657686| 3.13954| 1203890
1.16] 1.087234| 4016782/ 4367181 1.175| 3.347778| 117571.2] 1317694| 14768211| 3.277657| 938949.8
1.19] 0.957148| 3626294| 3470901 1.205| 3.490145| 93344.39| 1137039| 13850396/ 3.418608| 731399.7
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Wave Frequency (rad/sec)

1.22} 0.845286| 3255770! 2752058 1.235} 3.635345| 74345.89 982535.35 12984923 | 3.562391! 568608.8
1.25| 0.748741! 2944053 2204334 1.265| 3.783377; 59927.97! 857805.51 12278579} 3.709007! 446726.9
1.281 0.665123! 2692531! 1790864 1.295] 3.934242| 48655.68] 753105.3: 11656761 3.858456! 356118.9
1.31; 0.592458; 2452239! 1452848 1.325) 4.08794| 39437.25! 6590459 11013485, 4.010737; 283578.6
1.341 0.529109| 2223175 1176302 1.355] 4.244471 32062.03| 577614.5! 10406033 | 4.165851| 225445.1
1.37) 0.473714| 2029002 961166.3 1.385] 4.403834| 26464.77} 513251.4] 9953871.6| 4.323798| 180938.5
1.4; 0.425131; 1889186 803152 1.415] 4.56603| 22110.41| 460971.8: 9610631.9| 4.484578; 148551.9
1.43]| 0.382404| 1754360| 670875.2 1.445] 4731059 18463.38} 413264.5| 9250067.3| 4.648191| 121955.9
1.46] 0.344727| 1624525| 560017.1 1.475| 4.898921} 15466.41| 371185.1| 8908229.9 4.814636, 100085.4
1.49| 0.311415] 1512697 471077.2 1.505 5.069616| 13205.27| 339388.6| 8722626.8| 4.983914! 82793.01
1.52| 0.281892| 1451882 409273.9 1.535} 5.243143| 11478.57| 315552.1| 8674700.5] 5.156025| 70756.68
1.55 0.255664 1392314| 355963.9 1.565| 5.419503| 9987.94| 293355.9| 8616161.2| 5.330969| 60551.78
1.58 0.232309] 1333994| 309898.8 1.595{ 5.598696| 8687.61 272316.6{ 8535871.3| 5.508745| 51882.44
1.61} 0.211468! 1273364| 269275.2 1.625| 5.780722| 7451.508! 249005.1| 8320940.1}| 5.689355| 44379.78
1.64] 0.19283| 1179755 227492 1.655] 5.96558| 6291.339] 223897.1] 7968081.6| 5.872797| 36918.84
1.67| 0.176128| 1089720| 191930.6 1.685] 6.153271]| 5303.826| 200817.4] 7603498.5! 6.059072| 30677.62
1.7/ 0.161133| 1003259 161657.7 1.715] 6.343795| 4463.16| 179614.2] 7228348.3| 6.248179| 25454.71
1.73] 0.147643} 920370.3| 135886.3 1.745]| 6.537152| 3747.56; 160149.6]| 6843889.1] 6.440119| 21083.24
1.76| 0.135486| 841055.2| 113951.1 1.775] 6.733341| 3138.607| 142297.8; 6451482| 6.634893| 17424.65
1.79| 0.12451| 765313.3| 95289.35 1.805| 6.932364| 2620.693| 125944 4| 6052593.6} 6.832499| 14363.62
1.82{ 0.114584| 693144.8} 79423 .51 1.835] 7.134219| 2180.572| 110984.7| 5648798.2| 7.032937| 11804.04
1.85] 0.105593| 624549.5| 65947.93 1.865| 7.338907| 1806.98| 97323.13| 5241780.3| 7.236209| 9665.634
1.88] 0.097435| 559527.5| 54517.41 1.895] 7.546427| 1490.327| 84871.97| 4833337.1| 7.442313| 7881.251
1.91{ 0.090021| 498078.9| 44837.72 1.925| 7.756781| 1222.432| 73550.84| 4425380.8| 7.65125| 6394.627
1.94| 0.083275] 440203.4| 36657.73 1.955] 7.969967| 996.308| 63285.86| 4019941.1| 7.86302| 5158.552
1.97} 0.077125| 385901.3| 297628 1.985] 8.185986| 805.9808| 54009.07| 3619167.3| 8.077622| 4133.36
2| 0.071513] 335172.5| 23969.25 8.295058| 3285.684
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Probability of Failure Calculation
t
Msw 76,821 |f-LT BMpys | 29,030 (fi-LT Rice | Rayleigh
Step Size 4,465 |ft-LT € 0.661 |Wideband! Expected max
my | 842.7E+6!(R-LT) Tavg 5.891s in N peaks| 1.13E+05| 1.17E+05|ft-LT
m, |958.7E+6|(R-LT)Ys N 1833.3|peaks semi-prob FS 3.03 2.97
my 1.9E+9!(R-LT)%s* 1/1000 value| 1.56E+05 |ft-LT
50% value| 1.15E+05 |fi-LT % difference| 3.74%
Distribution Calculations
BM | furuag(Str) | furnog(str) |[fomBMT| fon(BM) | Fan(BM) | S(BM) |H(BM)
(f-LT) | Normal | Normal | Rayleigh | Rayleigh | Rayleigh
-1209168| 5.02E-15| 4.3E-99 0 0 1| 5.02E-15
-1204702| 6.83E-15| 1.26E-98 0 0 1| 2.73E-14
-1200237| 9.28E-15| 3.66E-98 0 0 1| 1.86E-14
-1195772| 1.26E-14| 1.06E-97 0 0 1| 5.03E-14
-1191307| 1.7E-14| 3.07E-97 0 0 1| 3.4E-14
-1186841| 2.29E-14| 8.88E-97 0 0 1] 9.18E-14
-1182376| 3.09E-14]| 2.56E-96 0 0 1| 6.18E-14
-1177911! 4.15E-14{ 7.34E-96 0 0 1| 1.66E-13
-1173446| 5.55E-14| 2.1E-95 0 0 1{ 1.11E-13
-1168980| 7.42E-14| 6.01E-95 0 0 1| 2.97E-13
-1164515| 9.9E-14| 1.71E-94 0 0 1| 1.98E-13
-1160050{ 1.32E-13| 4.87E-94 0 0 1} 5.27E-13
-1155585| 1.75E-13| 1.38E-93 0 0 1| 3.49E-13
-1151120| 2.31E-13| 3.9E-93 0 0 1| 9.25E-13
-1146654| 3.06E-13| 1.1E-92 0 0 1| 6.11E-13
-1142189| 4.03E-13| 3.09E-92 0 0 1| 1.61E-12
-1137724] 5.3E-13| 8.66E-92 0 0 1} 1.06E-12
-1133259| 6.95E-13| 2.42E-91 0 0 1| 2.78E-12
-1128793| 9.09E-13| 6.75E-91 0 0 1| 1.82E-12
-1124328| 1.19E-12| 1.88E-90 0 0 1] 4.75E-12
-1119863| 1.55E-12{ 5.21E-90 0 0 1| 3.09E-12
-1115398| 2.01E-12| 1.44E-89 0 0 1| 8.04E-12
-1110932| 2.61E-12| 3.97E-89 0 0 1] 5.21E-12
-1106467| 3.37E-12| 1.09E-88 0 0 1| 1.35E-11
-1102002| 4.35E-12| 3E-88 0 0 1| 8.7E-12
-1097537| 5.6E-12| 8.21E-88 0 0 1| 2.24E-11
-1093071| 7.19E-12| 2.24E-87 0 0 1] 1.44E-11
-1088606| 9.22E-12| 6.1E-87 0 0 1| 3.69E-11
-1084141| 1.18E-11| 1.66E-86 0 0 1| 2.36E-11
-1079676| 1.5E-11| 4.48E-86 0 0 1| 6.01E-11
-1075210| 1.91E-11}| 1.21E-85 0 0 1| 3.82E-11
-1070745| 2.43E-11| 3.26E-85 0 0 1{ 9.71E-11
-1066280| 3.08E-11| 8 76E-85 0 0 1} 6.15E-11
-1061815] 3.89E-11| 2.35E-84 0 0 1} 1.55E-10
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-1057349; 4.9E-11| 6.26E-84 0 0 1| 98E-11
-1052884| 6.16E-11] 1.67E-83 0 0 1] 2.46E-10
-1048419! 7.73E-11! 4.43E-83 0 0 1! 1.55E-10
1043954, 9.68E-11] 1.18E-82 0 0 1| 3.87E-10
-1039489| 1.21E-10! 3.11E-82 0 0 1| 2.42E-10
-1035023! 1.51E-10| 8.19E-82 0 0 1| 6.03E-10
-1030558| 1.87E-10; 2.15E-81 0 0 1| 3.75E-10
-1026093| 2.32E-10| 5.64E-81 0 0 1| 9.29E-10
-1021628| 2.87E-10! 1.47E-80 0 0 1 5.75E-10
-1017162| 3.55E-10| 3.85E-80 0 0 1| 1.42E-09
-1012697) 4.37E-10 1E-79 0 0 1} 8.74E-10
-1008232| 5.37E-10; 2.59E-79 1E-303| 5.5E-307 1| 2.15E-09
-1003767| 6.58E-10| 6.71E-79| 3.1E-301| 1.7E-304 1{ 1.32E-09
-999301| 8 OSE-10| 1.73E-78} 9.4E-299| 5.1E-302 1} 3.22E-09
-994836| 9.83E-10| 4.45E-78; 2.8E-296| 1.5E-299 1| 1.97E-09
-990371; 1.2E-09| 1.14E-77| 8E-294| 4.3E-297 1{ 4.78E-09
-985906! 1.45E-09 2.92E-77| 2.2E-291| 1.2E-294 1} 2.91E-09
-981440| 1.76E-09| 7.46E-77| 6.1E-289| 3.4E-292 1| 7.04E-09
-976975| 2.13E-09) 1.9E-76; 16E-286| 9E-290 1| 4.26E-09
-972510) 2.57TE-09! 4.82E-76| 4.3E-284| 2.4E-287 1| 1.03E-08
-968045| 3.09E-09) 1.22E-75| 1.1E-281| 6E-285 1| 6.18E-09
-963579| 3.71E-09| 3.08E-75| 2.8E-279| 1.5E-282 1| 1.48E-08
-959114| 4 44E-09, 7.76E-75| 6.7E-277} 3.7E-280 1| 8.88E-09
-954649| 5.3E-09| 1.95E-74| 1.6E-274| 8.7E-278 1| 2.12E-08
-950184| 6.32E-09| 4.88E-74| 3.7E-272{ 2E-275 1| 1.26E-08
-945719| 7.52E-09| 1.22E-73| 8.5E-270| 4.6E-273 1|/ 3.01E-08
-941253| 8.92E-09| 3.04E-73| 19E-267| 1E-270 1| 1.78E-08
-936788| 1.06E-08) 7.55E-73| 4.1E-265| 2.2E-268 1| 423E-08
-932323| 1.25E-08| 1.87E-72| 8.6E-263| 4.7E-266 1| 2.49E-08
-927858| 1.47E-08| 4.62E-72| 1.8E-260| 9.7E-264 1{ 5.88E-08
-923392| 1.73E-08| 1.14E-71| 3.6E-258| 2E-261 1| 3.46E-08
-918927| 2.03E-08| 2.8E-71| 7.1E-256| 3.8E-259 1] 8.1E-08
-914462| 2.37E-08| 6.86E-71| 14E-253| 7.4E-257 1| 4.74E-08
-909997| 2.77E-08| 1.68E-70| 2.6E-251| 1.4E-254 1} 1.11E-07
-905531| 3.22E-08| 4.09E-70| 4.7E-249| 2.6E-252 1| 6.45E-08
-901066| 3.74E-08| 9.95E-70| 8.4E-247| 4.6E-250 1] 1.5E-07
-896601| 4.34E-08| 2.41E-69| 1.5E-244| 8E-248 1| 8.68E-08
-892136; 5.02E-08] 5.84E-69| 2.5E-242{ 1.4E-245 1| 2.01E-07
-887670| 5.79E-08{ 1.41E-68! 4.2E-240| 2.3E-243 1{ 1.16E-07
-883205; 6.67E-08| 3.39E-68| 6.8E-238| 3.7E-241 1| 2.67E-07
-878740| 7.65E-08| 8.13E-68| 1.1E-235| 5.9E-239 1| 1.53E-07
-874275| 8.77E-08| 1.94E-67| 1.7E-233| 9.2E-237 1| 3.51E-07
-869809 1E-07| 4.64E-67| 2.6E-231| 14E-234 1 2E-07
-865344| 1.14E-07{ 1.1E-66| 3.8E-229| 2.1E-232 1| 4.57E-07
-860879| 1.3E-07| 2.62E-66| 5.5E-227| 3E-230 1| 2.6E-07
-856414] 1.48E-07| 6.21E-66| 7.8E-225| 4.3E-228 1{ 5.9E-07
-851948| 1.67E-07| 1.47E-65| 1.1E-222| 5.9E-226 1| 3.34E-07
-847483| 1.89E-07| 3.45E-65| 1.5E-220| 7.9E-224 1} 7.55E-07
-843018] 2.13E-07| 8.1E-65| 19E-218| 1E-221 1| 426E-07
-838553| 2.39E-07; 1.9E-64] 2.5E-216{ 1.3E-219 1| 9.57E-07
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-834088; 2.69E-07! 4.43E-64| 3.1E-214| 1.7E-217, 11 5.37E-07 X )
-829622! 3.01E-07| 1.03E-63] 3.8E-212| 2.1E-215 1| 1.2E-06 | ]
825157| 3.36E-07] 2.4E-63| 4.6E-210! 25E-213 1| 6.71E-07
820692 3.74E-07| 5.56E-63| 5.3E-208| 2.9E-211 1] 1.5E-06
-816227! 4.16E-07| 1.28E-62{ 6.1E-206| 3.3E-209 1| 8.31E-07
-811761{ 4.61E-07| 2.96E-62} 6.8E-204| 3.7E-207 1| 1.84E-06
-807296| 5.1E-07| 6.8E-62| 7.4E-202] 4E-205 1; 1.02E-06
-802831| 5.63E-07| 1.56E-61| 7.9E-200| 4.3E-203 1} 2.25E-06
-798366{ 6.2E-07| 3.57E-61| 8.2E-198| 4.5E-201 1} 1.24E-06
-793900| 6.81E-07| 8.13E-61| 8.3E-196| 4.5E-199 1{ 2.72E-06
-789435| 7.46E-07| 1.85E-60! 8.3E-194| 4.5E-197 1| 1.49E-06
-784970| 8.16E-07| 4.19E-60{ 8E-192| 44E-195 1{ 3.26E-06
-780505| 8.9E-07| 9.48E-60! 7.6E-190| 4.1E-193 1} 1.78E-06
-776039| 9.69E-07| 2.14E-59|  7E-188| 3.8E-191 1| 3.87E-06
-771574| 1.05E-06} 4 81E-59| 6.3E-186! 3.4E-189 1} 2.1E-06
-767109| 1.14E-06| 1.08E-58} 5.5E-184| 3E-187 1{ 4.56E-06
-762644| 1.23E-06| 2.42E-58| 4.8E-182| 2.6E-185 1| 2.46E-06
-758178} 1.33E-06| 5.39E-58; 4E-180{ 2.2E-183 1| 5.31E-06
-753713| 1.43E-06| 12E-57| 3.3E-178| 1.8E-181 1| 2.86E-06
-749248| 1.53E-06| 2.66E-57| 2.6E-176) 1.4E-179 1} 6.13E-06
-744783| 1.64E-06| 5.89E-57| 2.1E-174| 1.1E-177 1| 3.28E-06
-740317{ 1.75E-06] 1.3E-56| 1.6E-172| 8.6E-176 1| 7.01E-06
-735852| 1.87E-06| 2.86E-56| 1.2E-170| 6.4E-174 1| 3.74E-06
-731387| 1.99E-06{ 6.29E-56| 8.6E-169| 4.7E-172 1| 7.95E-06
-726922| 2.11E-06| 1.38E-55| 6.1E-167| 3.3E-170 1| 421E-06
-722457| 2.23E-06| 3.01E-55| 4.2E-165| 2.3E-168 1| 8.92E-06
-717991| 2.35E-06; 6.55E-55| 2.9E-163| 1.6E-166 1| 4.71E-06
-713526| 2.48E-06| 1.42E-54| 19E-161| 1E-164 1} 9.92E-06
-709061| 2.61E-06| 3.08E-54| 1.2E-159| 6.7E-163 1| 5.21E-06
-704596| 2.73E-06| 6.67E-54| 7.8E-158| 4.3E-161 1| 1.09E-05
-700130| 2.86E-06| 1.44E-53| 4.8E-156| 2.6E-159 1| 5.72E-06
-695665| 2.98E-06| 3.09E-53| 2.9E-154| 1.6E-157 1| 1.19E-05
-691200| 3.11E-06| 6.62E-53| 1.7E-152| 9.3E-156 1| 6.21E-06
-686735| 3.23E-06| 1.41E-52| 9.8E-151| 54E-154 1| 1.29E-05
-682269| 3.34E-06| 3.02E-52| 5.5E-149| 3E-152 1| 6.69E-06
-677804| 3.46E-06| 6.41E-52| 3E-147| 1.6E-150 1| 1.38E-05
-673339| 3.57TE-06| 1.36E-51| 1.6E-145; 8.8E-149 1| 7.13E-06
-668874| 3.67E-06| 2.88E-51| 8.5E-144| 4.6E-147 1{ 1.47E-05
-664408| 3.77E-06| 6.07E-51| 4.3E-142| 2.4E-145 1| 7.54E-06
-659943 | 3.86E-06| 1.28E-50| 2.2E-140| 1.2E-143 1| 1.54E-05
-655478| 3.94E-06| 2.68E-50| 1.1E-138| 5.7E-142 1| 7.89E-06
-651013| 4.02E-06| 5.6E-50| SE-137| 2.7E-140 1| 1.61E-05
-646547{ 4.09E-06| 1.17E-49| 2.3E-135| 1.3E-138 1| 8.18E-06
-642082| 4.15E-06| 2.43E-49| 1.1E-133| 5.7E-137 1| 1.66E-05
-637617{ 4.2E-06]| 5.05E-49| 4.7E-132| 2.5E-135 1| 8.4E-06
-633152| 4.24E-06| 1.04E-48 2E-130| 1.1E-133 1} 1.7E-05
-628686| 4.28E-06| 2.16E-48| 8.5E-129| 4.7E-132 1| 8.55E-06
-624221| 4.3E-06| 4.44E-48| 3.5E-127| 1.9E-130 1| 1.72E-05
-619756| 4.31E-06| 9.12E-48| 1.4E-125| 7.7E-129 1| 8.63E-06
-615291| 4.32E-06| 1.87E-47| 5.6E-124] 3E-127 1{ 1.73E-05
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APPENDIX H

SENSITIVITY ANALYSIS RESULTS




Primary (1Y) l = 10.29] i
e & T 8
Mi [ 60IE+01/-6.16E+00, -0.5978] 05978 09337, -3.7184
Ms | 5.18E+00'-105E+00] -0.1022] -0.1022| 010224 -0.1074
[Mw 4_00E+01' 6.0SE+00,  0.5876 0.5876] -0.33034| -1.84433
M.d 1.71E+01! 3.80E+00 0.3696 0.3696| -0.42088| -0.68545
Kw I.16E+00| 3.21E+00] 03115] 0.3115] -0.3115] -0.9991
Kd 9.49E-01; 2.38E+00 0.2307 0.2307| -0.2307 -0.548
Primary (ULT) B= 6.47

x* u* a Y ) n
Mu 40.77 -3.75) -0.5791! -0.5791 0.8024] -2.2182
Ms 5.36 -0.85; -0.1313] -0.1313 0.1313} -0.1116
Mw 31.42 4.06 0.6277 0.6277| -0.35104} -1.39957
Md 12.65 2.25 0.3474 0.3474| -0.37404; -0.41753
Kw 1.10 1.94 0.2994 0.2994] -0.2994| -0.5805
Kd ! 0.84 1.34 0.2075 0.20751 -0.20751 -0.2787
Secondary B= 5.89: ]

x* ‘u* o iy ‘0 m
Su : 1.70E+01:-3.28E+00i -0.5556; -0.5556 0.7439: -1.8689
SMd "2.22E+01i-1.32E+00! -0.2226] -0.2226; 0.2347. -0.3013
Ms 5.40E+01! -8.04E-01| -0.1361; -0.1361 0.1361 -0.1094
Kw 1.09E+00| 1.73E+00 0.293 0.293 -0.293 -0.507
Mw 2.98E+02| 3.64E+00 0.6173 0.6173} -0.35203; -1.25788
Kd 8.26E-01| 1.20E+00 0.2024 0.2024; -0.2024| -0.2421
Md 1.20E+02| 2.01E+00 0.3397 0.3397{ -0.3671; -0.37021
Tertiary I B= 5.86

x* u* a Y 8 n
Su 1.69E+01{-3.26E+00{ -0.5551] -0.5551 0.7419! -1.8548
SMd 2.22E+01{-1.31E+00, -0.2225| -0.2225 0.2345] -0.2991
Ms 5.41E+01{ -8.01E-01] -0.1365] -0.1365 0.1365{ -0.1094
Kw 1.09E+00{ 1.72E+00 0.2931 0.2931} -0.2931| -0.5043
Mw 2.97E+02| 3.62E+00 0.6175 0.6175; -0.35263] -1.25251
Kd 8.25E-01; 1.19E+00 0.2025 0.2025| -0.2025; -0.2408
Md | 1.20E+02{ 2.00E+00 0.3398 0.3398] -0.36734! -0.36854

!

1
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Primary (1Y) i B = 10.45)
X ‘u* 4qkm]oz 'yauua . rﬁekta iETOL
Mi | 5.10E+01]-7.00E+00] -0.6698] -0.6698  1.0969  4.731
Ms T 7 44E+00' _I_ 41E+00 0.1349 9_)}4_9 .;Q,l _3_49 _‘59“1_99_2_
Mw | 3.80E+01] 7.06E+00 06752 0.6752] -0.39377 -2.43191
Kw 1.15E400 2.91E+00 0.278| 0.278 -0.278'  -0.808
i

Primary (ULT) B= 6.75

x* u* oAmno  yoppo  (SeATa ETQL
Mu 3.82E+01!-4.52E+00| -0.6686! -0.6686! 0.9772| -3.0698
Ms 7.15E+00| 1.09E+00 0.162; 0.162 -0.162; -0.1771
Mw 2.86E+01! 4.60E+00 0.681 0.681| -0.37603! -1.68409
Kw 1.09E+00; 1.70E+00 0.251 0.251 -0.251| -0.4255

|

Secondary , B = 6.74.

x* u* CGATna  youpo deAta 10
Su " 1.50E+01:-4.34E+00; -0.6444. -0.6444; 0.9306: -2.8447
SMb : 249E+01:-1.74E+00]  -0.2582; -0.2582/ 0.2767: -0.4586
Ms 7.13E+01} 1.07E+00 0.1591] 0.1591] -0.1591] -0.1704
Kw 1.08E+00| 1.63E+00 0.2417 0.2417| -0.2417| -0.3932
Mw 2.80E+02! 4 43E+00 0.659 0.659| -0.36453; -1.57931
Tertiary B= 8.06

x* u* ainna  |yapuo  (SeAta g€t
Su 1.68E+01-5.26E+00| -0.6528| -0.6528 1.0028! -3.4835
SMb 2.46E+01{-2.11E+00| -0.2617| -0.2617!  0.2843 -0.562
Ms 7.23E+01] 1.18E+00; 0.1462] 0.1462 -0.1462; -0.1724
Kw 1.10E+00; 1.98E+00! 0.2456/ 0.2456| -0.2456! -0.4862
Mw 3.10E+02; 5.25E+00!  0.6509; 0.6509! -0.35946] -1.80154

!
Cruiser 1
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Primary (1Y) 5 B =! 7.92] !
ox* ot joAmna jyoppo  SeAta TG
Mi  '693E+01-4.56E+00 -0.5751|  -0.575I| 08159 26623
Ms | 'S52E+00 -67SE-01) -0.0851 -0.0851} ~ 0.0851; -0.0575
Mw | 491E+01] 4.95E+00] 06242 06242 -0.34416] -1.64326
Md 2.00E+01i 2.86E+00 0.3605 0.3605; -0.39078; -0.52705
Kw 1.12E+00| 2.44E+00 0.3081 0.3081} -0.3081; -0.7521
Kd 8.81E-01| 1.73E+00 0.2178 0.2178; -0.2178| -0.3759
Primary (ULT) B= 4.27

x* u* oAmna  |yappa  1deAta £T0
Mu 4.63E+01|-2.48E+00| -0.5771; -0.5771 0.7265! -1.4801
Ms 5.69E+00! -4.95E-01] -0.1152{ -0.1152] 0.1152 -0.057
Mw 3.68E+01| 2.68E+00 0.6243 0.6243] -0.38976] -0.99302
Md 1.51E+01§ 1.53E+00 0.3553 0.3553! -0.39078; -0.3019
Kw 1.07E+00{ 1.31E+00 0.3049 0.3049! -0.3049 -0.399
Kd 7.95E-01; 9.09E-01 0.2116 0.2116| -0.2116] -0.1923
Secondary i B= 3.75

x* u* ‘gAnno.  yoppo  OgAta ETd
Su ; 1.91E+01:-2.12E+00! -0.5625! -0.5625; 0.6884: -1.2448
SMd . 226E+011 -8.51E-01; -0.2254! -0.2254; 0.2335! -0.2007
Ms 5.73E+01! -4.55E-01] -0.1205, -0.1205 0.1205| -0.0548
Kw 1.06E+00] 1.14E+00 0.3021 0.3021| -0.3021] -0.3447
Mw 3.49E+02! 2.26E+00 0.5985 0.5985| -0.39865| -0.83039
Kd 7.83E-01] 7.95E-01 0.2104 0.2104} -0.2104{ -0.1672
Md 1.45E+02| 1.33E+00 0.3529 0.3529| -0.39245| -0.26272
Tertiary B= 3.71

x* u* oAmno  lyappa  (deAta €10
Su 1.90E+01[-2.10E+00| -0.5625| -0.5625| 0.6872| -1.2333
SMd 2.26E+01| -8.43E-01] -0.2254! -0.2254 0.2335| -0.1989
Ms 5.73E+01}{ -4.53E-01 -0.121 -0.121 0.121] -0.0548
Kw 1.06E+00} 1.13E+00 0.3025 0.3025| -0.3025{ -0.3422
Mw 3.48E+02] 2.24E+00 0.5978 0.5978 -0.39976! -0.82232
Kd 7.83E-01| 7.88E-01 0.2107 02107| -0.2107 -0.166
Md 1.45E+02 1.32E+00 0.3534 0.3534] -0.39312} -0.26085

Sensitivity Factors Cruiser 1 LT-Sag
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Primary (1Y) g f B = 7.4
XY qut o oAma  yoppe  (deAta  eta
Mi | 6.35E+011-4.56E+00] _ -0.6161! __-Q§_!_6l‘ 0.8742] -2.8542
Ms 6. 825+oo" 738E-011 0.0997. 00997 -0.0997  -0.0735
Mw  Ts14E+01 541E+00,  0.7304]  0.7304] -0.40398] -2.07653
Kw ¢ 1.10E+00 206E+00| 02775, 02775, 02775 -0.5705
;
| |
Primary (ULT) : B= 4.09!
x* u* AT jyappa  (dsAta £1a
Mu | 4.61E+01.-2.63E+00' -0.6422| -0.6422] 08182 -1.7434
Ms i 6.63E+00! 528E-01; 0.1289] 0.1289! -0.1289] -0.068
Mw | 3.74E+01] 2.90E+00i  0.7089]  0.7089! -0.43065| -1.2012
Kw | 1.LOSE+00] 1.07E+00/  0.2616] 0.2616] -0.2616 -0.28
i ! ]
Secondary B= 4.16 ‘
x* u* ‘OATRO YOUUO deita €T
Su 1.79E+01i-2.59E+00:  -0.6225! -0.6225: 0.7907, -1.6666
SMb 2.56E+01 -1.04E+00  -0.2494. -0.2494° 0.2603] -0.2687
Ms | 6.63E+01| 523E-01i  0.1256] 0.1256 -0.1256] -0.0657
Kw 1.0SE+00] 1.06E+00!  0.2535] 0.2535] -0.2535| -0.2674
Mw 3.72E+02! 2.85E+00i  0.6857] 0.6857 -0.41855| -1.14565
Tertiary | i B= 543
ix* u* ioAmna  |youpa  |Sekta  |etat
Su | 2.03E+01]-3.35E+00| -0.6173] -0.6173 0.831] -2.1215
SMb | 2.53E+01!-1.34E+00] -0.2474] -0.2474] 02612] -0.3422
Ms | 6.70E+01! 6.03E-01. 0.1109] 0.1109] -0.1109] -0.0668
Kw | L.O7E+00! 1.37E+00!  0.2519] 0.2519] -02519] -0.3448
Mw 4.19E+021 3.77E+00] _ 0.6942]  0.6942 -0.39243| -1.45283
|
}
Sensitivity Factors Cruiser 1
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Primary (1Y) | . B =| 6.75: 5
IO £ K3 T2 - B . W—
Mi ;472E+0]‘:3_Z6E+00 0.5563]  -0.5563; 0.7493] _-2.132
Ms | 464E+00] -6.82E-01 -0.101] -0.101  0.101; -0.0689
Mw | 3.50E+01] 433E+00] 06411 06411 -0.35567 -1.50656
Md 1.41E+01]| 2.42E+00 0.3584 0.3584; -0.38524 -0.45695
Kw 1.10E+00| 2.08E+00 0.308 0.308 -0.308] -0.6409
Kd 8.52E-01{ 1.45E+00 0.2144 0.2144, -0.2144; -0.3107
Primary (ULT) B= 5.1

Ix* u* a Y ) n
Mu 3.88E+01]-2.95E+00! -0.5766! -0.5766 0.75321 -1.7516
Ms 4.71E+00| -5.88E-01] -0.1148] -0.1148 0.1148] -0.0675
Mw 3.04E+01} 3.23E+00 0.6311 0.6311{ -0.37086; -1.16609
Md 1.23E+01| 1.79E+00 0.3495 0.3495| -0.37985 -0.34412
Kw 1.08E+00| 1.54E+00 0.3009 0.3009{ -0.3009| -0.4638
Kd 8.12E-01! 1.07E+00:  0.2081 0.2081; -0.2081} -0.2218

| i : i
Secondary ? B = 3.74: -

x* u* a Y é m
Su © 1.36E+01:-2.11E+00!  -0.5577 -0.5577. 0.6815) -1.2237
SMd i 2.42E+01; -8.43E-01: -0.2233] -0.2233; 02313 -0.1971
Ms 4,78E+01| -4.98E-01; -0.1318| -0.1318 0.1318; -0.0656
Kw 1.06E+00| 1.14E+00 0.3029 0.3029{ -0.3029| -0.3463
Mw 2.68E+02| 2.27E+00 0.6003 0.6003| -0.39975| -0.83546
Kd 7.84E-01| 7.96E-01 0.2109 0.2109| -0.2109] -0.1679
Md 1.12E+02| 1.34E+00 0.3538 0.3538] -0.39347| -0.26394
Tertiary B= 438

x* u* a Y ) 1
Su 1.47E+01}-2.46E+00| -0.5579{ -0.5579 0.7011| -1.4191
SMd 2.40E+01| -9.84E-01] -0.2234| -0.2234 0.2327; -0.2286
Ms 4.74E+01| -5.41E-01] -0.1227} -0.1227 0.1227] -0.0663
Kw 1.07E+00{ 1.31E+00 0.2977 0.29777 -0.2977; -0.3904
Mw 2.83E+02| 2.69E+00 0.6101 0.6101! -0.38092! -0.97284
Kd 7.96E-01{ 9.10E-01 0.2066 0.2066) -0.2066] -0.1881
Md 1.16E+02| 1.53E+00 0.3468 0.3468; -0.38165| -0.29529

Cruiser 2

Sensitivity Factors




Primary (1Y) ! | B= 7.77 E

x* u* e« oy 8 o
Mi | 38SE+01-4.94E+00] -06359] -0.6359 09238 -3.1848
Ms__ | GOIE+00; 1.1E+00|  0.1415] 01415/ -0.1415: -0.1554
Mw | 2.04E¥01] SSIE+00] 07089 0.7089 0393276 2.04672]
Kw 1.11IE+00} 2.10E+00|  02704] 0.2704; -0.2704] -0.5679
Primary (ULT) B= 6.22

x* u* a Y 8 n
Mu 3.33E+011-4.11E+00] -0.6602] -0.6602] 09381 -2.7628
Ms 5.89E+00! 9.53E-01]  0.1532] 0.1532] -0.1532] -0.146
Mw 2.54E+01] 430E+00]  0.6906]  0.6906] -0.3836] -1.61304
Kw 1.08E+00] 1.57E+00|  0.2524)  0.2524] -0.2524] -0.3964

| ]
Secondary é é B= 4.86 ‘
i x* u* _a Y K n
Su 1.11E+01;-3.10E+00.  -0.638 _ -0.638, 0.8428 -2.0319
SMb 2.62E+011-124E+00] -02557: -0.2557, 0.2689 -0.3277
Ms 5.80E+01] 8.24E-01] 0.1695] 0.1695] -0.1695] -0.1397
Kw 1.06E+00| 1.18E+00|  0.242]  0.242] -0.242] -0.2847
Mw 2.21E+02] 3.23E+00]  0.6635]  0.6635] -0.39047] -1.2246
Tertiary B= 5.96

x* u* o Y o n
Su 1.24E+01/-3.80E+00] -0.6366] -0.6366]  0.8849] -2.4678
SMb 2.59E+01]-1.52E+00] -0.2552] -0.2552] 0.2712] -0.3982
Ms 5.87E+01] 9.21E-01] 0.1543]  0.1543] -0.1543] -0.1421
Kw 1.07E+00| 1.45E+00]  0.243]  0.243]  -0.243] -0.3521
Mw 2.44E+02] 3.99E+00]  0.6684]  0.6684] -0.37487| -1.46687

Sensitivity Factors Cruiser 2 ST-Hog




T
H

Primary (1Y) | B =i 4.67; i
Mu | 525E+01-257E+00] 05478] 03478 " 0.67%) -14523
Ms | 484E+00] -420E-01 -0.0894] ":0.0894  0.08941 _-00375
Mw | 4.03E+01; 3.04E+00] 0.6477) 0.6477  _-0.3879| -1.13956
Md 1.64E+01! 1.69E+00 0.3605 0.3605: -0.39297| -0.33748|
Kw 1.07E+00; 1.46E+00|  0.3104 0.3104: -0.3104| -0.4524
Kd 8.06E-01{ 1.01E+00 0.2147 0.2147! -0.2147;, -0.2164
Primary (ULT) B= 3.09

x* u* a Y 6 n
Mu 433E+01|-1.85E+00; -0.5917| -0.5917 0.7078] -1.1467
Ms 4.91E+00! -3.30E-01] -0.1055] -0.1055; 0.1055| -0.0348
Mw 3.47E+01] 1.86E+00 0.5968 0.5968! -0.42864| -0.70684
Md 1.45E+01; 1.15E+00 0.368 0.368; -0.41391| -0.23428
Kw 1.05E+00{ 9.83E-01 0.3147 0.3147; -0.3147| -0.3094
Kd 7.72E-01; 6.86E-01 0.2194 0.2194! -0.2194! -0.1505

; : TI :
Secondary B = 1.73

x* u* o Y 3 M
Su . 1.51E+01:-1.04E+00; -0.5884: -0.5884. 0.6567: -0.6684
SMd 2.46E+01i -4.17E-01] -0.2356] -0.2356. 0.24; -0.1076
Ms 4.99E+01! -2.18E-01 -0.123 -0.123 0.123] -0.0268
Kw 1.03E+00| 5.76E-01 0.3252 0.3252! -0.3252| -0.1872
Mw 3.13E+02}] 9.49E-01 0.5361 0.5361{ -0.47899| -0.33378
Kd 7.41E-01; 3.95E-01 0.2227 0.2227; -0.2227! -0.0879
Md 1.30E+02| 6.64E-01 0.3746 0.3746| -0.4366| -0.11772
Tertiary B= 2.39

x* u* a Y S n
Su 1.63E+01!-1.42E+00| -0.5824| -0.5824 0.6716 -0.878
SMd 2.44E+01| -5.67E-01| -0.2333] -0.2333 0239, -0.1414
Ms 495E+01} -2.76E-01; -0.1136] -0.1136! 0.1136] -0.0314
Kw 1.04E+00! 7.68E-01 0.3161 0.3161; -0.3161] -0.2428
Mw 3.27E+02| 1.35E+00 0.5569 0.5569| -0.4493) -0.49703
Kd | 7.56E-01] 5.33E-0l 0.2193 0.2193! -0.2193] -0.1169
Md : 1.37E+02| 8.94E-01 0.3679 0.3679| -0.42159i -0.17467

Sensitivity Factors Cruiser 2

LT-Sag




Primary (1Y) ! B = 4.54,

|x* u* o o8 om ]
Mi__ | 4.72E+01-2.68E+00 -0.5907! ~-0.5907, 07386 -1629|
Ms | 5.53E+00] 4.86E-01]  0.1073!  0.1073] -0.1073! -0.0521
Mw_ | 3.92E+01] 341E+00] 07515 0.7515| -0.43497 -1.44963]
Kw LOGE+00| 1.24E+00] 0.2734] 0.2734] -0.2734] -0.3389
Primary (ULT) B= 3.18

x* u* o Y ) n
Mu 4.07E+01!-2.08E+00| -0.6503] -0.6503| 0.7929] -1.4102
Ms 5.46E+00| 3.94E-01] 0.1233: 0.1233] .0.1233] -0.0486
Mw 3.38E+01] 2.24E+00]  0.69911  0.6991] -0.46737| -0.96228
Kw 1.04E+00] 8.65E-01] 0.2705] 0.2705| -0.2705] -0.234
Secondary : B= 1.89: '

x* u* a Y 8 n
Su  1.34E+01-1.28E+00] -0.6678. -0.6678: 0.7611.  -0.9163
SMb . 2.70E+01, -5.13E-011  -0.2676; -0.2676: 0.2736, -0.1478
Ms | 5.37E+01] 2.75E-01] 0.1437| 0.1437] -0.1437| -0.0396
Kw 1.03E+00[ 5.31E-01] 0.2775] 02775] -0.2775| -0.1474
Mw 2.99E+02! 1.19E+00!  0.6203] 0.6203| -0.52002] -0.48654
Tertiary B= 3.03

x* u* o Y 3 n
Su 1.49E+01|-1.93E+00|  -0.635| -0.635] 0.7649 -1.2834
SMb 2.6TE+01| -7.74E-01] -0.2545] -0.2545| 0.2629] -0.2071
Ms 5.45E+01| 3.77E-01 0.124]  0.124]  -0.124] -0.0468
Kw 1.04E+00! 8.03E-01 0.264| 0264 -0264] -0.2121
Mw 3.30E+02| 2.03E+00|  0.6685] 0.6685| -0.46332] -0.8505

Sensitivity Factors Cruiser 2

LT-Hog




Primary (1Y) ! ! B= 6.26 ]
. e e oy 8
Mi | 1.92E+02-3.52E+00] -0.5618] -0.5618 07653 -2.0216|
Ms 2.11E+01|-1.65E+00, -0.2636] -0.2636.__ 0.2636] _-0.4349)
Mw | 1.77E+02) 445E+00]  0.7112] 0.7112 -0.39547| -1.71949
Md | 2.50E+01] 8.83E-01 0.1409]  0.1409. -0.16148| -0.06575
Kw i 1.09E+00! 1.80E+00] 0.2868; 0.2868: -0.2868! -0.5149
Kd 7.55E-01] 5.26E-01 0.084 0.084§ -0.084] -0.0442
Primary (ULT) B= 5.83!

x* u* a y 1S 1
Mu { 1.79E+02!-3.43E+00| -0.5871 -0.587l§ 0.8159| -2.0632
Ms 2.19E+01|-1.57E+00/ -0.2682| -0.2682: 0.2682| -0.4197
Mw | 1.68E+02| 4.04E+00|  0.6925!  0.6925: -0.38927, -1.54294
Md ! 2.47E+01| 8.18E-0l 0.1402! 0.1402: -0.16148| -0.05934
Kw i 1.08E+00| 1.62E+00 0.2778 02778 -0.2778! -0.4503
Kd f 7.51E-01! 4.88E-01 0.0835/ 0.0835° -0.0835] -0.0407
Secondary B=

‘undefined
Tertiary | B=

l

'undefined

Sensitivity Factors SL-7 ST-Sag




Primary (1Y) | B =i 6.58 i
X u* ey 8N
M ‘ 2 22E+02 4 39E+00,., W-O 6@81 ___-Q__668] 0 9685 __'-2__98_7
Ms _5 '2>OE+OI I. 79E+00|  0.2715! ___0__27~]§’____-_0_ 27__1 5_77 -0.4848
Mw 1L 57E+02 4 . 28E+00] 9 §§QZ. 0.6507; -0. 361424__-1_551_11_1]
Kw ) 1_08E+00 156E+00 0.2378; 0.2378: -0.2378| -0.3717
| .
! i
‘ i
Primary (ULT) B = 3.32
x* u* a ¥ ) n
Mu 1.67E+021-2.39E+00! -0.7138! -0.7138! 0911 -1.7732
Ms 4.65E+01; 1.17E+00;  0.3505] 0.3505! -0.3505! -0.4112
Mw . 1.16E+02; 1.88E+00| 0.5626; 0.5626| -0.40255! -0.67231
Kw | 1.04E+00] 7.57E-01 0.2262: 0.2262; -0.2262{ -0.1713
Secondary : ; B=: 2.74.
x* u* e Y & m
Su : 9.16E+00 -1.94E+00; -0.6994, -0.6994: 0.858/ -1.4222
SMb 1.73E+02! -7.06E-01; -0.2549. -0.2549: 02626 -0.1899
Ms 4.50E+02| 1.00E+00| 0.3618] 0.3618] -0.3618] -0.3625
Kw 1.03E+00| 6.13E-01 0.2215] 0.2215] -02215| -0.1358
Mw 1.10E+03| 1.43E+00/ 0.5156; 0.5156/ -0.40856| -0.48296
Tertiary B= 4.21;
x* u* o Y ) n
Su 1.04E+01{-2.89E+00{ -0.6824| -0.6824 0.908] -2.0322
SMb 1.71E+02|-1.05E+00| -0.2488] -0.2488! 0.2598; -0.2716
Ms 4.79E+02: 1.33E+00] 0.3151 0.3151; -0.3151 -0.42
Kw 1.0SE+00! 9.18E-01 021727 0.2172; -02172] -0.1995
Mw 1.24E+03| 2.41E+00!  0.5709] 0.5709! -0.37093! -0.83595
|
Sensitivity Factors SL-7 ST-Hog
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Primary (1Y) | B= 5.88 ;
Mi [ 234E+02|-3.86E+00] -0.6569 -0.6569{ 09175  -2.5894
Ms | 493E+01[ 1.49C+00] 0.2532 02532 02532 -0.3769
Mw | L72E+02] 3.92E+00| 0.6675| 0.6675| -0.37518| -1.44522
Kw 1.07E+00| 1.43E+00 0.2425 02425 -0.2425| -0.3457|
Primary (ULT) B= 2.67

x* u* o Y b M
Mu 1.75E+02!-1.94E+00{ -0.7186; -0.7186] 0.8818 -1.464
Ms 4.41E+01| 9.07E-01 0.3359 0.3359] -0.3359] -0.3046
Mw 1.27E+02| 1.51E+00 0.5606 0.5606i -0.43512| -0.55378
Kw 1.03E+00| 6.41E-01 0.2376 0.2376| -0.2376] -0.1524
Secondary 1 B= 2.1

<* u* ‘o Y ) n
Su 9.61E+00:-1.50E+00| -0.7045| -0.7045: 0.831: -1.1303
SMb 1.74E+02i -5.48E-011 -0.2568; -0.2568 0.2629 -0.151
Ms 4.26E+02{ 7.38E-01 0.3454 0.3454| -0.3454| -0.2548
Kw 1.03E+00| 4.99E-01 0.2335 0.2335] -0.2335{ -0.1164
Mw 1.22E+03; 1.10E+00 0.5137 0.5137| -0.44145) -0.37241
Tertiary B= 3.58

x* u* (v} Y o n
Su 1.09E+01{-2.46E+00| -0.6829| -0.6829 0.8769 -1.745
SMb 1.72E+02} -8.97E-01 -0.249 -0.249 0.2584| -0.2332
Ms 4. 56E+02| 1.08E+00 0.2991 0.2991] -0.2991; -0.3224
Kw 1.04E+00| 8.15E-01 0.2262 0.2262| -0.2262] -0.1844
Mw 1.36E+03| 2.07E+00 0.5754 0.5754] -0.39649! -0.74459

Sensitivity Factors - SL-7
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Primary (1Y) ! B = 5.87. |
x* wt ey @8 o omo
Mi_ | 1.24E+02-3.81E+00] -0.6494" -0.6494  0.9038 25279
Ms . 1I9E+01 7.73E01] 0.1317,_0.1317: -0.1317, _-0.1019)
Mw 9.30E+01| 3.99E+00  0.6789'  0.6789 -0.38068| -1.48869
Md | 1.38E+01] 8.10E-01]  0.138,  0.138] -0.15897 -0.05762
Kw 1.08E+00| 1.60E+00] 027231  0.2723] -0.2723] -0.4353
Kd 7.51E-01] 4.83E-01] 0.0822] 0.0822] -0.0822] -0.0397
Primary (ULT) B= 3.02
x* u* a Y o il
Mu 9.47E+01'-2.16E+00]  -0.709/  -0.709] 0.8873] -1.6018
Ms 1.13E+01] 521E-01] 0.1707] 0.1707] -0.1707| -0.0889
Mw 7.07E+01; 1.83E+00|  0.5989!  0.5989] -0.43346! -0.69794
Md 1.27E+01] 4.90E-01| 0.1607, 0.1607] -0.18975 -0.02958
Kw 1.04E+00| 8.34E-01] 0.2733] 0.2733] -02733] -0.2278
Kd 7.31E-01} 2.90E-01]  0.0952] 0.0952i -0.0952] -0.0276
S —
Secondary , B= 3.24
X* u* a Y 8 n
Su | 1.22E+01:-2.24E+00] -0.6842] -0.6842°  0.8619 -1.5964
SMd 7.82E+01 -8.16E-01i -0.2495' -0.2495: 02581 -0.2133
Ms 1.13E+02| 534E-01] 0.1632] 0.1632, -0.1632] -0.0871
Kw 1.04E+00] 8.62E-01] 0.2636] 02636/ -0.2636] -0.2273
Mw 7.14E+02] 1.91E+00] 0.5843] 0.5843] -0.41579] -0.70686
Kd 7.31E-01] 2.99E-01] 0.0914] 0.0914] -0.0914] -0.0273
Md 1.28E+02| 5.05E-01] 0.1543] 0.1543] -0.18196] -0.03009
Tertiary | B= 4.63
x* u* o Y S n
Su 1.39E+01/-3.10E+00]  -0.666] -0.666] 0.9014] -2.1222
SMd 7.73E+01]-1.13E+00| -0.2428] -0.2428] 0.2542] -0.2835
Ms 1.I6E+02] 6.56E-01!  0.1412] 0.1412] -0.1412] -0.0927
Kw 1.06E+00] 1.19E+00|  0.2556] 0.2556] -0.2556] -0.3037
Mw 8.07E+02] 2.89E+00]  0.6211] 0.6211] -0.37812] -1.04899
Kd 7.41E-01] 3.87E-01] 0.0831] 0.0831] -0.0831] -0.0322
Md 1.32E+02| 6.50E-01] 0.1398] 0.1398] -0.16318] -0.04263
Sensitivity Factors Tanker
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Sensitivity Factors

H-13

Primary (1Y) | ; B =| 5.01: !
x* wo_ e Y8 _n___
Mi | 123E+02-338E+00] 06738 -0.6738 0909 -23353
Ms 3.70E+01| 1.77E+00,  0.3528;  0.3528! -0.3528 _ -0.625
Mw 8.13E+01] 3.06E+00]  0.6096]  0.6096! -0.36408| -1.07824
Kw 1.06E+00} 1.12E+00 0.2234 0.2234; -0.2234; -0.2506
Primary (ULT) B= 2.82

x* u* a Y 3 n
Mu 1.02E+02!-2.07E+00! -0.7255! -0.7255 0.9002 -1.569
Ms 3.33E+01] 1.19E+00 0.4167 0.41671 -0.4167] -0.4946
Mw 6.66E+01{ 1.43E+00 0.5034 0.5034| -0.39801] -0.47355
Kw 1.03E+00! 6.15E-01 0.2161 0.2161; -0.2161| -0.1329
Secondary B= 0.57

x* u* a Y ke n
Su | 8.63E+00! -4.21E-01; -0.7045/ -0.7045: 0.7475: -0.3717
SMb i 1.01E+02; -1.54E-01. -0.2567] -0.2567:  0.2588 -0.0496
Ms 2.75E+02| 2.84E-01 0.4748 0.4748; -0.4748) -0.1348
Kw 1.01E+00| 1.30E-01 0.2179 0.2179! -0.2179} -0.0284
Mw 5.89E+02| 2.43E-01 0.4061 0.4061| -0.43698! -0.0162
Tertiary B= 3.61

x* u* (v] Y (3 n
Su 1.10E+01{-2.53E+00| -0.6958| -0.6958 0.8985| -1.8241
SMb 9.76E+01{ -9.22E-01| -0.2537! -0.2537 0.2635| -0.2437
Ms 3.45E+02! 1.38E+00 0.3798 0.3798! -0.3798] -0.5243
Kw 1.04E+00| 7.53E-01 0.2072 0.2072] -0.2072 -0.156
Mw 7.00E+02| 1.87E+00 0.5141 0.5141 -0.369| -0.61003

Tanker




Primary (1Y) | | B =i 4.5
X wr o e 8 m
Mi l.4lE+02?-2.4z_l§_t(_)_Q__ -0.5486, -0.5486:  0.6903| -1.4035
[Ms 1.84E+01;-1.13E+00 -0.25 -0.25! 0.25; -0.2816
Mw 1.34E+02| 3.24E+00 0.7202 0.7202. -0.42275! -1.33529
Md 2.12E+01| 7.01E-01 0.1556 0.1556: -0.18084| -0.05312
Kw 1.07E+00| 1.31E+00 0.2917 0.2917: -0.2917; -0.3834
Kd 7.44E-01| 4.17E-01{ 0.0926]/ 0.0926] -0.0926/ -0.0386
Primary (ULT) B= 2.17
x* u* o Y d il
Mu 1.04E+02]-1.29E+00{ -0.5859| -0.5859 0.6773] -0.8147
Ms 2.10E+01) -7.24E-01{ -0.3292! -0.3292; 0.3292| -0.2384
Mw 1.07E+02| 1.40E+00{ 0.6364; 0.6364| -0.50724| -0.58589
Md 1.98E+01| 4.11E-01] 0.1867| 0.1867| -0.22182| -0.02268
Kw 1.03E+00| 6.83E-01 0.3104 0.3104! -0.3104 -0.212
Kd 7.26E-01; 2.43E-01: 0.1103 0.1103; -0.1103 -0.0268
Secondary B= 2.39
ix* u* o] Y 8 N
Su | 1.34E+01/-1.38E+00]  -0.572] -0572 _ 0.667.  -0.348
SMd 7.92E+01] -5.04E-01] -0.2086| -0.2086{ 0.2132] -0.1133
Ms 2.08E+02| -7.61E-01 -0.315 -0.315 0.315| -0.2397
Kw 1.04E+00| 7.27E-01 0.3009 0.3009: -0.3009; -0.2186
Mw 1.08E+03| 1.52E+00 0.6292 0.6292, -0.48753| -0.62427
Kd 7.27E-01] 2.57E-01 0.1064 0.1064; -0.1064| -0.0273
Md 1.99E+02| 4.35E-01 0.1799 0.1799| -0.21338| -0.02528
Tertiary B= 3.56
x* u* a Y d n
Su 1.56E+01|-2.03E+00{ -0.5673] -0.5673 0.7019| -1.2073
SMd 7.85E+01| -7.41E-01| -0.2068/ -0.2068 0.2134; -0.1613
Ms 1.95E+02| -9.69E-01; -0.2705| -0.2705 0.2705| -0.2621
Kw 1.05E+00{ 1.02E+00 0.2851 0.2851] -0.2851 -0.291
Mw 1.20E+03| 2.39E+00 0.6675 0.6675! -0.4351] -0.9694
Kd 7.36E-01| 3.44E-01 0.0959 0.0959; -0.0959 -0.033
Md 2.06E+02| 5.79E-01 0.1617 0.16171 -0.18961| -0.04068
|
Sensitivity Factors Tanker
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Primary (1Y) | B =i 5.77, i
XA e e v .8 o
Mi | 1.24E+02|-3.28E+00] -0.5674] -0.5674] _ 0.7594] -1.9061
Ms | 8.35E+00| -6.61E-01] -0.1144] -0.1144] 0.1144] -0.0756
Mw 1 23E+02| 4.42E+00] 0.7656] 0.7656 -0.4239| -1.83126
Kw 1.08E+00| 1.62E+00] 0.2807] 0.2807| -0.2807| -0.4552
Primary (ULT) = 3.98
x* u* a Y ) n
Mu 9.89E+01|-2.34E+00] -0.5862] -0.5862| 0.7448| -1.4253
Ms 8 66E+00| -5.37E-01| -0.1351] -0.1351] 0.1351] -0.0726
Mw 1.02E+02] 2.99E+00] 0.7498]  0.7498] -0.45128| -1.30073
Kw 1.06E+00] 1.10E+00] 0.2755] 0.2755] -0.2755] -0.3023
l
Secondary : B = 0.61:
x* u* o iy '3 in
Su | 8.59E+00! -4.63E-01.  -0.7191  -0.719!  0.7662} -0.4094
SMb LOIE+02| -1.69E-01] -0.2621] -0.2621]  0.2643| -0.0547
Ms 1.03E+02| 1.22E-01] 0.1898] 0.1898] -0.1898] -0.0232
Kw 1.01E+00] 1.84E-01] 0.2859] 0.2859] -0.2859] -0.0526
Mw 753E+02] 3.51E-01] 0.5446] 0.5446] -0.56956] -0.07576
Tertiary B= 3.57
x* u* o Y o n
Su 1.12E+01]-2.32E+00] -0.6477| -0.6477| 0.8218] -1.5655
SMb 9.79E+01| -847E-01] -02361] -0.2361] 0.2446] -0.2092
Ms 1.12E+02] 4.82E-01] 0.1343] 0.1343] -0.1343| -0.0647
Kw 1.OSE+00] 9.09E-01] 0.2536] 0.2536{ -0.2536] -0.2306
Mw 9.45E+02] 2.38E+00]  0.6652] 0.6652]  -0.434| -0.96386
Sensitivity Factors Tanker
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Sensitivity Factors

H-16

Primary (1Y) ’ B = 3.86,

Ix* iu* o Y 'S n
Mi_ | 1.33E+02]-2.58E+00| -0.6667, -0.6667|  0.8464| -1.7803
Ms 337E+01 1.25E+00|  0.3223]  0.3223] -0.3223] -0.4026
Mw 9.51E+01] 2.43E+00]  0.6283]  0.6283] -0.40669| -0.92602
Kw 1.0SE+00! 9.25E-01| 0.2386] 0.2386] -0.2386] -0.2206
Primary (ULT) B= 1.72

x* u* v (3 n
Mu 1.11E+02|-1.28E+00] -0.7334] -0.7334] 0.8472] -1.0143
Ms 3.00E+01] 6.76E-01] 0.3866] 0.3866] -0.3866] -0.2612
Mw 7.94E+01] 8.83E-01] 0.5055]  0.5055] -0.45908] -0.28997
Kw 1.02E+00] 4.18E-01] 0239  0.239] -0.239] -0.0998
Secondary B = -0.51:

x* u* i Y 0 n
Su 9.39E+00 3.51E-01] -0.7137] -0.7137. 0697 0.1714
SMb 1.02E+02] 1.28E-01] -0.2601] -0.2601|  0.2593]  0.0229
Ms 243E+02] -2.15E-01|  0.4372]  0.4372] -0.4372] 0.0941
Kw 9.94E-01| -1.20E-01]  0.244] 0244/ -0244] 00293
Mw 7.17E+02| -2.04E-01]  0.4151]  0.4151] -0.50226] 0.1719%
Tertiary = 2.55

x* u* Y ) n
Su 1.19E+01]-1.80E+00 -0.7 -0.7  0.8485] -1.3306
SMb 9.86E+01] -6.57E-01] -0.2552] -0.2552] 0.2624] -0.1778
Ms 3.15E+02] 9.00E-01] 03494 0.3494] -0.3494] -03144
Kw 1.03E+00| 5.84E-01] 0.2269]  0.2269] -0.2269] -0.1326
Mw 8.34E+02| 1.34E+00]  0.5208]  0.5208] -0.42116] -0.46011

Tanker

LT-Hog,H-BM
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APPENDIX I

THE LOGNORMAL FORMAT

The lognormal distribution and the lognormal format are summarized in Sections D.1
and D.2. Section D.3 provides the derivations of the properties of the lognormal. These are

provided because they are not well documented in the literature.

L1 The Lognormal Distribution

Consider the random variable, X. If Y = #n X has a normal distribution with mean
and standard deviation (Ly, Oy), then X has a lognormal distribution with mean and standard

deviation (x, Ox).

The probability density function of X is

2
o _(Zn x—pyl—
21 o, X 20,

f (x)=
The moments of Y in terms of the moments of X are,
M, =4n X
2
o = fn(1+C2)

where Cx is the coefficient of variation (COV)

and where the median of X, denoted as X, in terms of the mean value is

Bx

Xz,/ncf(

14

da.mn

1.2)

a.3)

14

L5)




I.2 The Lognormal Format

Let g(X) be a function of the design factors, X. Define the failure function g(X) so
that the failure condition is g < 1. Assume that g(X) is a multiplicative function of K random

design factors

K
g =B[Ix} (L6)
i=1

where B and all a; are constants. Let Z=/n g.

K
Z={nB+), a X, @7

i=1

Now assume that all X; have lognormal distributions. Because X; is lognormal, it
follows that all n X; are normal.

The sum of normally distributed random variables is also normal. thus the probability
of failure can be written as

- p, =P(g<1)=P(Z<0)

Sz 18)
- GZ - 0IZ

The term on the left hand side is the standard normal variate. Define the safety index as
p=—% 19)

Then,
p, =®(-B) (110)

where @ is the standard normal distribution function. yz and o7 are,

K
B, =z=£n§=ln[BHi:'-l (L11)

ol

12




o =£n[ﬁ[(1+ci’)”z} (L12)

The tildes indicate median values and the C’s are the COV’s.

1.3  Derivations of the Properties of Lognormal Variables

Given X is lognormal with mean and standard deviation (\x, 0x), and median and
coefficient of variation, (X, Cx)

Y =¢n X. Thus Y is normal with mean and standard deviation (ly, Gy).

€)) Derive the expression for fx(x). The pdf of Y is,

2
1 (y-ny)
fY(y)sz—nc exp| "7

Y Y

In general, for a monotonically increasing function,

' d
f () =1,(y) 'd—ﬂ
d

1
Here, % =3
So that,
(Z“ X~y )2 ]
fx(x)=m.ex ——-—Z'-O_Y_Z—-J I113)
(2)  Show that p, = ¢n X. The 50% point is the same for both X and Y.
¥=mX
But, p, = Y (because Y is normal; fy is symmetrical). So that,
b, =mX 1L14)




3) Find the kth moment of X about the origin
2]

©0 |—
1 (fn x—uY)
ky - k A SN0 €
E(X") o oux jx exp[ 2 Y2 de

After considerable manipulation, it can be shown that,

. k’o.2
E(x")=exp[kuy+ 2* J (1.15)

4)  Showthato,® =fn(1+C,2)

From the expression for E(XY),
1) 2
K, =EB(X) =exp 1, +—; (1.16)

E(X*) = exp[2u, +20, %]

Thus,
2 __ 2 2 _ 2 2
o, =EX")-n, —cxp[2|.lY +0, ][expo‘Y —1]
= ”)Zc [expo‘Y2 - 1]

2

or exp(&"[,2 =1+-%;
X
2 2

and thus oy? =n(1+C2) @17

5) Derive an expression for [y in terms of the moments of X.

From Eq. .16
1
Ry =£fnp, ——2_61

From Eq.1.17

1-4




Ky =£n ux—%Zn(HCi)

Bx
2
1+C2

(6)  Show that X=

From Eq. .14

X=elr = Hx

) ex;{% /n (1+C§()J

Thus,

Hx

%= - (1.18)
,/1+CX

(7)  Multiplicative Functions of Lognormal Variates are Lognormal. Consider

k
g=B]]x" L.19)
i=1

B, a; are constants. All X; have lognormal distributions. Take the log of both sides of Eq.
L.19,

k
{ng=4In B+§‘,ai fn X,

i=1

Note that Y; = #n X; has a normal distribution. Let Z = ¢n g. Then, Z also has a normal
distribution. The mean of Z is,

W, =fnB+Ya E¢fnX,)
But E(tnX)=p, =X,

Thus

n, = z-{B Iz } | (1.20)

i=1

The variance of Z is,

15




where the variance of /n Xi =V({n Xi )= o%, . But from Eq. I.17, O'i = fn(1+ Cf) , Where
C, is the COV of X; and

o =e-{fl(1+c§)"l} 121)

I4  Base 10 Logs

All of the previous discussions related to base Clogs. A summary of the base 10 log
relationships is given below.

n, =log,, X, or,

1
=log,, Hy _5 loglo(l"'C;)

o = 0434 log  (1+C?)

" = lo{pv+%(o§/0.434)}

X

Cx _ /10(03,/.434) -1

16
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