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ABSTRACT

This report presents calculations of wave induced stresses in side frames and bottom
girders of an OBO carrier. Calculations have been performed with a direct, rationally
based method incorporating all major low-frequency wave load components. Structural
response was calculated using ordinary hull beam idealization for global loads and FE-
analysis for local hydrodynamic pressure loads and for inertia loads from ship cargo.
Results from structural analysis were coupled to strip calculations with influence coeffi-
cients. Non-linear stress response close to the still water line was evaluated using a
time step procedure. Stress responses are presented for regular waves, short-term
irregular seas, and long-term wave statistics for the North Atlantic Sea. Results from
fatigue analysis of different weld joints are presented. A semi-continuous Weibull
distribution for long-term stresses is proposed that is suitable for determination of
extreme stresses as well as for fatigue analysis. The influence of speed reduction and
non-linear pressure loads on the long-term stress distribution is discussed. The
additional information that can be achieved by the present direct method in comparison
with ordinary methods based on static design loads is emphasized.
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1 INTRODUCTION

This report represents the second part of a project aimed to investigating the combined
wave induced stresses in ship hulls with respect to all major low frequency load compo-
nents.

In a previous report by the author, [1], a direct rationally based calculation method was
presented. Results from nominal stress calculations of different structural members at
the midships hold of a lo/lo containership were presented in the form of response func-
tions for regular waves and irregular seas. The main girder structures in sides and
bottom of the containership were "isotropic" with approximately equal spacing and
thickness in the transverse and longitudinal direction.

In this report results are presented for a completely different girder structure. The OBO-
carrier studied here has solely transverse frames at side and solely longitudinal girders
at the bottom between bulkheads. Stress response functions for this hull structure together
with the previously presented results for the containership form a comprehensive mate-
rial from which conclusions can be drawn about the relative importance and combined
effect of the various wave induced load components.

1.1 Calculation method

Three major types of low frequency wave induced loads are of importance when calcula-
ting the local stress response in the structure.

* Global moments and forces on the ship hull girder.
* Local external hydrodynamic pressure on sides and bottom.
* Local internal inertia and gravity forces from the cargo due to ship motions.

Ship motions and global loads calculated with strip-theory become linear with respect to
the wave height and periodic with the same frequency as the encountering waves.

The combined stress response depends on both the amplitude and the relative phase of the
various load components. Since the phase lag varies with the frequency and with the posi-
tion of the structural member, the combined stress must be calculated for each stress spot
separately. With the assumption of elastic material properties the stress response in a
regular harmonic wave also becomes linear and harmonic.

The hydrodynamic pressure distribution below the still water line calculated with strip
theory, is based on the assumption of small wave amplitudes. However, for larger wave
amplitudes a harmonic pressure variation on the area within the relative motion between
ship and wave does not fulfil the condition of zero pressure above the wave surface.

In the computer program WAIST, [2], stress response functions are determined with use
of results from strip calculations of ship motions, global moments and forces, and local
hydrodynamic pressures together with hull sectional properties for global loads, and
stress influence coefficients from FE-calculations for local external and internal loads.
The non-linear pressure distribution close to the still water line is calculated using a
time step procedure where the harmonic pressure is corrected or extrapolated in accor-
dance with the actual position of the wave surface.



2 STRUCTURAL MODELS

The ship structure studied in this report is from a 55 000 dwt OBO Carrier designed and
built by Uddevallavarvet. Main particulars and profile is shown in fig.2.1 and the
midship section with scantlings in fig.2.2. The cargo compartment is divided in 8 full
breadth holds. Between hopper tanks and top wing tanks the single side shell is stiffened
by vertical frames with 0.9 m spacing. Every fourth frame is a stiff webframe that conti-
nues into the tanks. The double bottom is solely longitudinally stiffened with full height
bottom girders with 0.9 m spacing. Stress responses have been calculated at the bottom
side girder and at three positions along the side frame midway between webframes as
indicated in fig.2.2.

Maln Particulars:

Length over all 207,00 m
Length between perpendiculars 200,00 m
Breadth, moulded 32,23 m
Depth, moulded to upper deck 17,35 m
Design draught 11,68 m
Scantling draught 1265 m
Deadweight at scantling draught 54600 mton
Trial speed at design draught 16,6 knots
Service speed 50% scantling/50 % ballast

draught, 12% sea margin on power 15,5 knots
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Fig.2.1 Uddevallavarvet 55 000 dwt OBO carrier, main particulars
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2.1 Bottom side girder

Normal stresses from global vertical- and horizontal hull girder bending were calcu-
lated with use of a vertical moment of inertia 1,=198,1 m4 with a neutral axis 7.08 m

above keel, and a horizontal moment of inertia 1,=505,9 m#%. Shear stresses in girders
from global hull shear forces were considered insignificant. Stresses from global tor-
sional moment were also considered negligible due to the wide transverse deck strips
between hatch openings, and to the large closed cells at top and bottom.

Local influence coefficients for external hydrodynamic pressures and for internal mass
forces were calculated with a simple 2-dimensional FE-model covering one hold and
half of the adjacent holds. Boundary conditions at the ends of the modelled girder were:
free vertical displacements, and zero longitudinal displacements, assuming symmetry
of loads and structure. The transverse corrugated bulkheads were modelled as vertical
beams. External pressure on the bottom shell and internal mass force load on the tank top
were applied at four longitudinal stations, and stress responses were evaluated at five
positions, A-E, along the bottom of the girder.

Fig 2.3 shows model and load cases, fig.2.4 shows model deformations under external
bottom load and fig.2.5 shows an example of influence coefficient distribution for the
four load cases. The stations for calculation of hydrodynamic pressure were not symme-
tric with respect to the holds, which explains the non-symmetric distribution of influence
coefficients for position C in fig.2.5.
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Fig.2.5 Distribution of stress/pressure influence coefficients for positions A and C

2.2 Side frame

Stress responses to local loads were calculated using a 3-dimensional FE-model inclu-
ding two frame spaces, from one webframe half way to the next webframe, fig.2.6. The
boundary conditions were: zero rotation around the vertical axis at aft and fore end of the
model, zero lateral displacement at the web, and free lateral displacement at the mid
frame between the webframes. External pressure load was applied at 10 different posi-
tions from bilge to deck and internal mass force was applied at 10 positions from hopper
tank to top wing tank. Nominal normal stresses were evaluated in the frame flange at
three positions: close to the bracket toe (T) below top wing tank, close to the flange
knuckle (L) above hopper tank, and at the tripping bracket 9,4m above keel (M).

Fig.2.7 shows examples of deformations under external load and fig.2.8 shows examples
of stress influence coefficients along the frame.

Fig.2.6 FE-model of side frame



Fig.2.7 Plot of deformations for pressure load positions 4-6
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3 WAVE LOADS

Ship motions in 5 degrees of freedom, global hull girder moments, and hydrodynamic
pressure distributions were calculated with the strip program SGENS, [3], based on the
theory of Salvesen, Tuck, and Faltinsen, [4]. The previous WAIST program, described
in [2], was connected with the SCORES strip program, [5,6]. In comparison with the old
one, the new version gives a more significant speed effect on the global loads. Also the
coordinate system of motions is redefined in the new version, fig.3.1. Since the hull
forms are smooth with U-shaped sections, ordinary 3-parameter Lewis transformation
was used to calculate the hydrodynamic sectional properties. This is, however, no gene-
ral limitation of the system, since SGENS also includes a more general panel represen-
tation of the sectional geometry.

A
"
Ty
-
. Incident wave Sectional Moments and Forces:
direction
Fig.3.1 Definition of coordinate system

3.1 Global loads

A full load oil cargo departure condition at scantling draught 12.65 m and speed 15 kn
was used for response calculation. This condition gives a maximum still water bending
moment of 900 MNm in hogging at Hold 6, corresponding to nominal hull girder ben-
ding stresses of 49 MPa at deck and -32 MPa at bottom. For comparison of the long term
bottom stresses also a bulk cargo departure condition was studied, see fig.5.18.
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Fig.3.2 Load condition with distribution of still water bending moment and
shear force. From the Trim and Stability Book



3.2 Local hydrodynamic pressures

Hydrodynamic pressure distributions at the hull sections are calculated using the gene-
ral method described by de Jong, [7]. The total harmonic pressure is separated in four
components:

* Pressure calculated from wave potential without influence from ship hull

* Variation in hydrostatic pressure due to vertical motion (3 dof)

* Diffracted wave pressure on the hull surface when the ship is maintained fixed
* Wave pressure from radiation due to vertical and horizontal motions (5 dof)

Close to the still water line (SWL) the harmonic pressure variation is modified in accor-
dance with a method described in [1].

* Pressure variation from wave potential and from ship vertical motion is assumed to
be linearly distributed from the value at the wave surface to zero at SWL when the
surface is below SWL, and from the value at SWL to zero at the wave surface when it
is above SWL

* Pressure variation from diffraction and radiation is cut at the wave surface when it
is below SWL, and kept constant from SWL up to the surface when it is above SWL

Fig.5.25 shows examples of the time variation of stresses induced by harmonic as well as
modified non-harmonic pressure close to SWL.

3.3 Local mass forces

Local inertia forces on the hull structure are calculated from the variation of the quasi
hydrostatic pressure distribution in liquid cargo holds due to ship accelerations in
waves. Accelerations at position k2 are evaluated from ship motions according to
€qs.(3.1-3.3). The surge acceleration is not calculated by the strip program, and therefore
not included in eq.(3.1).

X = 0p (—2z0+ycy) 3.1)
Yi = (03(‘}'+zk¢—xk\l’) (3.2)
ik= (of(—z-yk¢+xk6) 3.3)

where

y = Yocos(wet+egy) (sway)

z = zgcos(w,t+€,) (heave)

¢ o cos( e t + € ) (roll)

6 0 cos( o, t + €5 ) (pitch)

¥ = yocos(w,t+ey,) (yaw)



In addition to the inertia forces, linearized variations of gravity forces from pitch and
roll are included in the local mass forces. If the "active” mass at position k is (my, my,
my)p in the ship's longitudinal, transverse and vertical direction, then the mass force
components for solid cargo become

Frx, = My (-X+g0) (3.4)
Fry, = my (-y-g¢) (3.5)
Frg, = My (-2 ) (3.6)

Solid cargo mass forces are generally not coupled and can be treated separately. For
liquid cargo however, mass forces arise from quasi "hydrostatic" pressure variation due
to accelerations. For small accelerations the coupling effect can be taken into account
according to eqs.(3.7-3.9) and fig.3.3. Here Cposx and Cposy are internal normalized
tank coordinates with values in the interval -1 to +1 and with origo at the centre of the
hold. For side structures, Cposy is -1 at starboard side and +1 at portside and for bulkhead
structures, Cposx is -1 at aft and +1 at forward end of the hold.

Frx, = mxk(—')'(k+ge)+CposxkCposykmyk(—i;k—gfp)—

Cposxy m, (- z) 3.7)
Fry, = Cposxy Cposyym, (~X,+g80)+my, (-y—-g0¢)-
Cposyy my (- zy) (3.8)
Fr, = —Cposxym, (- +g0)-Cposyymy (~y,~go¢)+
mzk (- ik ) 3.9
.
= =
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Fig.3.3 Quasi-hydrostatic inertia forces from liquid cargo
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The values of the "active” liquid mass components must be determined with respect to the
load case, the arrangement of holds and load carrying structures, as well as to how the
stress per mass force influence coefficients have been calculated. Eq.(3.10) and fig.3.4
below illustrate how the "active"” mass is calculated for a certain position & at the side
frame in a liquid cargo hold. Note that myk and myk as used in eqs.(3.7-3.9), become
independent of the position of k. The load area A is the one used for calculation of
influence coefficient Cmyik in eq.(4.5).

(memy, m, ) = p A (% g, hy ) (3.10
where
p = density of liquid cargo
I = hold length between transverse bulkheads
b = hold breadth
height of liquid above position %

hk =
Ay = load (pressure) carrying area related to position k

Fig.3.4 Ilustration of "active” mass components for mass force position k

Figs.3.5-3.6 show examples of stress transfer functions from combined mass forces and
separately from the my- and m;-components. In the bottom side girder, fig.3.5, the main
mz-component is naturally dominating but there is a significant contribution to the com-
bined mass force induced stresses also from the coupled my-component especially for
-90° wave heading. The my-component is of the order of 1% of the combined mass force
stress response, and is not shown in the figure. In the side frame, fig.3.6, there is a signi-
ficant contribution from the coupled m;-component for both -135° and -90° headings.
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4 STRESS RESPONSE

Combined nominal stress response at position i is in program WAIST generally calcu-
lated according to

O;, = Og+t0,+0 4.1)

1

n]_i

The global stress component is in the general case calculated from hull girder bending
moments and shear forces according to eq.(4.2) for normal stress, and eq.(4.3) for shear
stress.

Cgi = CMx1 Tl\dx1 + CMyi BNIyi + CMZ,- BMZ\ 4.2)

where

TMxi = TMin cos( W t + ETMx, ) (torsional moment)

BM)’i = BMyO,. cos( w, t + EBMy, ) (vertical bending moment)

BMzi = BMzoi cos( w, t + €BMz, ) (horizontal bending moment)
Tgi = C'I‘x, TMX1 + C’I‘y, Tyi + CTZi Tzi (4.3)

where

Tyi = TYOi cos( W, t + ey, ) (horizontal shear force)

T, = Ty, cos(wet+eg, )  (vertical shear force)

Cp and CT are stress coefficients, defined as local stress per global moments or forces.
CMy and CTy consist of one part related to sectional properties and one part related to an
assumed ratio warping moment / total torsional moment, see [1]. In the present study
only hull girder bending moments are taken into account in the calculation of global
stresses in the bottom side girder. Cpfy and Cpf; are equal to the sectional modulus for
vertical bending and horizontal bending respectively.

Local normal or shear stress response from hydrodynamic pressure is calculated from

the sum of pressures at position j multiplied by influence coefficients representing stress
at position i per pressure at position j.

Cp = Z [Cp, ps] “.4)
i

where

P = P cos(w, t + epj ) (hydrodynamic pressure)



5 STRESS RESULTS

5.1 Stress response in regular waves
5.1.1 Bottom side girder

A complete set of stress transfer functions in regular waves for the various normal stress
components in the bottom side girder at position C, Hold 4, is presented in Appendix 1,
pp.Al.2-A1.5. Maximum stress amplitudes at this position are shown in table 5.1.

Component Max.stress Wave ® A

MPa/m heading rad/s m
Vertical Bending 133 180° 0,50 250
Horizontal Bending 55 45° 0,75 110
Pressure 3.8 -90° 0,45 305
Mass Force 34 -135° 0,55 205
Combined 142 180° 0,50 250

Tabl 1 Maximum values of stress amplitude per meter wave amplitude

at position C, Hold 4.

5.1.2 Side frame

Transfer functions for pressure and mass force induced normal stress components in
the side frame at position M, Hold 2, is presented in Appendix 1, pp.A1.6-A1.9. The figu-
res also include combined linear stresses and combined non-linear stresses from time
simulations in regular waves with heights 8m and 16m. The non-linear stresses are
here represented by "equivalent harmonic amplitudes” calculated as Y2«RMS of the time
step values.

The transfer functions show a typical resonance peak at wave frequencies 0,50-0,55 rad/s
for forward incoming waves (135°,180°,-135°), with a maximum pressure induced com-
ponent of 18,7 MPa/m and a maximum combined linear amplitude of 14,6 MPa/m in
-135° waves. Even higher stress values are found for forward waves at very high wave
frequencies. However, in ordinary irregular wave spectra these waves include very
little energy. The maximum mass force induced component is 7,8 MPa/m and appears
for -90° waves with frequency 0,45 rad/s.

The non-linear equivalent amplitudes are in all cases smaller then the linear ampli-
tude. At the resonance peak 0,55 rad/s in -135° waves, the combined non-linear equiva-
lent amplitude is about 75% of the linear amplitude for H = 4m and less then 60% for
H > 8m. An example of non-linear transfer functions for position L,M, and T respecti-
vely in Hold 2 is shown in fig.5.1. The non-linear effect is shown to be less significant
for the lower part of the frame (L).

The lower stress levels obtained with non-linear calculations can be explained by the
fact that the still water line is very close to the stiff top wing tank. Pressure variation
above SWL will then have little influence on stresses in the side frame, while pressure
variation below SWL will have a large influence. This is clearly shown by the distribu-
tion of influence coefficients in fig.2.8.

In the first part of this report series, non-linear stresses in a web between double side pla-
tes were calculated. Close to SWL, non-linear normal stress amplitudes were increased
with the wave height in comparison to linear stresses. The side structure of the studied
container ship was not significantly stiffer close to deck, and consequently pressure
variation did have larger importance above SWL than below, (see e.g. p.A1.66 in refe-
rence [1]).



SIDE FRAME HOLD 2 TOP WHis|

(LT ]

Reqular _waves

§ il
¢ .’/,.A.‘\\)\
g | g/ \Q\\i\ '\/\
& St lg §\\\ yg\;i:t—@
o b & 2\
’ﬁ \\‘\EA\/ |
e B ’
7
? ’Yz 1 1 1 1 i 1 1 1 1 )1 1. 1
: o B * .sNav:e Frle‘q?uer::y (lr‘.asd/slia ’ 2EoEe Ee
SIDE FRAME HOLD 2 MID sl
i Fenqular waves / '/
9y .P /]y
f\\ / /f /
L I / ( / 7.
'qu\.\~ /7 /'///"/
% ® I \\_\1\ / / i
£ IS ey
. IR\ 17/
g I N3\ /
I Na) 1
‘ ﬁ \ //,////
' "
iy o
P Y-Sl L [ I I I 1 1 1 i
] .2 -4 .6 .ﬂwav; Frleqiuenlc.; (Ir:d/sl’,a 2 2.2 2.4 2.6
SIDE FRAME HOLD 2 LOW wArsy
s Regular waves
‘/
!y
14 / ?./%
u | Yy
/ ,
et g
£ | A y/
R
& ¢r !/”\
oF 4’ \
L Y
] }/l 1 1 i 1 1 1 L 1 1 1
L e Frequency Graais 0 T ES
Fig.5.1 Transfer functions for combined non-linear stresses in the side frame.

Positions T (top), M (mid), L (low) in Hold 2. Wave heading -135°.
1: Combined linear 2-5: Combined non-linear; H=4m,8m,12m,16m



17

52 Short-term stress response in irregular seas

Stress responses in irregular seas have been calculated using 2-parameter Pierson-
Moskowitz spectra defined by the significant wave height and the mean zero upcrossing
period according to

s = By (2]

where
Hys

T
®

significant wave height

mean zero upcrossing period
wave frequency

Significant stress amplitudes are evaluated from stress spectra according to

2
Se(w) = Sy(w) Ty(w) (5.2)
where
Tygw) = transfer function for stresses

S5 = 1416.JR,

R, = 2.[ Se(®) dw (5.3)
0

where

2
R, = parameter of the Rayleigh distribution: Q(o) = e (07/R,)

Both sea- and stress spectra are assumed to be narrow banded with Rayleigh distributed
wave- and stress amplitudes. Significant values (index 1/3) are by definition the mean
value of the upper third fractile of the distributions. Only linear response can be calcu-
lated using this ordinary frequency based analysis and hence the significant stress
amplitude per meter significant wave amplitude is determined only by the mean period
of the sea state. All the stress results shown in Appendix 2 and in the following figures of
this section, are presented in this form, both significant stress response and significant
wave height either double or single amplitude

The statistical correlations between different stress components in irregular seas are
represented by correlation coefficients defined according to

2 _ 22 _ A2 - .
PAB = ((0A+0B)1/3 Oa,,~OB,,)/ (25, Op ) (5.4)

5.2.1 Bottom side girder

In Appendix 2, pp.A2.2-A2.17, stress responses in irregular seas are presented for the
girder at position A and C in Hold 4. At position A close to the bulkhead, shear stress
response and correlation between shear and normal stresses are included while at posi-
tion C in the middle of the hold, where shear stresses are insignificant, correlations
between the different normal stress components are presented.
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The highest combined normal stress response is found for 180°, -135°, and -45° seas. For
180° seas the vertical bending moment is the very dominating component while for the
other headings, horizontal bending and local stress components contribute significantly
to the combined stress, see e.g. p.A2.17. For 180° seas the highest stress response is found
for a mean wave period of 9-10s, for -135° seas 8-9s, and for -45° seas 7s. The horizontal
and vertical bending moments show for all mean periods a strong correlation with posi-
tive correlation coefficients for portside incoming waves. The correlation between pres-
sure- and mass force components is negative for all mean periods above 5s and for all
headings except for 0°. The most significant correlation is found in portside beam seas,
see p.A2.16.

Shear stress response from local load components at position A shows a maximum of 2,2
MPa/m for 180° sea with mean period 5s, p.A2.6. Like for normal stresses, the pressure
and mass force components mostly counteract each other so that the combined stress is
less than the largest component.

Longitudinal distribution of stress response along the bottom side girder from Hold 5 to
Hold 2 in longcrested irregular sea with 9s mean period is shown in figs.5.2-5.6. The
region ranges from 0,44Lpp to 0,84Lpp. The studied four holds have approximately the
same structural geometry, and in the full load oil cargo condition also the same static
local load condition. Hence the same influence coefficients from the FE-analysis have
been used for all holds and only the positions for calculation of wave loads have been
changed.

Fig.5.2 shows the combined normal stress response. The maximum dynamic stress
level appears in the middle of Hold 4 for 180° sea. The figure very clearly shows the posi-
tive correlation between local and global stresses in the middle of the holds, and the
negative correlation at the bulkheads, see also fig.5.5. This tendency is found for all
headings except for -90°. The vertical and horizontal hull girder bending moments and
the combined global stress response have maximum levels in Hold 4, fig.5.3. The
correlation between vertical and horizontal bending moments is strong all along the
ship with positive correlation coefficients in the order of 0,4-0,9 for portside incoming
waves, fig.5.5. Pressure induced as well as mass force induced local normal stresses
have local maxima at the bulkheads and in the centre of the holds. The levels increase in
the forward part of the ship, fig.5.4, but due to the predominantly negative correlation,
fig.5.5, the combined local stress levels are unchanged for the four holds considered. The
same phenomenon is found for local shear stresses, fig.5.6.
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Fig.5.2 Short-term combined normal stress distribution in bottom side girder
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Vertical Bending Normal Stresses
Longcrested Irregular Sea, T=9s
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Fig.5.3 Short-term global normal stress components in bottom side girder
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Pressure Normal Stresses
Longcrested Irregular Sea, T=9s
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Fig.5.4 Short-term local normal stress components in bottom side girder
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Correlation Vertical/Horizontal Bending Normal Stresses
Longcrested Irreguiar Sea, T=9s
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Pressure Shear Stresses
Longcrested Irregular Sea, T=9s
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Fig.5.6 Short-term local shear stress components in bottom side girder
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5.2.2 Side frame

In Appendix 2, pp.A2.18-A2.29, linear normal stress responses in irregular seas are pre-
sented for the side frame at positions LM, and T in Hold 2. The highest stresses are
found at the middle (M) and top (T) positions for headings 135°,180°,and -135°, and for
mean wave periods of 8s-10s. The most important load component is the pressure which
gives significantly higher stresses then the mass force component for all studied hea-
dings and positions except for 90° seas at position M. The correlation between the two
components is predominantly negative at positions M and T, and positive at position L.
The strongest correlation is found for all positions in -90° seas, see pp. A2.21, A2.25, and
A2.29.

The influence of non-linear transfer functions on short-term irregular stress response,
must be studied using extensive time simulations in irregular seas. A general picture of
the relative importance of the non-linearity can in a simplified way be achieved by com-
paring significant stress responses obtained with transfer functions based on different
wave heights. Such a comparison is presented in figs.5.7-5.8 for position M. The non-
linearity is shown to be of great importance for wave headings 135°, 180°, -135°, and -90°.
A linear analysis will here obviously give conservative stress levels.

The variation in stress response for the different holds is shown in figs.5.9-5.11. For
forward incoming seas, the pressure induced stresses and combined stresses are increa-
sed forward in the ship. For beam seas and following seas the levels are in practical
terms constant over the ship length.

For forward seas, an important part of the mass force induced stresses arise from verti-
cal accelerations (mz-component), with increased levels forward in the ship. At position
L the mass force stresses are small and have maxima for forward seas while at positions
M and T mass force stresses are of larger importance with maxima for beam seas, con-
stant over the four studied holds.

Fig.5.12 shows correlation between pressure and mass force components. At positions M
and T for forward and portside beam seas where the maximum stress response occur, the
correlation coefficients are decreasing forward in the ship with values below -0,8 in
Hold 2.
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Fig.5.8 Comparison between responses in irregular seas based on
non-linear transfer functions calculated for different wave amplitudes
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Pressure Stresses, Position M
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Fig.5.10 Short-term linear normal stress components in side frames, position M
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53 Long-term stresses

5.3.1 Summed long-term stress distribution from joint wave height and period
statistics

Long-term stress distributions have been evaluated using statistics from "Global Wave
Statistics", [8], North Atlantic Area 16 according to figs.5.13-5.14.

The summed probability of exceeding 20 different stress (double) amplitudes in the range
from 2 MPa to 400 MPa have been calculated according to

Qi@ = DD.0,p®) p(Hys Ty ) Qo) 55)
i j k

where
Qrr(o) = long-term probability of exceedance
p() = relative probability of heading 8

p(I_'IU3 T) = long-term coupled probability of significant
wave heights and mean periods from wave statistics
Qijk(o‘) = Rayleigh distributed short~term probability of exceedance

With use of regression analysis the long-term probabilities of exceedance have further
been represented by a 2-parameter Weibull distribution according to eq.(5.6), from which
stress ranges at certain probability levels can been determined.

Qo) = e (5.6)
where B and h are parameters of the long-term distribution

Fig 5.15 shows an example of calculated actual probabilities together with correlated
Weibull approximations. All the long-term stress distributions show the same typical
reversed "S"-form with significantly lower stress levels than the Weibull distribution
for probabilities less then 10-8. This might be a true effect but might also be explained by
insufficient wave data for the extreme conditions. With regression analysis performed
for values in the interval 10°10 < @ < 10-2, the approximate Weibull distribution is in
reasonable agreement with direct calculated values for all probabilities above 10-8. The
approximation of calculated probabilities of exceedance with a simple long-term distri-
bution is further discussed in Chapter 6.

For a large number of stress cycles n, the most probable largest stress range will have the
long-term probability of exceedance @ = I/n . This is the peak value of the extreme distri-
bution and will on the average be exceeded in 63% of a large number of samples, each
including n cycles. Maximum values for design of ships are usually evaluated from the

long-term distribution at @ = 10-8. This corresponds to the most probable maximum

stress among n = 108 stress cycles which is the approximate number of low frequency
cycles during 20 years of ocean service.

Fig.5.16 shows the most probable maximum long-term normal stresses in the bottom side
girder. The relative longitudinal distribution of long-term maxima follows very close to
the envelope of the short-term responses for different heading angles shown in figs.5.2-
5.4.
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The long-term correlation between the different components is shown in fig.5.17, repre-
sented by an equivalent "long-term correlation coefficient” similar to eq.(5.4) but eva-
luated at the long-term probability @ = 10-8.

PAB, = ((op +0p) Q2 - °A<2; - 032)/ (2 Oa, oBQ) (5.7

For comparison, long-term stresses have also been examined in Hold 4 for a full load
bulk cargo condition shown in fig.5.18. Hold 4 is in this load condition empty with the
surrounding Hold 5 and Hold 3 full, so the boundary conditions used in the structural
model is still valid here. Figs.5.19-5.20 show long-term maximum stress components
and long-term correlation coefficients for the bulk cargo condition. The major diffe-
rence in comparison with the homogeneous oil cargo condition is the very strong correla-
tion between local pressure and mass force induced stresses, resulting in high local
combined stresses in the centre of the hold. However, the correlation between local and
global stresses is for the bulk cargo condition low and the total combined stresses are less
than for the oil cargo condition. Long-term correlation coefficient for pressure-mass
force components shown in fig.5.30, is slightly above the theoretical maximum 1,0 at the
centre of the hold, which is an indication of inaccuracy in the Weibull representation.

Long-term stresses in the side frames are shown in fig.5.21. The pressure induced stres-
ses at positions M and T are significantly higher than the combined stresses including
internal mass forces from cargo. The long-term correlation coefficients for pressure-
mass force components are shown in fig.5.22.

For the bulk cargo condition only pressure induced stresses are present in the side
frames in Hold 4. The levels are approximately the same as for the oil cargo condition.

1210 910 GP 310 0 30 60

-

95 1 96 97 98

\é‘ 4 104

rs

Fig.5.13 Geographic area for long-term wave statistics, from [8]
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Centre of numbers indicate calculated values, lines indicate Weibull
distributions. Pressure (1), Mass Force (2) and Combined (3), stresses
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Fig.5.16 Distribution of most probable maximum long-term normal stresses in the

bottom side girder. Homogeneous oil cargo condition.
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Fig.5.17 Long-term correlation coefficients for normal stress components in
the bottom side girder. Homogeneous oil cargo condition.
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5.3.2 Extreme short-term sea condition, influence of speed reduction

The long-term stress distributions calculated from the scatter diagram, fig.5.24, are
based on assumptions of constant load condition and speed over the entire life time of the
ship. In severe seas however, the speed cannot possibly be kept at 15 kn. It will be reduced
by increased resistance and by voluntary speed reductions made for the safety of ship
and cargo. Therefore the maximum long-term stresses for constant condition must be
adjusted in accordance to the actual conditions in extreme sea states.

The worst sea state indicated in the N Atlantic wave statistics has a significant wave
height of over 14 m with a mean wave period of 10-11 s. This condition will occur in a
total average corresponding to one week during 20 years. For comparison is here used an
extreme sea state with 15 m significant wave height and a mean wave period of 11 s. As
shown in the previous figures in this chapter, the worst stress responses will be found for
head (180°) or portside bow (-135°) incoming seas, at the centre of Hold 4 for the bottom side
girder, and at position M for the side frame in Hold 2.

The most probable maximum response among n in an irregular short-term sea state is
calculated from the significant response according to eq.(5.8), based on the assumption
of narrow banded response spectrum with Rayleigh distributed linear response amplitu-
des.

o
13 vV In(n) (5.8

Ro In(o) = 3995

Oim =

Table 5.2 shows the equivalent time duration in the short-term sea state that will give the
same maximum stress levels as those calculated from the long-term distributions. The
response mean period is here assumed to be equal to the encountering mean wave period.



Bottom Side Girder, Side Frame,
Pos.C, Hold 4 Pos.M, Hold 2
18° | -135° 180° | -135°
15 kn long-term combined stress
range: 2424 2455
15 kn significant short-term
stress range (Hg=15 m, T=11 s): 1354 1182 1134 125,8
Average number of stress cycles to
obtain long-term maximum: 620 4590 12060 2072
Equivalent time duration
T=76s-83s (15kn): 1,3h 10,6 h 255h 48h

Table 5.2

Figs.5.23-5.24 show the influence of speed reduction on different stress responses at the
extreme short-term sea state. Most probable maximum stress ranges are evaluated for a
time duration of 4 hours. The figures includes both the effect of reduced response due to
speed reduction and the effect of reduced number of stress cycles due to changed mean
response period. The stress reduction due to changed mean period is however less then
2,5% of the total stress level. Combined stresses in bottom side girder is reduced about
20%, and in the side frame, 60% for 180°, and 40% for -135° seas, when the speed is reduced
from 15 kn to 0 kn. At zero speed the largest stress response in the side frame occurs for

-90° seas.
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Fig.5.24 Most probable maximum linear stress response as function of ship speed.
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5.3.3 Extreme regular waves, influence of speed reduction and non-linearity

The non-linear stress response in the side frames due to the non-linear pressure varia-
tion around the still water line is shown to be significantly less then the linear response
even for moderate wave amplitudes. Linear long-term stress distributions as well as
linear extreme short-term responses are therefore likely to overestimate the actual max-
imum stresses in the frame. In extreme waves however, none of the linear strip theory
assumptions are valid. Breaking waves on deck as well as non-linear hydrostatic and
hydrodynamic coefficients may have a significant influence on the stress response. It is
far beyond the scope of this report to discuss all the problems that are involved in a com-
plete non-linear analysis in extreme waves. Yet, to get a picture of the magnitude of the
stress non-linearity studied here, calculations have been performed for a 28 m wave, cor-
responding to the most probable extreme single wave height in the short-term sea condi-
tion above. It must be emphasized that the ship motions relative to the wave in this appro-
ach still are assumed to be linear with respect to the wave height.

As an example, fig.5.25 show results from time simulations of stress responses at zero

speed for regular harmonic waves with a period of 14,0 s (0v=0,45 rad/s, A=305 m) and
wave headings 180°, -135°, and -90°. The figure clearly shows that the maximum stress
peak hardly is affected by the non-linearity while the stress range (peak-to-trough) is
significantly reduced. Especially for the -90° heading the pressure induced stresses are
cut off during nearly half the wave period when the ship side is raised above the wave sur-
face.

The figure also shows the important each other counteracting effect of mass force and
pressure components. The combined non-linear stress for headings -135° and -90° have
two marked positive peaks during one wave period, one following the combined linear
stress during half the wave period, and one following the mass force component during
the other half period. Since the mass force induced stress component is larger then the
combined stress, the maximum non-linear stress is larger than the maximum linear
stress for this example.

Fig.5.26 shows comparisons between linear stress ranges at 15 kn and 0 kn and non-
linear peak-to trough amplitudes at 0 kn for different wave periods. Reduced speed is
shown to have much larger influence on the stress range than non-linearity for hea-
dings 180° and -135°.
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6 FATIGUE ANALYSIS
6.1 General analysis based on long-term stress distributions

The calculation method for long-term combined stress distributions from wave loads
can be used both for estimating maximum stresses during the ship's life time for ulti-
mate strength analysis, and for fatigue life estimate. For design purposes fatigue life is
normally determined by the general Miner-Palmgren hypothesis for cumulative
damage.

S
D = Z = 6.1
i N
i=1
where
D = cumulative damage ratio
k = number of stress range levels o;
n; = number of stress cycles at level o;
N; = number of cycles to failure at constant stress range o;

The cumulative damage approach can be used in different ways dependent on which
fatigue test data to be used and which stress to be applied.

If the actual maximum material stress could be obtained, fatigue life could in theory be
calculated from the direct relation between actual stress ranges and stress ranges to
failure for fatigue tested material specimens having no inherent imperfections. The
obvious difficulty is here to calculate the actual material stress for complicated structures
with weld joints and imperfections from production.

The opposite approach is based on fatigue tests with real structural details from produc-
tion, and the reference stress ranges are here nominal tensile-, shear- or bending
stresses. An extensive description of this procedure including test results is given by
Munse et al in [9]. The major disadvantage is here the large amount of fatigue tests
necessary to enclose all details of interest. This approach might also act conservative in
the sense that it is difficult to use for new improved detail designs.

Between the two approaches above, is for marine structures mostly used the weld joint
class approach. It is based on fatigue tests with simple weld joints statistically analysed
and grouped in a number of different classes. The relevant class for a detail is chosen
based on the geometrical arrangement, the direction of the stresses and the method of
fabrication and inspection of the detail. The reference stress for fatigue life estimate is
here the "hot-spot" stress at the weld, including all geometrical stress concentrations
from the structure, but excluding the influence from weld geometry. The most extensive
analyses of fatigue tests of weld joints have been presented by the British Welding
Institute, [10]. It forms the basis for recommendations and rules for fatigue design of
offshore structures such as those from UK Department of Energy, [11], and Det norske
Veritas, [12].

Fatigue lifes for the joint classes under constant amplitude loading are represented by a
group of SN-curves based on linear relationships between log o and log N .

logN= loga-mlogo (6.2)

For design of offshore structures, the design curves are defined as the mean minus two
standard deviations of log N, corresponding to 2,3% probability of failure.

logN = loga—-2logs-—mlogo=1loga—mlogo (6.3



For a ship that is regularly inspected, and that might avoid the worst sea states, design
curves for offshore structures is probably too conservative and would result in signifi-
cantly increased scantlings in comparison with todays design rules which are not expli-
citly fatigue based, but are based on service experience from thousands of ship years at
sea.

For weld joints exposed to sea water but cathodicly protected, a fatigue cut-off stress level
(fatigue limit) Spat N=2 - 108 is introduced, below which no fatigue damage is assumed
to occur. Basic data for SN-curves are presented in table 6.1 and fig.6.1 below. For a
long-term Weibull distribution of stresses, the major part of the cumulative damage
occurs for stresses within the probability interval 10"4<Q< 10-0,5 as shown in fig.6.2.
Fig.6.3 shows a comparison of damage ratios calculated with and without cut-off level.
The introduction of a cut-off level Sg has little influence on the total damage for D>1.

Class Loga Logs Loga m So (MPa)
B 15.3697 0.1821 15.01 4.0 48
C 14.0342 0.2041 13.63 35 33
D 12.6007 0.2095 12.18 3.0 20
E 12.5169 0.2509 12.02 3.0 18
F 12.2370 0.2183 11.80 30 15
F2 12.0900 0.2279 11.63 3.0 13
G 11.7525 0.1793 11.39 3.0 11
W 11.5662 0.1846 11.20 3.0 10
T 12.6606 0.2484 12.16 3.0 19

Table 6.1 Details of basic SN-curves - Sea water and cathodic protection, {12]
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Fig.6.1 SN design curves based on mean minus two standard deviations, [12]
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If the cut-off level is neglected and the random long-term probability of stress ranges is
represented by a continuous Weibull distribution according to eq.(5.6), then the cumula-
tive damage can be calculated analytically

n
D = Py B™ r(]_.{.%) 6.4)

where
n = total number of stress cycles

B,h= parameters of the long-term stress distribution

|‘(1+%) is the complete gamma function

= J:e—tt(_r:') dt

m
for the — of interest, it can be approximated as

h
1,4107.

3 10(0,2934(%—1) )

Eq.(6.4) illustrates the importance of the shape parameter h in the long-term stress
distribution. The parameter A depends on both the long-term wave statistics and on the
shape of the stress response functions in irregular seas. It is usually suggested to be esti-
mated from full scale measurements of vertical bending moments on ships, such as [13]
and [14]. However, records of ship damages reveal a large number of fatigue cracks also
in transverse members subjected to local loads, see e.g [15], [16], [17]. The stress
distribution in these members are governed by the local structural arrangement, and
cannot be generalized in the same way as calculations and measurements of hull girder
bending moments. The major advantage of the calculation procedure presented in this
study is that it is able to calculate the long-term stress distribution directly, with respect
both to the local structural design and to all wave load components of importance.

As mentioned on p.29, the actual calculated long-term distribution of stresses shows a
reversed "S"-form. Because of this, if the whole stress range for the ship life time is used
for the Weibull approximation, the fatigue damage ratio will be overestimated of the
order of 10%-20%. A better representation of long-term probabilities over the whole stress
range can be achieved by a combination of two Weibull distributions, one for higher pro-
babilities and one for lower probabilities according to eq.(6.5). The first one should be
used for fatigue design and the second one for ultimate strength design. An example of a
curve fit according to eq.(6.5) is shown in fig.6.4. Figs.6.5-6.6 show comparisons
between shape parameters h calculated for all probabilities and for probabilities only

above 10-4 respectively. All the results presented in this chapter are based on Weibull
parameters calculated for long-term stresses with probabilities of exceedance above 10-4.

h
Qo) = e P Q=107*
he
Qurel®) = 1074 g (0-0BY Q<107*
6, = B(nao )™ (6.5)

In a recent extensive survey by Svensson, [18], different long-term distribution
formulations are penetrated and also the problem of finding one single appropriate
distribution to represent all probabilities of exceedance is emphasised.
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- The as built bottom side girder includes man-holes, "rat"-holes and longitudinal as well
as vertical bracings. Different joint classes must therefore be used for fatigue analysis
of the different details in the girder. In this report, all stresses in the girder refer to the
weld joint between girder web plate and bottom shell plate. This is a typical class F joint,
with stress concentrations from "rat"-holes allowed for within the SN-curve.

The lower part of the side frame (position L) could be classified as a E joint while the mid
(M) and top (T) positions must be downgraded to class F or G, due to the tripping brackets
attached to flange and web, and to the junction of bracket flange and frame flange below
top wing tank. The actual relevant classes must, however, be determined by inspection
and knowledge of the weld process. This has not been possible to accomplish, and the
presented results from fatigue analyses should be regarded as examples.

Figs.6.8 and 6.10 show distributions of cumulative damage ratio D along bottom side
girder and in side frames, based on SN mean curves and SN design curves. In the
calculations, no local stress concentrations have been applied except for those from the
coarse FE-models. It is important to note that the presented damage calculations do not
include the effect of speed reduction or non-linearity in the long-term stress distribution.

If the design fatigue strength is coupled to a cumulative damage D<n, where 7 is a design
usage factor, then the maximum allowed hot-spot stress range can be determined from
eq.(6.4)

1/m
(1Inn )P 6.6)

na
0’G ax = ___In_
nI‘l+—)

h

Comparisons between allowed maximum stresses based on SN design curves, and
calculated nominal combined normal stresses are shown in figs. 6.9 and 6.11.

Fig.6.12-6.13 show results from fatigue analysis of side frames at position M with respect
only to external pressure induced stresses. This example is applicable for the full load
bulk cargo condition, in which Hold 2 and Hold 4 are empty and no counteracting mass
forces are present.

The "fatigue life" is generally defined as Lg/D where Lo is the ship service life time
corresponding to the total number of stress cycles n for which the cumulative damage
ratio D has been calculated. The fatigue life is coupled to the certain probability of failure
incorporated in the used SN curve. For a SN design curve based on mean minus two
standard deviations, the probability of fatigue failure is 2,3%. As shown in figs.6.7, 6.9,
and 6.12, when comparing damage ratios calculated for SN mean curves and SN design
curves, there is a large uncertainty associated with the SN data. For a class F joint, the
damage ratio is 2,7 times larger for the SN design curve then for the SN mean curve.
Therefore, instead of analysing fatigue lifes, it is more illustrative to analyse the
probability of failure during the ship service life.

If a normal distribution of log N for the SN data is assumed, the probability of fatigue
failure can be defined as Pf= &(-B) where & is the normal cumulative probability
function and B is the reliability index. The reliability index can be directly calculated
from the damage ratio according to eq.(6.7). A fatigue design criterion based on SN
design curves and a usage factor 71 = 1,0 is equal to a reliability index 8 = 2,0.
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log Dmean

= — e mean 6.7
log s

where

B reliability index

Dpean = cumulative damage ratio related to SN mean curve
log s standard deviation of log N

Reliability index and probabilities of failure at the most critical positions in the studied
members are presented in table 6.2 below. When evaluating the results, it must be
emphasised that other uncertainties besides the SN data, such as model uncertainty for
structure and wave loads, fabrication tolerances, etc. are not incorporated.

Stress position, type, and Damage ratio for | Reliability index| Probability of
weld joint class SN design curves B failure

Bottom side girder
position C, Hold 4 1,81 0,82 0,21
Combined stresses, Class F

Side frame
Position M Hold 2 1,40 1,33 0,09
Combined stresses, Class F

Side frame
Position M Hold 2 3,57 -1,08 0,86
Combined stresses, Class G

Side frame
Position M Hold 2 2,82 -0,07 0,53
Pressure stresses, Class F

Side frame
Position M Hold 2 7,20 -2,78 0,997
Pressure stresses, Class G

Table 6.2 Condensed results from fatigue analysis at positions exposed to
largest dynamic stresses



TABLE 3.3 JOINT CLASSIFICATIONS® (Continued)

Type Number, Description, and

Notes on Mode of Failure Class  Explanatory Comments Examples, Including Failure Modes

TYPE 6 DETAILS IN WELDED GIRDERS
Notes on potential modes of failure

Fatigue cracks generally initiate at weld toes and are especially associated with Jocal stress concentrations at weld ends. short lengths of
return welds. and changes of direction. Concentrations are enhanced when these features occur at or near an edge of a part (see notes on

joint Type 4)

General comment

Most of the joints in this section are also shown, in 8 more general form, in joint Type 4; they are included here for convenience as being

the joints which occur most frequently in welded girders

6.1 Parent metal at the toe of a weld Edge distance refers to distance from
connecting a stiffener, diaphragm, eic. a free, i.e. unwelded, edge. In this
to a girder flange example, therefore, it is not relevant
(2) Edge distance = 10 mm (sec joint F  as far as the (welded) edge of the web
Type 4.2) plate is concerned. For reason for edge Tone
(b) Edge distance < 10 mm G distance see note on joint Type 2 distance
6.2 Parent metal at the end of 8 weld E  This classification includes all anach-
connecting a stiffener, diaphragm, etc. ments to girder webs ( ¢
to a girder web in a region of combined t
bending and shear
6.3 Parent metal adjacent to welded shear -
connectors
(a) Edge distance = 10 mm F Edge
distonce
(b) Edge distance < 10 mm (see Type 4.2)
6.4 Parent metal at the end of a partiat G This Class includes cover plates which
length welded cover plate, regardless are wider than the flange. However,
of whether the plate has square or such a detail is not reccommended be- ( 5
tapered ends and whether or not there cause it will almost inevitably result in
are welds across the ends undercutting of the flange edge where
the transverse weld crosses it, as well
as involving a longitudinal weld termi-
nating on the flange edge and causing
a high stress concentration
6.5 (a) Parent metal adjacent 1o the ends  E  This also includes tack welds which are
of discontinuous welds, e.g. in- not subsequently buried in a con- /
termittent web/flange welds. tack tinuous weld. This may be particularly
welds unless subsequently buried relevant in tack welded backing strips
in continuous runs
(b) Same as (a) but adjacent to copc F Note that the existence of the cope hole

holes

is allowed for in the joint classifica-
tion; it should not be regarded as an
additional stress concentration

Fig.6.7

Examples of different weld joints classes, from [10]



Fig.6.8

Fig.6.9

Damage Ratio D

Damage Ratios, Combined Stresses, logn=8

2,0

18 -‘ —t— Class F, SN design curve
1,6 ---80-- Class F, SN mean curve
1,4 1

1.2

1.0

]
0.8
0.6

0.4

0,2 tBe.g-0

0.0 v T v T v T v T v
80 100 120 140 160 180
Hold 5§ Hold 4 Hold 3 Hold 2

Cumulative damage ratios along the bottom side girder

Calculated Stresses / Allowed Stresses

1,4

1.2

1,0

0.8 1

0,6 1
0,4 —&~—— Ciass F, SN design curve

0,2

0,0 v T v T T v Y v
80 100 120 140 160 180
Hold § Hold 4 Hold 3 Hold 2

Distribution of maximum allowable stresses compared with calculated
nominal normal stresses. Bottom side girder. Usage factor n=1



Fig.6.10

Damage Ratio D

Damage Ratio D

Damage Ratio D

Damage Ratios, Combined Stresses, Position T

logn=8
4,0
3,51
3,04
—f— Class F, SN design curve
2,57 —&— Class G, SN design curve
204 =--8-- Class F, SN mean curve
& o ---a~-- Class G, SN mean curve
1.5 1
1,0
0.5¢v L aaee- a
Qr=e-c=-—cecan Qe==mmveme=e== a---
0,0 T v T ¥ T T T
Hold § Hold 4 Hold 3 Hold 2
Damage Ratios, Combined Stresses, Position M
logn=8
4,0
3.5 1
3,0 —0— Class F, SN design curve
—#&— C(Class G, SN design curve
2,57 -=--@-- Class F, SN mean curve
2.0 ---a-- Class G, SN mean curve
1.5
1,0
0,5 1
0.0 T v L] A T M T
Hold § Hold 4 Hold 3 Hold 2
Damage Ratios, Combined Stresses, Position L
logn=8
1,0
0,8
1 —— (Class E, SN design curve
0.6 ==-X-- Class E, SN mean curve
0,4
0.2 /
M-—eemmmmcnan= [ LR L L -mm=mmmmmm x
0,0 L v T v T M 1
Hold 5 Hold 4 Hold 3 Hold 2

Cumulative damage ratios in side frames



Fig.6.11

51

Calculated Stresses / Allowed Stresses, Position T

0,8
0.6
0.4

0,2

-——— Class F, SN design curve

—&— Class G, SN design curve

0,0

1 4
Hold §

Hold 4

v T M T

Hold 3 Hold 2

Calculated Stresses / Allowed Stresses, Position M

~——t— (Class F, SN design curve

—#&— Class G, SN design curve

Hold 5

Hold 4

L]
Hold 3 Hold 2

Caiculated Stresses / Allowed Stresses, Position L

1,0

0,8 7

0.6 1

0,4

0.2

e

—#— Class E, SN design curve

0.0

T T

Hold 5

T

Hold 4

v ¥

1
Hoid 3 Hold 2

Distribution of maximum allowable stresses compared with calculated
nominal normal stresses. Side frames. Usage factor n =1



Damage Ratios, Pressure Stresses, Position M

togn=8
8
7 ~
6 ——O8— Class F, SN design curve
a —a— Class G, SN design curve
._9_ 5 -: ---0-- Class F, SN mean curve
[
o 4 - ---a-- Class G, SN mean curve
o
[ ]
E 3 7
]
(=] -
2 -
]
1
0 ) M 1 M T v L}
Hold 5 Hold 4 Hold 3 Hold 2
Fig.6.12 Cumulative damage ratios in side frames, position M.
Pressure induced stresses only.
Caiculated Pressure Stresses / Allowed Stresses
Position M
2,0
1,8 . /
1,6 i i
1,47 2
1'2_ B o
1,0
0,89
0,6 —@— Class F, SN design curve
0,4 - —a— Class G, SN design curve
0,24
0.0 T M T Y T M T
Hold 5 Hold 4 Hold 3 Hold 2
Fig.6.13 Distribution of maximum allowable stresses compared with calculated

nominal normal stresses. Side frames, position M, Usage factor n =1
Pressure induced stresses only.



6.2 Influence of speed reduction

Voluntary or involuntary speed reduction is generally a function of the sea state and can
therefore directly be taken into account in the long-term stress distribution by using
stress response functions for different speeds according to the sea state. Figs.6.16-6.17
illustrate the influence of speed reduction. For simplicity it is here assumed that the
speed is reduced to zero at all sea states with significant wave heights above 6m and 9m
respectively, independent of the mean periods. For the bottom side girder at position C in
Hold 4, the damage ratio is reduced 2% if the speed is reduced at 9m and 10% if the speed is
reduced at 6m significant wave height. For the side frame at position M in Hold 2, the
damage ratio is reduced 5% and 21% respectively. From this example, it is obvious that

speed reduction will not necessarily in any dramatic way increase the fatigue life of the
structures.

Long-Term Combined Stress Distributions
Bottom Side Girder, Position C, Hold 4

250

200
@
Q.
2
. 150 —b—  V=15kn
5 —a&—  V=0kn at Hs>9m
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4
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log Q
Fig.6.14 Influence of speed reduction on long-term stress distribution

Bottom side girder
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Fig.6.17 Influence of speed reduction on long-term stress distribution
Side frame



6.3 Influence of non-linearity

As shown in figs.5.18 and 5.19, the non-linear pressure variation at ship sides will
reduce the stress response even at rather moderate wave heights. The actual stress proba-
bility function in a short-term irregular sea will not follow a Rayleigh distribution, and
hence the influence of non-linearity on the long-term stress distribution cannot be taken
into account directly. It must be evaluated from time simulations in different irregular
seas. A rough estimate of the influence of non-linearity might be made by corrections of
the long-term stress distribution based on the long-term distribution of single wave
heights. For the side frame at position M in Hold 2, reductions of long-term stress ranges

by: 14% at Q=10"1, 24% at 10-2, 32% at 10-3; and 37% at 10-4, follow approximately the
reductions shown in fig.5.8 for headings 180° and -135°. If these reductions are applied in
a fatigue calculation, the damage ratio will be reduced by approximately 50%. This will

increase the reliability index g from 1,33 as shown in table 6.2, to 2,7 for joint class F, and
from -1,08 to 0,6 for class G.
If a similar test on the non-linear influence is made for pressure induced stresses only,

as in the bulk load condition, stress reductions become: 12% at Q=10-1, 21% at 10-2, 29 % at
10-3, and 33 % at 10-4. The damage ratio will be reduced by 44%, and the reliability index
Bincreased from -0,07 to 1,1 for class F, and from -2,78 to -1,4 for class G.

6.4 Hot-gpot stresses from combination of nominal normal- and shear stresses
The actual local stress e.g. at the edge of a hole, is a function of both nominal shear and
normal stress but generally with different stress concentration factors. If the hot-spot

stress is uniaxial as in the case of a free edge, then the short-term local stress response
can be calculated directly with use of correlation coefficients for nominal stresses

Spays= (SCF25;2+SCF2%,2 +pge 2 SCF, SCF, Gy3ty0) > 68

where
Ghsys = significant hot-spot stress in an irregular sea
Gy3 = significant nominal normal stress
Ty3 = significant nominal shear stress
SCF, = stress concentration factor,
hot-spot stress/nominal normal stress
SCF, = hot-spot stress/nominal shear stress
P = short term correlation coefficient normal — shear stress

In the third part of this report series, a more detailed fatigue analysis of the bottom side
girder will be presented. The planned report will also assess the possibility of optimising
the position of structural details with respect to fatigue damage from both combined
normal and shear stresses.
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7 CONCLUSIVE COMMENTS ON CALCULATION
PROCEDURE AND RESULTS

7.1 Direct calculations for improved structural design

This report focus on showing the additional information that can be achieved with a
direct method for calculation of wave induced dynamic stresses in comparison with
ordinary quasi-static stress calculations. The present calculation procedure was intro-
duced in [1]. Results from stress response calculations for regular waves and short-term
irregular seas in primary members of the midship hold structure in a lo/lo containership
were presented. From the pilot study the following conclusions were drawn :

The major advantages of the direct procedure in comparison with an ordinary

"design load"” procedure are:

* The relative importance of different load components can be evaluated

* The actual correlation between load components is taken into account

* Nominal and hot-spot stresses can be determined at any probability level in the

long-term stress history

In this report the procedure has been extended to include long-term stress calculations
and fatigue analysis. The conclusions above are verified by the results in this report.
Examples of new information obtained from the direct dynamic calculations is the
important, each other counteracting effect of internal mass force and external pressure
induced stress components in the side frame, and the correlation between local and
global stress components along the bottom side girder. None of these effects could have
been established by a static stress analysis. Estimated fatigue damages also demonstrate
the possibility of increasing structural safety by a better optimization of the detail design
with respect to the distribution of wave induced stresses.

The calculated stress levels cannot directly be compared with stress criteria established
by the classification rules. For instance, in DnV rules for ships, [19], maximum allowa-
ble combined normal stress levels obtained by direct strength calculations are specified
for longitudinal girders to 190 MPa, and for transverse girders to 160 MPa for normal
strength structural steel. Calculations are to be based on "the most severe realistic load
condition”, and “"realistic combinations of external and internal dynamic loads at
design level". According to the specifications in the rules, this means combinations of
most severe static still water condition, global hull girder bending moments at probabi-
lity level 10-8 divided by 1,7, and dynamic local loads corresponding to a probability
level of 10-4. Hence the specified loads are not related to a certain most severe sea condi-
tion, but rather to empirical knowledge of acceptable safety levels.

The maximum long-term wave induced stresses presented in this report should only be
combined with still water stresses from the actual load cases used in the calculations.
These are not necessarily the worst possible conditions. Since still water stresses are of
large importance for the structural design, a combination of static calculations for
determination of most severe conditions, and direct dynamic calculations for these
conditions, is required. Acceptable stress levels obtained by this approach should prefe-
rable be established from comparative calculations with the procedure specified by the
rules, to ascertain an equal and acceptable level of structural reliability.

There are no explicit criteria for fatigue design in the ship rules today. The direct dyna-
mic approach provides a basis for establishing such criteria. A calculation of damage
ratio distribution in a certain structural member can further be used to concentrate
efforts to improve detail design in areas where dynamic stresses are significantly
higher. As example, fig.6.8 clearly shows that a more balanced distribution of fatigue
safety can be achieved by improve the detail design of the junction between bottom girder
and bottom plate in the middle of Hold 5 and Hold 4, while the design is not at all critical
in Hold 2.
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7.2 Model uncertainty and sources of error

The outlined method for calculation of low-frequency wave induced stresses is - although
based on statistical distributions of sea spectra - in principal deterministic. A probabilis-
tic analysis needs assumptions of all the main statistical distributions of loads (still
water- and sea loads) and strength (scantlings, fabrication quality and material proper-
ties), and of the model uncertainties incorporated in the calculation procedure. Extensive
summaries of status and reliability of wave load models is given by Lewis in [20], and by
Soares in [21]. Strip calculations of vertical motions and hull girder bending moments
are generally considered satisfactory although different results can be found among the
large number of published comparisons between calculated responses and measure-
ments on models or full-scale ships. The vertical bending moment in large waves is
proved to be non-linear with larger sagging moments than hogging moments, especially
for slender ships, but the peak-to-trough range is still close to linear with respect to the
wave height. The calculation of hydrodynamic pressure distribution in moderate waves
is also shown to be in good agreement with measurements. However, quoted from [20]:
"clarification is needed of the local pressure distribution around a section between the
still water level and a wave crest, as well as the modified distribution just below a wave
hollow". The suggested method introduced in this study for estimate of non-linear pres-
sure induced stresses close to SWL, has not been verified by tests.

Errors in the calculation procedure due to the representation of structural response by a
limited number of influence coefficients can be kept low or insignificant if the division
of the hull into "load areas" is made with some care and with respect to the structural
arrangement.

In addition to the low frequency wave induced loads, the effect of transient, impulsive
loads from slamming and whipping should be considered. For ultimate strength estima-
tes it is important to establish both the magnitude of the transient loads and the phase
relationships between transient loads and low frequency loads. Theoretical models for
calculation of stresses induced by transient loads become however quite different from
models for static or low frequency loads and are therefore difficult to incorporate in the
same calculation procedure.

A survey over the most important sources of uncertainties and errors in fatigue life esti-
mates of mobile offshore rigs is reported in [22]. The by far most important uncertainty is
declared to be the scattering in SN-data. This is probably also applicable to fatigue
analyses of ships with the addition that different load cases and different areas for wave
statistics might contribute significantly to the overall uncertainty.

7.3 Application in an ordinary design process

The first version of the WAIST program, {2], was used for studies of the validity of the
method, and for studies of the importance of different wave load components. It can be
regarded as a "pilot" program hardly suitable for routine calculations. The experience
from the first version was used when the new present system was constructed.

The new version of WAIST is divided into three independent parts which can be separa-
tely executed. The first part performs strip calculations of transfer functions for motions,
hull girder loads, and hydrodynamic pressures at arbitrary sections along the hull. The
second part performs calculation of stress transfer functions based on results from strip
calculations and on structural data stored on separate files. This second part also inclu-
des the optional time-step procedure for calculation of non-linear pressure induced stres-
ses . The third part is an interactive post-processor where results from part two can be
processed, printed, and plotted. The post-processor includes short-term responses, long-
term statistics for optional ocean areas, calculation of correlation coefficients between
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any components, and fatigue analysis with the possibility of adding individual stress
concentration factors to the different stress components.

The division of the program in separate parts makes it is easy to perform systematic
studies of different parameters. Different load cases can be executed without changing
the structural data, and several stress points can be analysed for the same strip calcula-
tion.

In the design process of ships today, strip calculations and FE-analyses of primary
structural members under static loads, have become routine. The only extra work neces-
sary to perform a complete direct dynamic analysis is that several loadcases have to be
analysed with the structural models to obtain influence coefficients. This work is usu-
ally not large in comparison to the work of modelling large complicated structures. It
therefore appears realistic to perform routine calculations of dynamic stresses in critical
parts of the structure.

The rationally-based calculation method described here is a possible instrument for
better control over the dynamic stresses and can be utilized for optimizing the ship struc-
ture both with respect to ultimate strength and to fatigue. It is a well known fact that
minor fatigue damages rarely leads to major failure of primary members, but this is no
excuse for not taking the fatigue resistance into consideration both for safety and for
economical reasons. The very same day that this report is summed up, the following
small note is found in The Scandinavian Shipping Gazette, [23]:

"CRACKS: ... classification society ... is now to increase the control of modern VLCC
built after 1985. The ships are designed with 20-25 percent lower steel weight and a
number of serious cracks have been discovered.”
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First apperance in text or equations is indicated. (A few symbols that only occur
temporary, or are directly understood by the connection are not listed below).

a

AB,C,D,E

B

BMy

BM;

CA

CG

CL
CMx,CMy,CMz
Cm
Cposx:Cposy
CP

CT)DCTy’CTZ

D

Parameter of the SN mean curve. The intercept of the log N axis for a
SN mean curve, eq.(6.2)

Parameter of the SN design curve, the intercept of the log N axis for a
mean minus two standard deviations SN design curve, eq.(6.3)

Positions along bottom side girder for stress response calculations,
figs.2.2-2.3

Parameter of Weibull distribution, eq.(5.6)

Hull girder vertical bending moment, fig.3.1, eq.(4.2)

Hull girder horizontal bending moment, fig.3.1, eq.(4.2)

Combined total stress (in figures), fig.5.2

Combined global stress (in figures), fig.5.3. (Centre of gravity, fig.3.1)
Combined local stress (in figures), fig.5.3

Normal stress coefficients for global hull girder moments, eq.(4.2)
Mass force influence coefficient, p.10, eq.(4.5)

Internal normalized tank coordinates, eq.(3.7)

Pressure influence coefficient, eq.(4.4)

Shear stress coefficients for global torsional moment and shear
forces,eq.(4.3)

Cumulative damage ratio, eq.(6.1)

Fmx.Fmy,Fmz Mass force components in x, y, 2, directions, eq.(3.4-6)

oo,

sl

/3

Hs

Acceleration of gravity, eq.(3.4)
Parameter of Weibull distribution, eq.(5.6)
Wave height (double amplitude), p.15

Significant wave height, mean value of the upper third fractile of wave
height distribution, eq.(5.1). (In figures also denoted Hs)

Significant wave height (in figures), fig.5.23

Hull girder horizontal bending stress (in figures), fig.5.3

Midship vertical moment of inertia, p.3
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MF

vamy’mZ

p()
PR

Sw(w)

Solw)
SCF
SWL

Midship horizontal moment of inertia, p.3

Position for calculation of stress response, eq.(4.1)

Position for calculation of hydrodynamic pressure, eq.(4.4)

Position for calculation of mass force influence coefficients, eq.(3.1)
Positions along side frames for stress response calculations, fig.2.2
Ship length between perpendiculars, p.18

Parameter of the SN-curve. The negative inverse slope of the SN-
curve, eq.(6.2)

Internal mass force induced stress (in figures), fig.5.4
"Active" mass components in x, y, z, directions, eq.(3.4-6)
Number of cycles, p.29, eq.(5.8)

Total number of cycles to fatigue failure at constant stress range (SN-
curve), eq.(6.1)

Hydrodynamic pressure, eq.(4.4)
Discrete probability, eq.(5.5)
External hydrodynamic pressure induced stress (in figures), fig.5.4

Probability of exceedance, = 1-F, where F is cumulative probability
distribution function, eq.(5.3)

Parameter of the Rayleigh distribution of stress amplitudes, eq.(5.3)

Root mean square, i.e [(Z(x2/n)-).‘.(x/n)2]1/2, where x are time step
values and n are number of time steps, p.15

log s is standard deviation of log N in the SN-curve, eq.(6.3)

Cut-off stress level (fatigue limit) of the SN-curve at N=2-108 , table 6.1
Wave spectrum, eq.(5.1)

Stress spectrum, eq.(5.2)

Stress concentration factor, eq.(6.8)
Still water line, p.8

Time variable, eq.(3.1-3)

Regular wave period, fig.5.25
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Mean zero uppcrossing wave period of a stationary irregular sea,
eq.(5.1)

Hull girder horizontal shear force, fig.3.1, eq.(4.3)

Hull girder vertical shear force, fig.3.1, eq.(4.3)

Stress transfer function, eq.(5.2)

Hull girder torsional moment, fig.3.1, eq.(4.2)

Ship speed, fig.3.1

Hull girder vertical bending stress (in figures), fig.5.3
Coordinate, surge motion, fig.3.1, eq.(3.1)

Coordinate, sway motion, fig.3.1, eq.(3.1)

Coordinate, heave motion, fig.3.1, eq.(3.1)

Reliability index, eq.(6.7). (Wave heading angle, eq.5.5)
Phase lag relative the encountering wave elevation, eq.(3.1-3)
Roll motion, fig.3.1, eq.(3.2)

Usage factor, eq.(6.6)

Wave length, table 5.1

Pitch motion, fig.3.1, eq.(3.1)

Correlation coefficient in a short-term irregular sea, eq.(5.4)
Correlation coefficient in a long-term calculation, eq.(5.7)
Stress in general, especially normal stress, eq.(4.1), eq.(4.2)

Significant stress, mean value of the upper third fractile of stress
amplitude distribution, eq.(5.3)

Shear stress, eq.(4.3)
Wave frequency, Table 5.1
Wave frequency of encounter eq.(3.1)

Yaw motion, fig.3.1, eq.(3.1)
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APPENDIX 1 STRESS RESPONSE IN REGULAR WAVES

TABLE OF CONTENTS:

Bottom side girder, position C, Hold 4.

Normal stress components.
Wave headings Page
0°, 45° Al.2
90°, 135° Al3
180°, -135° Ald
-90°,  -45° Al.5
Side frame , position M, Hold 2.
Normal stress components.
Wave headings Page
0°, 45° Al.6
90°, 135° Al.7
180°, -135° Al.8
-90°, -45° Al9

Response curves (transfer functions) are presented as stress per wave height. This
means double amplitude stress if double amplitude wave height is refered to, or single
amplitude stress if single wave amplitude is refered to.

The figures are based on stress calculations for 50 regular wave frequencies w, ranging
from 0,15 rad/s to 2,60 rad/s with intervals of 0,05 rad/s. The corresponding regular wave

lengths are A4 =27tg/(.02. The wave length equal to the ship Lpp, 200m, has a frequency of
0,55 rad/s.

For the side frame, also non-linear combined stress responses are presented. Non-
linear, non-harmonic stresses are represented by equivalent harmonic amplitudes cal-

culated as V2*RMS of the time step values.
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APPENDIX 2 STRESS RESPONSE IN LONGCRESTED IRREGULAR
SEAS

TABLE OF CONTENTS:

Bottom side girder, position A, Hold 4. Normal and shear stress components.

Wave headings Page
L1 A2.2
45° A2.3
90° A2.4
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-135° A2.7
-90° A2.8
-45° A29

Bottom side girder, position C, Hold 4.
Normal stress components and correlation coefficients.

Wave headings Page
¥ A2.10
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Side frame , position L, Hold 2. Normal stress components.
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Response curves are presented as significant stress per significant wave height. This
means double amplitude stress if the ordinary double amplitude significant wave height,
Hy/3 is refered to.

Figures are based on results from linear spectrum analysis using ordinary 2-parameter
Pierson-Moskowitz wave spectra according to eq.(5.1). Correlation coefficients are defi-
ned according to eq.(5.4).
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